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Aims

The purpose of this study was to explore a simple and effective method of preparing hu-
man acellular amniotic membrane (HAAM) scaffolds, and explore the effect of HAAM scaf-
folds with juvenile cartilage fragments (JCFs) on osteochondral defects.

Methods

HAAM scaffolds were constructed via trypsinization from fresh human amniotic mem-
brane (HAM). The characteristics of the HAAM scaffolds were evaluated by haematoxylin
and eosin (H&E) staining, picrosirius red staining, type Il collagen immunostaining, Fou-
rier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). Hu-
man amniotic mesenchymal stem cells (hAMSCs) were isolated, and stemness was verified
by multilineage differentiation. Then, third-generation (P3) hAMSCs were seeded on the
HAAM scaffolds, and phalloidin staining and SEM were used to detect the growth of hAM-
SCs on the HAAM scaffolds. Osteochondral defects (diameter: 3.5 mm; depth: 3 mm) were
created in the right patellar grooves of 20 New Zealand White rabbits. The rabbits were
randomly divided into four groups: the control group (n = 5), the HAAM scaffolds group
(n =5), the JCFs group (n = 5), and the HAAM + JCFs group (n = 5). Macroscopic and his-
tological assessments of the regenerated tissue were evaluated to validate the treatment
results at 12 weeks.

Results

In vitro, the HAAM scaffolds had a network structure and possessed abundant collagen.
The HAAM scaffolds had good cytocompatibility, and hAMSCs grew well on the HAAM
scaffolds. In vivo, the macroscopic scores of the HAAM + JCFs group were significantly
higher than those of the other groups. In addition, histological assessments demonstrated
that large amounts of hyaline-like cartilage formed in the osteochondral defects in the
HAAM + JCFs group. Integration with surrounding normal cartilage and regeneration of
subchondral bone in the HAAM + JCFs group were better than those in the other groups.

Conclusion
HAAM scaffolds combined with JCFs promote the regenerative repair of osteochondral de-
fects.
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otic membrane (HAAM) scaffolds be
prepared simply and effectively?
What is the effect of HAAM scaffolds and
juvenile cartilage fragments (JCFs) on
cartilage regeneration in rabbits?

HAAM scaffolds with a simple, inexpen-
sive method, and confirmed their good
cytocompatibility.

In vivo, we demonstrated that the HAAM
scaffolds, combined with JCFs, improved

VOL. 11, NO. 6, JUNE 2022

349


mailto:cy2982@163.com

350 J. ZHANG, Y. WANG, Y. HUANG, Z. LIU, Y. LI, X. ZHU, Z. WU, X. LUO

effects on cartilage repair, as evidenced by macro-
scopic and histological evaluation.

Strengths and limitations
This is the first report to evaluate the effects of HAAM
scaffolds and JCFs on the repair of rabbit osteochon-
dral defects.
Further studies are needed to explore the degradation
rates of HAAM scaffolds in vitro and in vivo.

Introduction

Articular cartilage injury is a common problem in ortho-
paedic clinical practice, frequently occurring in joint
trauma. Articular cartilage injury is a significant source of
joint pain and has been recognized as one of the contrib-
uting factors to significant morbidity and osteoarthritis
(OA)."¢ Self-healing is difficult because of the avascular
property and extremely low regeneration of the cartilage
tissue.” Thus far, many treatments have been attempted
to promote cartilage healing, including bone marrow
stimulation therapy through microfractures, osteochon-
dral transplantation (autograft or allograft), biomimetic
scaffolds, platelet-rich plasma (PRP), and autologous
chondrocyte implantation (ACI).2"” Although ACI has
been identified as the gold standard for the treatment of
chondral defects, and has provided good outcomes in
prospective randomized trials, there are some inherent
limitations, including complicated operating procedures
and high treatment costs.'®

The human amniotic membrane (HAM) is a natural
high-molecular-weight  biological material that is
composed of a basement membrane (BM), an avascular
collagenous stroma, a single layer of epithelial cells and
underlying fibroblasts.” HAM s rich in extracellular
matrix (ECM) components, such as fibronectin, laminin,
elastin, type | collagen (Col-1), type Il collagen (Col-II),
and type IV collagen (Col-IV).?° ECM is a crucial element
for tissue reconstruction or organ formation because of
its positive effects on the survival, migration, prolifer-
ation, and differentiation of cells. In addition, ECM can
provide mechanical support and further introduce many
biophysical and biochemical stimuli. For instance, ECM in
cartilage provides nutrients and mechanical support for
chondrocytes.?’ Owing to the unique features and advan-
tages of HAM, it has been widely used in clinical practice
and fundamental research. However, there are also some
disadvantages associated with fresh HAM, such as the
immunogenicity of the tissue, unsuitable preservation
methods, and transportation challenges.

Human acellular amniotic membrane (HAAM) scaf-
folds, which derive from HAM via removal of the cellular
components of fresh HAM, have been successfully
prepared and applied in tissue regeneration. HAAM
scaffolds have some similar properties to fresh HAM,
including a network structure, abundant collagen fibres,
and an especially ample content of Col-ll. Some studies
have demonstrated that HAAM could decrease acute
liver injury and accelerate tendon-to-bone healing.?*%

The ECM of articular cartilage is composed of large
amounts of aggrecan and collagen, of which Col-Il plays
an important role in compression resistance. Therefore,
HAAM scaffolds with ECM constituents similar to those
of articular cartilage may be appropriate materials that
can simulate the ECM of articular cartilage and promote
cartilage regeneration.

The concept of autologous cartilage fragment implan-
tation was first put forth in 1982, and an animal exper-
iment confirmed the effectiveness of minced cartilage
fragment implantation as a cartilage repair procedure
in 2006.%* Since then, this easy and effective procedure
has been applied in fundamental research and clinical
practice, and good outcomes have been reported. Many
studies have demonstrated that autologous cartilage
fragments could promote cartilage regeneration.?-?
Although autologous cartilage fragments have been
demonstrated to have a positive effect on cartilage defect
repair, there are also some disadvantages of their use,
including donor-site complications and limitations in the
sizes of the defects.?®?

Recently, juvenile cartilage fragments (JCFs) have
attracted widespread attention and have been introduced
as a new treatment for cartilage repair. The technique
requires the preparation of approximately 1 to 2 mm
cubes of JCFs from donors and storage at low tempera-
ture. The collected JCFs should be used within 45 days
to ensure chondrocyte viability.?>3' To date, many animal
studies and clinical studies have demonstrated that JCFs
can facilitate the repair of cartilage defects.3>3* Therefore,
JCFs have promising application prospects in cartilage
repair.

Although HAAM scaffolds have provided satisfactory
outcomes in regenerative medicine, and JCFs have been
proven to have good therapeutic effects on cartilage
defects, no studies have explored the effect of HAAM
scaffolds combined with JCFs on cartilage defects. There-
fore, this study aimed to explore whether HAAM scaffolds
encapsulating JCFs accelerate the repair of rabbit osteo-
chondral defects. Our hypothesis for this study was that
the combined use of HAAM scaffolds and JCFs would
facilitate osteochondral repair and cartilage regeneration
compared with treatment of defects with HAAM scaffolds
or JCFs only.

Methods

hAMSC isolation and culture. A schematic diagram of
the experimental procedure is shown in Figure 1. In
this experiment, hAMSCs were isolated from the amni-
ons of human placentas in accordance with a previous
protocol, and relevant informed consent was provided
by each donor before the operation.>*3” LG-DMEM/F12
medium containing 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, 1% L-glutamine, and 1% non-
essential amino acids was used to culture the hAMSCs.
The morphology of the hAMSCs was observed under
an inverted microscope after three days of cultivation.
Third-generation (P3) hAMSCs were used in subsequent
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Schematic diagram of the experimental procedure. HAAM scaffold, human acellular amniotic membrane scaffold; HAM, human amniotic membrane;
hAMSCs, human amniotic mesenchymal stem cells; |CFs, juvenile cartilage fragments.

experiments. The stemness of the hAMSCs was tested
by osteogenic and chondrogenic differentiation accord-
ing to previous studies.?s-® Briefly, hAMSCs were seed-
ed in a six-well plate, and the osteogenic medium (10%
FBS, 50 mg/ml ascorbate, 100 nM dexamethasone, and
10 mM B-glycerophosphate) was added when the cell
density reached 60%. The results were detected with
the BCIP/NBT Alkaline Phosphatase Color Development
Kit (Beyotime, China) and alizarin red staining (Solarbio,
China). In terms of chondrogenic differentiation, we used
Chondrogenic Differentiation Basal Medium (Cyagen,
USA) to induce hAMSCs for 14 days; alcian blue staining
was used for detection (Solarbio).

Preparation and characterization of HAAM scaffolds. The
preparation process of the HAAM scaffolds was con-
ducted as described in a previous article.” Briefly, fresh
HAM was isolated from the placenta and immediately
transferred to the laboratory under low temperature and
sterile conditions. The fresh HAM was washed with sterile
phosphate-buffered saline (PBS) and cut to approximate-
ly 10 x 10 cm. Then, the fresh HAM was carefully placed
into a dish with the epithelial layer facing up. The fresh
HAM underwent a decellularization process with 0.25%
trypsin at 37°C for 30 minutes. Thereafter, a cell scraper
was used to remove deciduous epithelial cells from the
epithelial layer, and PBS was applied later to thorough-
ly eliminate debris and epithelial cells. After thorough
removal of epithelial cells, we obtained HAAM scaffolds.
Then, the HAAM scaffolds were cut to the proper size and
placed into six-well culture plates for sterilization. First,
the HAAM scaffolds underwent ultraviolet radiation for
two hours. Next, they were soaked in a mixture of peni-
cillin, streptomycin, and amphotericin for approximately

one hour for further sterilization. After being sterilized by
the above-mentioned process, the HAAM scaffolds were
ready for use in subsequent experiments. They could at-
tach to the osteochondral defects without glue, or other
fixating methods, because of their abundant collagen.
The preparation process of the HAAM scaffolds is pre-
sented in Figure 2. Haematoxylin and eosin (H&E) stain-
ing, picrosirius red staining, type Il collagen immunos-
taining, Fourier transform infrared spectroscopy (FTIR),
and scanning electron microscopy (SEM) were used to
characterize the HAAM scaffolds. For immunohistochem-
ical staining, a monoclonal mouse anti-rabbit collagen
type Il antibody (NB600-844; Novus Biologicals, USA)
was used. After incubation with a biotinylated secondary
anti-mouse antibody (ZSGB-BIO, China), the staining was
developed with a 3’,3-diaminobenzidine solution (ZSGB-
BIO). Then, the sections were counterstained with hae-
matoxylin. Furthermore, to verify removal of cell nuclei
and DNA, DNA from fresh HAM and HAAM scaffold were
isolated using DNA extraction Kit (D1700, Solarbio) ac-
cording to the manufacturer instructions. The total DNA
from HAM and HAAM scaffold was quantified using a
280 nm UV spectrophotometer.

Seeding hAMSCs on the HAAM scaffolds. After steriliza-
tion of the HAAM scaffolds, P3 hAMSCs were seeded on
the HAAM scaffolds at a density of 3 x 10° cells/well. LG-
DMEM/F12 medium containing 10% FBS, 1% penicillin/
streptomycin, 1% L-glutamine, and 1% nonessential ami-
no acids was used to culture the hAMSCs. The morpholo-
gy and cytoskeletons of the hAMSCs were observed under
an inverted phase contrast microscope and stained with
phalloidin at days 1, 3, and 7. In addition, the adhesion of
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Fig. 2

General preparation process of the human acellular amniotic membrance scaffolds. a) Harvesting of fresh human amniotic membrane (HAM). b) Placement of

fresh HAM on a culture dish. c) Decellularization of fresh HAM.

Fig. 3

Preparation of juvenile cartilage fragments (JCFs). a) Harvested juvenile cartilage. b) Harvested juvenile cartilage was cut into JCFs and mixed with saline. c)

Moist JCFs were rolled into round shapes.

hAMSC:s to the collagenous fibres of the HAAM scaffolds
was evaluated by SEM (Hitachi, Japan).

Preparation of juvenile cartilage fragments. On the day of
the operation, a total of five juvenile rabbits (two months
old) were killed by overdose of 3% sodium pentobarbital
to obtain |CFs. The JCFs were prepared for the JCFs group
and the HAAM + |CFs group. Briefly, after each rabbit was
killed, the bilateral knees were cut under sterile condi-
tions. Then, the articular cartilage was harvested from
the articular surface of the distal femur and cut into piec-
es of approximately 1 mm? in size to prepare JCFs with
a scalpel. The harvested JCFs were mixed with a small
amount of saline to keep them moist and stored asepti-
cally in an aseptic culture dish (Figure 3). To avoid affect-
ing the viability of chondrocytes, the harvested |CFs were
kept at 4°C. The harvested JCFs were added to the HAAM
scaffolds and wrapped cylindrically with the HAAM scaf-
folds for use in subsequent experiments. Afterwards, the
harvested JCFs and HAAM + JCFs were transplanted into
osteochondral defects. An ARRIVE checklist is included
in the Supplementary Material to show that the ARRIVE
guidelines were adhered to in this study.

Creation of osteochondral defects. Osteochondral de-
fects were created in a total of 20 three-month-old New
Zealand rabbits weighing 3.5 to 4.0 kg. The experimen-
tal animals were divided into four groups according to
the random number method: Group A was the control
group, Group B was the HAAM scaffold group, Group C
was the JCFs group, and Group D was the HAAM + JCFs
group. All procedures were performed as described in a
previous article. Briefly, surgery was performed with an-
aesthesia administered via intramuscular injection of 3%
sodium pentobarbital at 0.75 ml/kg. The New Zealand
rabbits were placed in the supine position. After shav-
ing, the surgical areas were sterilized with iodine-alcohol.
Then, a medial parapatellar incision was made at the
right knee joint, and the patella was dislocated laterally
to expose the articular surfaces of the trochlear grooves.
Osteochondral defects (diameter: 3.5 mm; depth: 3 mm)
were created in the centre of the femoral trochlear groove
with a dental drill (Figure 4). A total of 20 defects were
made in the right knee joints, which were either untreated
or treated with HAAM scaffolds, JCFs, and HAAM scaffolds
plus JCFs (HAAM + |CFs) (n = 5), and then the incisions
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Procedure for osteochondral defect creation.

were closed layer by layer. Postoperatively, penicillin was
injected intramuscularly to prevent infection for three
consecutive days. The rabbits were killed at 12 weeks
after surgery, and the distal femora were harvested for
subsequent tests.

Macroscopic evaluations. After kill, the osteochondral
defects were blindly evaluated by three observers (see
Acknowledgements) based on the International Cartilage
Repair Society (ICRS) evaluation score (Table I) by gross
observation.* The evaluation was performed from three
dimensions: the degree of defect repair, the integration
with the border zone, and the macroscopic appearance.
The score classification was as follows: one to three
points, severely abnormal; four to seven points, abnor-
mal; eight to 11 points, basically normal; and 12 points,
completely normal. Macroscopic images of the defects
were taken for assessment.

Histological examination. The dissected distal femora
were fixed in 4% paraformaldehyde for 24 hours, decalci-
fied for two weeks, and embedded in paraffin for routine
histological sectioning. Sagittal sections of approximately
5 pm in thickness were harvested from the centre of each
defect and stained with H&E, Safranin O/Fast Green (SO/

FG), and toluidine blue (TB), and subjected to IHC stain-
ing of Col-Il. All samples were scored by the ICRS Il eval-
uation system from the following 14 dimensions: tissue
morphological characteristics, matrix staining, cell mor-
phological characteristics, chondrocyte clustering, sur-
face architecture, basal integration, formation of a tide-
mark, subchondral bone abnormalities, inflammation,
abnormal calcification, vascularization, surface assess-
ment, deep zone assessment, and overall assessment.*

Statistical analysis. The data are expressed as means and
standard deviations (SDs). Statistical analysis (GraphPad
Prism 7.0 Software, GraphPad, USA) was performed by
one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test for further evaluation of the dif-
ferences between the groups unless otherwise stated. p
< 0.05 was considered to indicate statistical significance.

Results

Culture and characterization of hAMSCs. The morphology
of hAMSCs was observed under an inverted phase con-
trast microscope after three days of cultivation. hAMSCs
were adhered to the culture bottle; primary cells showed a
spindle-shaped morphology and adherent growth. After
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Table 1. International Cartilage Repair Society macroscopic evaluation of
cartilage repair.

Categories Score

Degree of defect repair

In level with surrounding cartilage
75% repair of defect depth

50% repair of defect depth

25% repair of defect depth

0% repair of defect depth
Integration to border zone

O = N w

Complete integration with surrounding cartilage
Demarcating border < 1 mm
3/4 of graft integrated, 1/4 with a notable border > 1T mm width

1/2 of graft integrated with surrounding cartilage, 1/2 with a
notable border > 1 mm

- N W »

From no contact to 1/4 of graft integrated with surrounding 0
cartilage

Macroscopic appearance

Intact smooth surface

Fibrillated surface

Small, scattered fissures of cracks
Several, small or few but large fissures

O = N W

Total degeneration of grafted area
Overall repair assessment
Grade I: normal 12
1Mto8
7to4
3to1

Grade lI: nearly normal
Grade Ill: abnormal
Grade IV: severely abnormal

several subcultures, P3 hAMSCs were obtained and ex-
hibited a uniform vortex-like shape. During the isolation
process of hAMSCs, small portions of human amniotic
epithelial cells from the amnion were present among the
hAMSCs. To reduce the rate of epithelial cells in hAMSCs,
we passaged cells and obtained hAMSCs (Figure 5a). To
verify the osteogenic differentiation, we examined the
ALP activities by ALP staining at day 7. The results indi-
cated that hAMSCs had early osteogenic differentiation
activity. Additionally, we performed alizarin red stain-
ing to demonstrate the late osteogenic differentiation of
hAMSCs at day 21. The results showed that there were
calcium deposits, which demonstrated that hAMSCs had
late osteogenic differentiation activity. Further, chondro-
genic potential was confirmed by alcian blue staining at
day 14 (Figure 5b).

Characterization of the HAAM scaffolds. H&E staining
showed that epithelial cells were located in the epider-
mal layer of fresh HAM, and the nuclei of epithelial cells
were clearly visible. After treatment by trypsinization, ep-
ithelial cells were completely removed, and there were
no epithelial cells on the HAAM scaffolds. In addition,
the basement membranes of the HAAM scaffolds were
intact, and there were no differences between the fresh
HAM and HAAM scaffolds (Figure 6a). Furthermore, the
picrosirius red staining results showed that there were
massive amounts of collagen in both the fresh HAM and
HAAM scaffolds (Figure 6b). The chemical properties of
the fresh HAM and HAAM scaffolds were identified by

FTIR (Figure 7). The results showed that no new chemi-
cal bonds appeared in the HAAM scaffolds, suggesting
that the HAAM scaffolds had chemical properties sim-
ilar to those of fresh HAM. IHC staining demonstrated
Col-ll positivity in both fresh HAM and HAAM scaffolds
(Figure 6c). The SEM results showed that fresh HAM and
HAAM scaffolds had abundant collagen structures and
networks of spatial structure. Although fresh HAM was
treated by trypsinization, the collagen structure was not
destroyed. A large amount of collagen constituted a net-
work, which was beneficial to cell growth (Figure 6d).
Seeding hAMSCs on the HAAM scaffolds. After one, three,
and seven days of cultivation, the adhesion and prolifer-
ation of hAMSCs on the HAAM scaffolds were evaluated.
On day 1, we observed a few hAMSCs on the surfaces of
the HAAM scaffolds. After continuous culture, the num-
bers of hAMSCs gradually increased. On day 7, the surfac-
es of the HAAM scaffolds were almost completely coated
with hAMSCs (Figure 8a). The cytoskeletons of hAMSCs
on the surfaces of the HAAM scaffolds were labelled
with phalloidin and 6-diamidino-2-phenylindole dilac-
tate (DAPI), which stained the f-actin protein red and the
nuclei blue. The results showed that cells on the HAAM
scaffold surfaces spread well and had normal cytoskeletal
arrangements (Figure 8b). SEM showed hAMSCs adhered
to collagenous fibres of the HAAM scaffolds (Figure 8c).
Cells gradually increased in number and adhered to the
HAAM scaffolds, which demonstrated that the HAAM
scaffolds did not inhibit cell adhesion or proliferation.
This was mainly attributed to the high porosity, large sur-
face area, and well-interconnected pore network struc-
ture. Taken together, the data indicated that the HAAM
scaffolds had excellent cytocompatibility and did not af-
fect cell adhesion or proliferation.

Macroscopic observations. During the whole observa-
tion period, no deaths occurred in any group. No wound
or joint infection was observed in any of the joints, and
all samples were followed. At 12 weeks after surgery,
the gross morphological observations showed that the
osteochondral defects in the HAAM + JCFs group were
completely covered with newly regenerated tissue and
had a smooth surface that was similar to that of native
cartilage. In addition, the colour and lustre of the regen-
erated tissue were similar to those of native cartilage.
The boundary between the regenerated tissue and na-
tive cartilage had almost completely disappeared. In the
JCFs group and the HAAM group, we observed partially
filled osteochondral defects in newly repaired tissue that
had nonuniform and irregular surfaces compared with
those of native cartilage. The margins between the na-
tive cartilage and new cartilage were partially identified.
In the control group, although small amounts of newly
formed tissue were observed in osteochondral defects,
the colour and surfaces were distinctly different from
those of normal cartilage. The boundary could be easily
identified (Figure 9a). The ICRS macroscopic scores were
apparently higher in the HAAM + |CFs group than in the
other three groups. The score of the control group was
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Fig. 5

a) Microscopic observations of passage-0 to passage-3 human amniotic mesenchymal stem cells (hnAMSCs). Scale bar: 200 um. b) Multiple differentiation
potential (for osteogenic and chondrogenic differentiation) of passage-3 hAMSCs. Osteogenic differentiation potential was detected by alkaline phosphatase
(ALP) staining and alizarin red staining; chondrogenic differentiation potential was detected by Alcian blue staining. Scale bar: 100 um.

lower than those of the other three groups. There was a
difference between the |CFs group and the HAAM group
(Figure 9b).

Histological assessment. Histological staining assessment
further confirmed that, compared to the HAAM group,
JCFs group, and the control group, HAAM + JCFs facilitat-
ed the repair of rabbit articular cartilage and subchondral
bone. At 12 weeks, the defect centre of the control group
remained vacant, and the boundary between the regen-
erative and adjacent normal cartilage could be identified
easily. There was almost no newly formed cartilage in the
defect areas, and only some irregular soft-tissues filled the
osteochondral defects. The reparative soft-tissues were
negative for SO/FG and TB staining, suggesting that no
glycosaminoglycans (GAGs) were formed in the control
group. Furthermore, IHC staining of Col-Il also presented
negative results in the control group. In the JCFs group,
we observed newly regenerative tissues filling the whole
osteochondral defects, and some cartilage fragments in
the defects were distinguished. The thickness and tissue
continuity of the regenerative tissues were worse than
those of the cartilage in the HAAM group, the cartilage
in the HAAM + |CFs group and native cartilage. As ob-
served by SO/FG staining and TB staining, GAGs were

less abundant in the JCFs group than in the HAAM group,
the HAAM + ]JCFs group, and native cartilage. The IHC
staining results were weakly positive, indicating little Col-
Il formation. In the HAAM group, cartilage repair was
obvious, and the osteochondral defects were fully filled
with regenerative tissues. The newly formed cartilagi-
nous ECM was detected by SO/FG, TB, and IHC staining
of Col-ll, and the results were strongly positive. However,
the continuity and smoothness of the newly formed car-
tilage were inferior to those of the normal cartilage. In the
HAAM + JCFs group, we not only observed newly formed
cartilage filling in the defects, but also found smooth
and continuous cartilage that was similar to native car-
tilage. The results of SO/FG, TB, and IHC staining of Col-
Il were all superior to those in the other three groups,
and new regenerative subchondral bone was observed
(Figure 10). At 12 weeks after surgery, the scores in any
of the subclass scores of HAAM + JCFs were better than
those in other groups, with statistical differences (p <
0.05, one-way ANOVA).

Discussion
This study demonstrates the feasibility of repairing osteo-
chondral defects with HAAM scaffolds encapsulating
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Fig. 6

Characterization of the human acellular amniotic membrane (HAAM) scaffolds. a) Haematoxylin and eosin staining. b) Picrosirius red staining.
¢) Immunohistochemical staining of collagen Il. d) Scanning electron microscope observation. The black arrows indicate the epithelial cells on fresh human

amniotic membrane (HAM).
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Fig. 7

Fourier transform infrared spectroscopy for human amniotic membrane (HAM) and human acellular amniotic membrane scaffolds (HAAM).

JCFs. In vitro, we successfully constructed HAAM scaffolds
with a simple, inexpensive method, and confirmed their
good cytocompatibility. In vivo, we demonstrated that
the HAAM scaffolds combined with JCFs had improved
effects on cartilage repair, as evidenced by macroscopic
and histological evaluation. Although the potential mech-
anisms of this treatment are not clear, the HAAM scaffolds
played important roles in osteochondral repair and carti-
lage regeneration.

HAAM scaffolds are natural biological materials and
have the following advantages compared with other
biological scaffolds or synthetic scaffolds: first, the scaf-
folds have widespread sources and carry no ethical or
moral controversies; the HAAM scaffolds were prepared
from fresh HAM from discarded placentas. Second, the
preparation process of HAAM scaffolds is simple and inex-
pensive relative to the preparation techniques for other
scaffolds, such as electrostatic spinning, 3D printing, and
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Day 1

Day 3

Day 7

Fig. 8

Human amniotic mesenchymal stem cells (hRAMSCs) on human acellular amniotic membrane (HAAM) scaffolds. a) Microscopic observation of hAMSCs
on a HAAM scaffold. The red arrows indicate the junction of the HAAM scaffold and the cultureware. The left side of the red arrows is the bottom of the
cultureware, and the right side is the HAAM scaffold. Scale bar: 200 ym. b) Cytoskeletal staining of hAMSCs cocultured with a HAAM scaffold. Scale bar:
100 pm. ¢) Typical scanning electron microscope images of hAMSCs on a HAAM scaffold. The blue arrows indicate hAMSCs. Scale bar: 2 um.

melt electrowriting (MEW). Moreover, the HAAM scaf-
folds possess favourable biocompatibility, and no immu-
nological rejection occurs after they are implanted in
vivo. We eliminated the immunogenicity of fresh HAM by
denuding the epithelial cells, but without destroying its
original collagen fibre arrangement and ECM structure,
making the resulting scaffolds suitable for cell adhesion/
proliferation and in vivo transplantation.

In this study, we prepared HAAM scaffolds by tryp-
sinization to remove epithelial cells. However, we did not
eliminate the hAMSCs of fresh HAM because hAMSCs
express low levels of costimulatory molecules (CD80,
CD83, and CD86) and major histocompatibility type |
antigens (human leucocyte antigen (HLA)-A, HLA-B, and
HLA-C),* suggesting that hAMSCs have low immunoge-
nicity and do not provoke immunological rejection in the
host after transplantation. Moreover, hAMSCs have been

proven to have the capacity to facilitate cartilage regen-
eration in a previous study.>* H&E staining demonstrated
that the epithelial cells in the epidermal layer of fresh
HAM were removed completely and that the HAAM scaf-
folds maintained the integrated ECM structure. Further
detection confirmed that the HAAM scaffolds contained
large amounts of collagen fibres and possessed a fibrous
reticular structure. The abundant collagen fibres signified
sufficient mechanical strength, and the porous structure
provided enough space for cell adhesion and prolifera-
tion. To test the cytocompatibility, we seeded P3 hAMSCs
on the HAAM scaffolds and observed the fates of these
cells. Phalloidin staining and SEM demonstrated that
hAMSCs could survive and proliferate on the HAAM scaf-
folds. After seven days of cultivation, hAMSCs fused to
patches and almost covered the whole surfaces of the
HAAM scaffolds. In addition, the spatial structures of
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Fig. 9

Macroscopic observations of regenerative tissue at 12 weeks. a) Regenerated tissue of all groups. b) Mean International Cartilage Repair Society macroscopic
scores of groups at 12 weeks after surgery (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001. HAAM, human acellular amniotic membrane; JCFs, juvenile cartilage

fragments.

the HAAM scaffolds did not change the growth pattern
or morphology of hAMSCs. Different types of cells were
cultured on HAAM scaffolds to explore the effect of HAAM
scaffolds on cells, and to further confirm their capacity
for tissue repair. Sanluis-Verdes et al*? cultured epidermal
stem cells and fibroblasts on opposite sides of HAAM scaf-
folds to fabricate a skin substitute with both epidermal
and dermal structures. Zhou et al** seeded induced
pluripotent stem cell-derived epithelial stem cells on
HAAM scaffolds to prepare a skin substitute and evaluated
the effects on wound repair. In another study, Wu et al*
used adipose-derived stem cells as seed cells and cultured
them on HAAM scaffolds to repair skin defects. Neverthe-
less, there have been no reports of hAMSCs cultured on
HAAM scaffolds. Compared with other MSC sources,*-®
hAMSCs have many advantages. Their convenient and
non-invasive collection methods, lack of ethical contro-
versies, and high viability and multilineage differentiation
ability have led to extensive application of hAMSCs in the
treatment of bone and spinal traumas, and in vascular
reconstruction surgery.*32 In addition, both the cells
(hAMSCs) and scaffolds (HAAM scaffolds) come from the
placenta, which is more convenient than other tissues for
isolation of cells and preparation of scaffolds. Therefore,
we cultured hAMSCs on HAAM scaffolds to explore the
cytocompatibility of HAAM scaffolds in this study.

JCFs provide a new allograft method for the treatment
of osteochondral defects. Although ACl has been regarded
as the gold standard for the treatment of chondral defects
and has the ability to yield hyaline-like tissues that are more
similar to native cartilage at the mechanical, histological,
and clinical levels than those formed by other treatments,
it requires multistep surgical procedures and a time-
consuming process of chondrocyte expansion in vitro.>?
Sufficient chondrocytes are obtained only by monolayer
expansion of autologous cells in autologous chondrocyte
implantation, which may increase the underlying risk of
chondrocyte dedifferentiation.>* Therefore, cartilage frag-
ment implantation (via autograft or allograft) has been

developed to overcome these limitations. Furthermore,
the researcher also used autologous meniscus fragments
to enhance meniscus repair.>> Compared to autologous
cartilage fragment implantation, allogenic cartilage frag-
ment implantation can overcome the disadvantages of
donor site complications and limitations in the sizes of
defects that are eligible for repair. Therefore, many animal
studies and clinical studies have explored the effects of
allogenic cartilage fragments on cartilage repair. To date,
mounting evidence has demonstrated that JCFs may be
a better choice for cartilage repair than adult cartilage
fragments because of their unique advantages. Many
studies have reported that adult cartilage fragments have
an age-dependent decline in chondrogenic potential.*¢*’
In addition, chondrocytes from JCFs are more efficient at
actively migrating than those from adult cartilage frag-
ments because they disintegrate the local ECM network
at their migrating front.> Additionally, a report has indi-
cated that chondrocytes from JCFs express the cell-surface
proteins chondromodulin |, B7-H1, and B7-DC, which
can suppress immune cell proliferation.®® In the present
study, two-month-old New Zealand White rabbits were
used to harvest JCFs. Then, the JCFs were implanted into
osteochondral defects alone or with the HAAM scaffolds
to promote osteochondral repair.

In vivo, macroscopic and histological assessments
demonstrated that the HAAM + JCFs group had a better
cartilage repair effect than the other groups. The following
possible reasons may explain the above results. First, the
HAAM scaffolds provided a suitable microenvironment
for endogenous cell migration and growth, especially for
bone marrow mesenchymal stem cells (BMSCs) located
under subchondral bone and chondrocytes migrating
from JCFs, which play a key role in cartilage repair.
Second, juvenile chondrocytes produced by the JCFs
facilitated regeneration of cartilage because of their chon-
drogenic potential to generate hyaline-like neocartilage.
Therefore, the good outcomes were ultimately attrib-
utable to the synergetic effects of the HAAM scaffolds
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SO/FG

B IHC

Fig. 10

Histological assessment of regenerated tissue in all groups at 12 weeks after surgery (n = 5). V: boundary of defects. a) Normal group. b) Control group. c)
Juvenile cartilage fragments (JCFs) group. d) Human acellular amniotic membrane (HAAM) group. €) HAAM + JCFs group. HE, haematoxylin and eosin; IHC,
immunohistochemical staining; SO/FG, Safranin O/Fast Green staining; TB, toluidine blue staining of type Il collagen. Scale bar: 200 ym.

and JCFs. However, it was surprising that the results of
the JCFs group were not as good as we expected, and
were inferior to previous experimental outcomes.34%°
The foremost reason was that we did not use fibrin glue
to immobilize JCFs at the defects, which might have
resulted in JCF loss when bleeding occurred or the knee
joint moved. In addition, the JCFs may have been hetero-
geneous in size and not cut into small enough pieces,
hindering effective migration of chondrocytes from |CFs.
Therefore, in subsequent experiments, we will resolve
these two possible limitations of this study and further
confirm the effect of |CFs on cartilage regeneration.

This study also had some limitations. First, we did not
detect the degradation of the HAAM scaffolds in vivo.
Further studies are needed to explore the degradation
rates of HAAM scaffolds in vitro and in vivo, which will
provide convincing evidence for other fundamental

studies and clinical applications. Second, we did not track
the transplanted |CFs or the migration of chondrocytes
from |CFs. Therefore, it is difficult to explain the specific
effects and mechanism of transplanted JCFs on cartilage
regeneration. In addition, only one timepoint (12 weeks)
was set to assess cartilage repair in this study, although
some other researchers have also chosen only one time-
point to explore cartilage repair.”¢® Cartilage healing is
a gradually developing process, so different timepoints
should be chosen to explore the healing process in
further studies. Last, we did not coculture the HAAM scaf-
folds and |CFs in vitro. In vitro, we seeded hAMSCs on
HAAM scaffold just to detect the cytocompatibility of the
scaffold with cells. Therefore, the chemotactic effect of
the HAAM scaffolds on chondrocytes produced by JCFs
is still undefined.
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In conclusion, this study has demonstrated that

HAAM scaffolds encapsulating JCFs have the poten-
tial to repair osteochondral defects. We successfully
constructed HAAM scaffolds with a simple, low-cost,
and effective method. In addition, we demonstrated
that the HAAM scaffolds had good cytocompatibility
and that the hAMSCs grew well on the HAAM scaffolds.
Because of the excellent cytocompatibility, and a similar
ECM to that of articular cartilage, HAAM scaffolds may
be promising biological scaffolds for cartilage regener-
ation. Further, JCFs may be a promising method for the
treatment of osteochondral defects that will be widely
used in clinic.

Supplementary material
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