Am J Transl Res 2021;13(12):13438-13451
www.ajtr.org /ISSN:1943-8141/AJTR0132208

Original Article
Effect of tissue expansion on chondrocyte
sheets in cartilage composite reconstruction

Chu-Hsin Chen, Peng Xu, Yahong Chen, Ke Xue, Kai Liu

Department of Plastic and Reconstructive Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine, 639 Zhi Zao Ju Road, Shanghai 200011, People’s Republic of China

Received February 21, 2021; Accepted October 26, 2021; Epub December 15, 2021; Published December 30,
2021

Abstract: Flap prelamination has been successfully established in tissue engineering; however, cartilage generation
through combination of an expanded flap and chondrocyte sheets has not been reported. Herein, we investigate the
effect of tissue expansion on chondrocyte sheets in prelaminating an expanded chondrocutaneous flap. Chondrocyte
sheets were implanted into a tissue expander capsule following which capsule inflation was performed weekly. At
4 and 12 weeks post implantation, the specimens were examined with histology and immunohistochemistry analy-
ses. Extracellular matrix (ECM) formation and type Il collagen deposition in the regenerated cartilage tissue in vivo
were also examined. After 4 weeks of implantation, the generated cartilage was phenotypically stable with minimal
hypertrophy, while that formed after the 12-week expansion showed visible hypertrophic differentiation. To evaluate
the effect of static pressure and/or hypoxic conditions generated by the expanding tissue, static pressure and/or
hypoxic conditions were reproduced in vitro. The chondrocyte sheets stimulated by mechanical static pressure and
hypoxia maintained their chondrogenic phenotype. The expression of aggrecan, collagen Il, Sox-9, and HIF-1a was
increased in chondrocyte sheets cultured in 2% oxygen (hypoxia); however, aggrecan, collagen Il, and Sox-9 were
downregulated in the static pressure/normoxia group. These results suggest that the expanded environment pro-
moted cartilage formation by the chondrocyte cell sheets, while mechanical forces and hypoxic conditions in vitro

allowed chondrocyte cell sheets to retain their chondrogenic phenotype.

Keywords: Cell sheet, chondrocyte, prelamination, tissue expansion, chondrocutaneous flap

Introduction

In reconstructive surgeries, especially those
performed for complex tissue defects caused
by trauma, burns, or tumor resection, tissue
flaps are commonly used [1]. This method
requires a combination of different tissues,
including cartilage, bone, skin, muscle, and fas-
cia. Certain anatomic prerequisites must also
be fulfilled to harvest a suitable free flap. One
promising approach, flap prefabrication, allows
for the creation of axial perfused flaps for trans-
position or microvascular transfer [2]. The term
“prefabrication” was first introduced by Yao et
al. [3] to describe the implantation of a vascular
pedicle under a skin flap. Pribaz et al. [4] later
defined “prelamination”, which includes addi-
tional modifications to the flap without manipu-
lating the blood supply, thereby allowing for the
customization of flaps for various recipient
sites. Using tissue expansion, an important

technique widely applied in plastic and recon-
structive surgeries [5, 6], the color, thickness,
and texture of the expanded skin can be
matched to the defect area. Mutaf et al. [7] indi-
cated that skin expansion creates a favorable
environment for cartilage grafting and reported
the growth potential of the cartilage framework.
The integration of a second tissue component,
such as cartilage, into a free flap can provide
shape and stability. Thus, the reconstruction of
complex three-dimensional areas is possible
even under unfavorable conditions.

Although autologous tissue harvesting has
been shown to cause donor-site morbidity [8],
tissue engineering of cartilage can create a
new possibility for reconstructive surgery.
Staudenmaier et al. [9] have reported the ben-
efits of prelaminating prefabricated flaps with
tissue-engineered cartilage, generating a func-
tional composite tissue while minimizing donor-
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site morbidity. Conventional tissue engineering
with scaffold-seeded cells is associated with a
high rate of cell death or loss primarily due to
graft site mechanical injury and inflammation
[10]. To overcome these limitations, the scaf-
fold-free cell sheet technique has recently been
proposed, which generates autologous cell
sheets without foreign materials, thereby elimi-
nating inflammation and the risk associated
with immune rejection [11].

Soft tissue expansion is associated with the
irritation of the expander and relative mechani-
cal forces, transient ischemia, and hypoxia due
to an increase in vascularity [12, 13]. At the
same time, the application of mechanical pres-
sure on chondrocytes creates a balance
between cell proliferation and apoptosis,
reduces necrosis, and promotes chondrogene-
sis and chondrocyte hypertrophy [14]. Li et al.
[15] have demonstrated that the HIF-1a/YAP
signaling axis is involved in the regulation of
chondrocyte differentiation and the mainte-
nance of chondrogenic phenotype in these
cells.

We hypothesize that the tissue expander pro-
vides mechanical and hypoxic stresses to main-
tain the chondrocyte phenotype. To test our
hypothesis, we have evaluated the effect of tis-
sue expansion on chondrocyte sheets during
the prelamination of expanded chondrocutane-
ous flap with chondrocyte sheets. Chondrocyte
sheets were characterized and the expression
of aggrecan, collagen Il, Sox-9, and HIF-1a was
determined under static pressure and hypoxic
stimulation in vitro.

Materials and methods

In vitro chondrocyte isolation, culture, and
identification

Isolation of chondrocytes: All procedures per-
formed in this study were approved by the
Research Ethics Committee of Shanghai Ninth
People’s Hospital (approval number: SH9H-
2019-T261-1). Primary chondrocytes were iso-
lated from knee joints of one-week-old Spra-
gue-Dawley rats. The articular cartilage was cut
into pieces (1-2 mm3) and digested with 2%
type Il collagenase (Sigma-Aldrich, St. Louis,
MO, USA) for 8 h at 37°C. Next, the solution
was filtered through a 200-mesh filter and cen-
trifuged. Chondrocytes were isolated and cul-
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tured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Hyclone, Logan City, UT, USA) supple-
mented with 10% fetal bovine serum (FBS)
(Gibco, Grand Island, NY, USA), 1% antibiotics
(100 U/mL penicillin and 100 U/mL streptomy-
cin; Gibco, Grand Island, NY, USA) at 37°C and
5% CO,. The medium was changed every 48 h.

Identification of rat chondrocytes: Primary
chondrocytes were identified using 1% Alcian
blue and toluidine blue (T-B) (Sigma-Aldrich;
Merck KGaa) staining for 2 h at room tempera-
ture (25°C). Second passage (P2) primary
chondrocytes were used for subsequent
experiments.

Chondrocyte sheet formation: Chondrocyte
sheets were prepared as previously reported
[16]. Briefly, P2 chondrocytes were collected
and seeded into 6-well plates at 1x107 cells/
well. High-density seeded chondrocytes were
cultured in chondrogenic medium (DMEM sup-
plemented with 40 ng/mL dexamethasone
(Sigma-Aldrich, St. Louis, MO, USA), 10 ng/mL
transforming growth factor beta-1 (TGF-B1;
R&D Systems Inc. Minneapolis, MN, USA), 100
ng/mL insulin-like growth factor 1 (IGF-I" R&D
Systems Inc. Minneapolis, MN, USA) for 4
weeks until chondrocyte sheets were formed.
The chondrocytes secreted extracellular matrix
(ECM) and formed a chondrocyte sheet, which
could be detached from the culture dish bot-
tom with tweezers.

Structural observation of the chondrocyte
sheets: The chondrocytes sheets were washed
three times with phosphate buffer saline (PBS)
and then fixed with glutaraldehyde (2.5%) for 2
h at 4°C. Next, the specimens were extensively
rinsed with PBS, dehydrated using ethanol gra-
dients, and lyophilized. The samples were then
coated with platinum and visualized using
scanning electron microscopy (SEM).

In vivo implantation of the chondrocyte sheets

Tissue expansion model: Twelve male Spra-
gue-Dawley rats (body weight 249-312 g; 8
weeks old) were obtained from the Shanghai
Jiao Tong University School of Medicine
Experimental Animal Center, China. Rats were
randomly divided into 4-week (n=6) and 12-
week (n=6) groups. Customized rectangular
expanders (3.5x2.5x2 c¢m; Guangzhou Wanhe
Medical Instrument Co. Ltd., Guangzhou, China)
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Figure 1. A schematic diagram of the study.

with a volume of 20 ml and a thickened silicone
sheet (3.5x2.5x0.1 cm) on top were implanted
into each rat. All animals were anesthetized
using isoflurane inhalation and surgical proce-
dures were performed in a sterile environment.
The expander was implanted deep into the
panniculus carnosus on the back of the rats
through a 2-cm incision parallel to the spine,
and the injection port was placed subcutane-
ously on the head. Normal saline solution (20
mL) was then injected into the expander intra-
operatively to maintain the shape and location
of the expander, and to eliminate the dead
space.

Implantation of the chondrocyte sheets: After
14 days, a capsule was formed, significantly
reducing the possibility of expander displace-
ment. Next, chondrocyte sheets were trans-
planted on top of the expander capsule.
Subsequent inflation was performed every
week using 3 mL of saline solution each time.
During the inflation process, if serious compli-
cations such as expander rupture or flap ne-
crosis occurred, the affected rat was excluded
from the study. The animals were then eutha-
nized with high-dose anesthesia either 4 or 12
weeks after transplantation. The detailed pro-
cessis illustrated in Figure 1. On day 31, severe
skin necrosis was observed on the expanded
skin in one rat of the 4-week group; meanwhile,
on day 43, one expander was ruptured in one
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rat of the 12-week group;

these rats were excluded from

the study. No other complica-

tions occurred during the infla-
s tion process.

Histology

At either 4- or 12-week time
point, samples were dissect-
ed out and analyzed histologi-
cally. After gross observation,
2% 02 the samples were fixed in 4%
paraformaldehyde for 24 h,
dehydrated using graded alco-
hols, and embedded in paraf-
21% 02 fin. The embedded samples
were sectioned perpendicu-
larly to the surface of the
implants into 5-um-thick sec-
tions and then stained with
hematoxylin and eosin (H&E),
toluidine blue (T-B), or Safranin O/Fast Green
(S-F).

Immunohistochemistry and immunofluores-
cence

Immunohistochemistry was performed as pre-
viously described [17, 18]. Briefly, dewaxed
sections were washed in PBS and endogenous
peroxidase activity was quenched using 2%
(v/v) hydrogen peroxide for 5 min. Antigen
retrieval was performed by incubating the
samples in sodium citrate buffer for 30 min.
The sections were washed twice in PBS,
blocked with 1.5% goat serum for 30 min at
room temperature, and then incubated with pri-
mary antibodies (COL Il or COL X Abcam,
Cambridge, UK) overnight at 4°C. Next, sec-
tions were incubated with a peroxidase-conju-
gated secondary antibody, visualized with a
3,3-diaminobenzidine solution (DAB Substrate
Kit, Burlingame, CA, USA), and counter-stained
with hematoxylin.

After deparaffinization and rehydration, the tis-
sue sections were incubated with primary
antibody (COL Il Abcam, Cambridge, UK) over-
night at 4°C, following which a fluorescein iso-
thiocyanate-conjugated secondary antibody
was added. The nuclei were counterstained
with 0.1 mg/mL of 4’,6-diamidino-2-phenylin-
dole. Stained sections were then scanned and
viewed.
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Effect of mechanical forces and hypoxic condi-
tions on cultured chondrocyte sheets in vitro

Application of static pressure: Chondrocytes
were cultured on the flexible surface of the
Bioflex 6-well plates (Flexcell International
Corp, McKeesport, PA, USA) and then subject-
ed to elongation. Static pressure was applied
to the chondrocyte sheet using an in-house-
designed pressure device. The device was com-
posed of two acrylic plates connected with
eight screws. Six cylindrical columns were
placed on the bottom plate for support, and the
screws were tightened after the top plate was
covered. This device provided static pressure
with 20% elongation of the flexible surface.

Hypoxia: Once formed, chondrocyte sheets
were cultured under either normoxic conditions
(21% O,, 74% N,, 5% CO,, saturated humidity
and 37°C) or hypoxic conditions (2% O,, 94%
N,, 5% CO,, saturated humidity and 37°C) for
14 days. The four culture conditions were
abbreviated as follows: H, chondrocyte sheet,
hypoxic conditions; P, chondrocyte sheet with
static pressure, normoxic conditions; HP, chon-
drocyte sheet with static pressure, hypoxic con-
ditions; Control, chondrocyte sheet, normoxic
conditions.

Western blotting

Western blotting was performed as previously
described [19]. Primary antibodies against
SOX9 (1:1,000, AF6330, Affinity Biosciences,
OH, USA), collagen 1l (1:1,000, AFO135, Affinity
Biosciences, OH, USA), aggrecan (1:1,000,
DF7561, Affinity Biosciences, OH, USA), HIF-1a
(1:1,000, #14179, Cell Signaling Technology,
Danvers, MA, USA), and pB-actin (1:1,000,
ab8226, Abcam, Cambridge, MA, USA) were
used.

Isolation of total RNA, reverse transcription,
and quantitative real-time PCR (qRT-PCR)

The isolation of total RNA and reverse tran-
scription were performed as previously de-
scribed [20]. Briefly, total RNA was isolated
using TRIZOL reagent (Ambion) and purified
using the RNeasy mini kit (QIAGEN, Valencia,
CA, USA). The total RNA was then reverse-tran-
scribed using the Prime Script RT reagent Kit
with gDNA Eraser (TakaRa Code: DRRO47A).
The sequences of primers for qRT-PCR were as
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follows (5-3’): GAPDH: forward, GCAAGTTCA-
ACGGCACAG, reverse, CCAGTAGACTCCACGAC-
AT; Aggrecan: forward, GATAGCCACTGCTGATA-
CA, reverse, CCACTCTTGCCTACCTTC; Col II:
forward, GGCGTGAGGTAGAAAAGG, reverse, AT-
GGTAGAGCGGAACAGG; Sox-9: forward, TTCC-
AGTCTTCTCACCATT, reverse, AAACTTCATAGC-
CCTTCTTC; and HIF-1a: forward, AAGTCTAG-
GGATGCAGCAC, reverse CCAGATCACCAGCATC-
TAG. The analysis was performed using the
Step One Plus PCR system (Applied Biosy-
stems). The amount of target cDNA relative to
GAPDH was calculated using the 222t method.
The relative expression of the target gene was
then compared to the control group. Each
experiment was performed in triplicate and
mean values were calculated.

Statistical analysis

All experiments were conducted in triplicate.
Data are presented as the mean + standard
deviation. Statistical analyses were conducted
using one-way analysis of variance (ANOVA), fol-
lowed by Tukey's post hoc test using the
GraphPad Prism software (GraphPad Software
Inc., USA). The level of significance was set at
P<0.05.

Results
In vitro characterization of chondrocyte sheets

To confirm the presence of chondrocytes in our
cultures, cells were stained with T-B and Alcian
blue and viewed under a light microscope.
Isolated chondrocytes were polygonal in shape
with regular dimensions (Figure 2A-C). The
chondrocyte sheets were formed after 4
weeks (Figure 2D), as demonstrated by dense
cell distribution. These chondrocyte sheets
could be completely detached from the dish
bottom using tweezers (Figure 2E). SEM imag-
es showed abundant overlaying cells, as well as
the presence of secreted ECM (Figure 2F).

In vivo implantation of chondrocyte sheets

The custom-designed rectangular expanders
were coated with thickened silicone sheets on
the top surface (Figure 3A). To induce vascular-
ized capsule tissue formation, the expanders
were inflated using saline solution (Figure 3B).
After 14 days, the capsule was formed, and
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Figure 2. Characterization of chondrocytes and chondrocyte sheets. A-C. Light microscopic images of chondrocyte
cultures. Representative images are shown. A. P2 chondrocytes, scale bar: 100 ym. B, C. P2 chondrocyte cultures
stained with Alcian blue and toluidine blue, scale bar: 100 um. D-F. Chondrocyte sheets, representative images are

shown. D. Light microscopic images of chondrocyte sheets, scale bar: 100 um. E. The detachment of chondrocyte
sheets after 4 weeks in culture. F. SEM image of chondrocyte sheets, scale bar: 50 pm.

Figure 3. Implantation of the chondrocyte sheets. A. The representative image of a customized rectangular expand-
er used in this study. The expander was coated with a thickened silicone sheet on the top. B. The representative im-
age of an expander inflated with saline solution to induce vascularized capsule tissue formation. C. Representative
image of a chondrocyte sheet transplanted onto the expander capsule.

chondrocyte sheets were transplanted onto the Four and 12 weeks post transplantation of
expander capsule (Figure 3C). chondrocyte sheets onto the expander cap-
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Figure 4. In vivo cartilage regeneration, using cell sheets, and characterization of cartilage formation by chondrocyte
sheets. (A, |) Gross appearance of cell sheets in expander capsule after 4 and 12 weeks of transplantation, respec-
tively. The black arrows indicate the cartilage tissue. (E, M) Gross appearance of ex vivo cartilage tissue after 4 and
12 weeks, respectively. (B, F, J, N) H&E staining of the cartilage-like tissue with cartilage lacuna, at 4 and 12 weeks.
(C, G, K, O) Toluidine blue (T-B) staining showing the formation of cartilage-like tissue at 4 and 12 weeks. (D, H, L,
P) Safranin O (S-F) staining showing the formation of cartilage-like tissue at 4 and 12 weeks. Original magnification:
40x, scale bar: 500 um (B, C, J-L); zoomed-in square magnification: 400x, scale bar: 50 uym (F-H, N-P).

sule, implants were removed, and histological
and immunohistochemical assays were per-
formed. The gross evaluation of the samples
demonstrated the formation of white and
glossy neocartilage tissue in both groups in
vivo (Figure 4A, 4l). All constructs were sur-
rounded by fibrous tissue, which could be
easily removed (Figure 4E, 4M). By week 4,
chondrocytes were visible within typical chon-
drocyte lacunae and surrounded by abundant
cartilaginous matrix, which had morphological
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characteristics similar to those of naive carti-
lage (Figure 4B-D, 4F-H). Meanwhile, by 12
weeks, histological staining demonstrated sig-
nificantly increased contiguous cartilage ma-
trix deposition compared to 4 weeks. The new
tissue showed intense T-B and S-F staining
consistent with the cartilage-specific matrix
deposition and typical histological structures
(Figure 4J-L, 4N-P). Immunohistochemistry
confirmed strong COL2A1 expression at both
time points, with larger COL2A1 deposits in the

Am J Transl Res 2021;13(12):13438-13451
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COL2A1

levels in the P group com-
pared with those in other
groups, while the tissue mor-
phology of the HP group
appeared to be similar to the
control group.

Next, we evaluated the ex-
pression of chondrocyte-spe-
cific COL2A1 in chondrocyte
sheets using immunofluores-
cence (Figure 7Y). Fluore-
scence microscopy demon-
strated that all groups were
positive for COL2A1. Further-
more, the levels of COL2A1 in
chondrocytes cultured under

¢ hypoxic conditions (H group)
appeared to be higher com-
= pared to all other groups.

Western blot analysis

Figure 5. Immunohistochemistry of cartilage tissue formed by chondrocyte

sheets in vivo. A, B. Collagen Il (COL Il) staining of the tissues at 4 and 12
weeks. Scale bar: 50 um. C, D. Collagen X (COL X) staining of the tissues at
4 and 12 weeks, representative images. COL X is a marker of hypertrophy,
suggesting that several chondrocytes exhibited a hypertrophic phenotype at

12-week time point. Scale bar: 50 um.

12-week group (Figure 5A, 5B). Tissue sections
were also positive for COL X, especially in the
12-week group (Figure 5C, 5D).

Effect of mechanical forces and hypoxic condi-
tions on cultured chondrocyte sheets in vitro

To investigate the effect of mechanical forces
and hypoxia, chondrocyte sheets were cultured
in vitro. After 2 weeks of culture, no apparent
differences between the four different condi-
tions were observed (Figure 6A-D). The SEM
images showed abundant overlaying cells, as
well as secreted rich gelatinous ECM, giving the
sheets a wave-like appearance in all groups
(Figure 6E-H).

Histological examination of all groups showed
that chondrocyte sheets maintained their carti-
lage-like appearance (Figure 7). Interestingly,
the chondrocyte sheets in the H group appear-
ed to be thicker than those in other groups, as
demonstrated by H&E staining (Figure 7C, 7G).
T-B and S-F staining confirmed the deposition
of cartilage-like ECM (Figure 7Q-X), with high
staining intensity levels in the H group and low
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To confirm our immunohisto-
chemistry observations, we
performed western blot analy-
sis (Figure 8A), which showed
a decrease in collagen Il pro-
tein levels in the P group,
while the levels of HIF-1a was higher in H and
HP groups compared to the control group.

Gene expression (real-time PCR)

To further verify our histology and immunos-
taining results, the expression levels of chon-
drocyte-specific genes, such as Aggrecan, COL
Il, Sox-9, and HIF-1a, was analyzed in chondro-
cyte sheets. Our results demonstrated that
chondrocyte sheets exposed to static pres-
sure (P group) had significantly lower levels of
Aggrecan, COL I, and Sox-9 compared with
those in the hypoxia (H), HP, and control gro-
ups (P<0.05) (Figure 8B-D). There were no sig-
nificant differences in Aggrecan and COL Il
expression between H and HP groups and
the control group (Figure 8B, 8C). At the same
time, the H group showed higher Sox-9 gene
expression than did the control group (P<0.05)
(Figure 8D), while Sox-9 levels in the HP group,
although significantly higher than those in the P
group, were similar to those in the control group
(P>0.05). Finally, the expression of HIF-1x in
chondrocyte sheets was increased in response
to hypoxic conditions in both H and HP groups

Am J Transl Res 2021;13(12):13438-13451
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Static Pressure and
Hypoxia Static Pressure

Hypoxia Control

Figure 6. Characterization of chondrocyte sheets cultured in vitro under static pressure and hypoxic conditions. A-D.
The chondrocyte sheets detached from the plate surface. E-H. SEM images of chondrocyte sheets cultured under

different conditions. Scale bar: 50 ym.

compared with that in the control and P groups
(P<0.05) (Figure 8E).

Discussion

The reconstruction of complex defects involves
multi-steps of surgeries, and multiple tissue
flaps are often required. For the simultaneous
restoration of several absent tissue types, the
prelamination of expanded flaps is commonly
used to repair these defects [21]. Mutaf et al.
[7] have indicated that skin expansion creates
a favorable environment for cartilage grafting
and have reported the growth potential of the
cartilage framework. Meanwhile, Erkin et al.
[21] have developed a new model of flap pre-
lamination in rats using xenogenic and auto-
genic tissues, including autologous fascia,
muscle, bone, cartilage, grafts, and acellular
human dermal matrix, and have suggested that
these kinds of free flap prefabrications could
reduce autogenous tissue sacrifice.

Tan et al. [22] have suggested that flap prelami-
nation has significant potential in plastic sur-
gery since bridges the gap between convention-
al reconstructive surgery and tissue engineer-
ing. By applying this technique, tissues could
be preassembled to form precise composites
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that would accommodate the different types of
defects. For example, Staudenmaier et al. [9]
performed flap prelamination using tissue-
engineered cartilage by implanting a vessel
loop under a random-pattern abdominal skin
flap. The tissue-engineered cartilage con-
structs were then prepared by isolating chon-
drocytes from auricular biopsies, seeding the
cells onto hyaluronic-acid derivative, and then
culturing for 2 weeks. The authors also report-
ed that the tissue-engineered constructs
remained stable in size and were similar to hya-
line cartilage. Von Bomhard et al. [23] reported
an autologous model by combining prefabricat-
ed skin flaps with the implantation of vascular
pedicle and in vitro cultured chondrocyte bio-
constructs in order to manufacture functional
three-dimensional cartilage grafts.

Both Staudenmaier [9] and von Bomhard [23]
used scaffold materials since they are es-
sential in tissue engineering [24, 25].
Unfortunately, scaffold materials, either syn-
thetic polymers or natural, have numerous
shortcomings, hence the tissue formed is
inferior to the native cartilage, as demonstrat-
ed by their morphology and function. The
recently developed cell-sheet technique pres-
ents a possible solution to overcome these

Am J Transl Res 2021;13(12):13438-13451
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Figure 7. Histological analysis and COL2A1 immunofluorescent staining of chondrocyte sheets cultured in vitro un-
der static pressure and hypoxic conditions. (A-H) H&E staining, (I-P) toluidine blue (T-B) staining, and (Q-X) Safranin
O/Fast green (S-F) staining, (Y) COL2A1 immunofluorescent staining (green), nuclei were counterstained with DAPI
(blue). Original magnification: 100x%, scale bar: 200 uym (A-D, I-L, Q-T, Y); zoomed-in square magnification 400x,

scale bar: 50 ym (E-H, M-P, U-X).

shortcomings since it could be used for carti-
lage regeneration in the absence of a scaffold
[10, 11, 26]. The chondrocyte sheet consists of
cells and ECM, where it provides a structural
and nutritive microenvironment and promotes
cell adhesion, growth, and tissue regeneration
in vivo [27]. To regenerate cartilage, it has been
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previously suggested that, due to the limited
number of chondrocytes, bone marrow stromal
cells first differentiate into chondrocytes and
then form chondrocyte sheets [28-30]. Yanaga
et al. [31] confirmed the redifferentiation of
expanding chondrocytes using a multiple layer
culturing system. Furthermore, Liao et al. [32]

Am J Transl Res 2021;13(12):13438-13451
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Figure 8. Evaluation of protein expression and cartilage-related genes in the chondrocyte sheets cultured in vitro
under static pressure and hypoxic conditions. (A) Protein expression of Aggrecan, COL I, Sox-9, and HIF-1« as deter-
mined using western blotting; B-actin was used as a loading control. The expression of Aggrecan (B), COL Il (C), Sox-9
(D) and HIF1-a (E) genes was determined using real-time PCR. GAPDH was used as a housekeeping gene. Data are

presented as the mean * standard deviation (n=3), *P<0.05.

demonstrated that a stable chondrocyte sheet
could be established by seeding expanded
chondrocytes (passage 2 or 3) at high density
without the primary chondrocyte sheet. Here,
we used chondrocyte sheets to regenerate car-
tilage. High-density chondrocyte cultures pro-
moted chondrocyte proliferation and enhanc-
ed ECM synthesis: abundant cells secreted a
large amount of ECM, linking cells to form a
durable and stable cell sheet. In addition, our in
vivo results suggested that the continuous
inflation of tissue expander (for up to 12 weeks)
induced chondrocyte hypertrophy, which is
essential for endochondral ossification.

Previous studies have suggested that during
cartilage flap prelamination, the tissues are
assembled in a vascular loop or a vascular bun-
dle, and that tissue vascularization takes
approximately 3 weeks [9, 33-37]. In tissue
engineering, the expander capsule induction
technique provides several advantages for vas-
cularization. The tissue expander creates a
spherical capsule pouch, inducing foreign
body reaction, thereby promoting neovascular-
ization inside the tissue. This induction tech-
nique is a safe and reliable method as demon-
strated by consistently viable capsule flap post
transposition [38, 39]. Jia et al. [40] showed
that the tissue expander capsule served as an
axial vascular bed to create vascularized engi-
neered tissue with its own vessels using cell
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sheet engineering. In our study, we used
expanded capsule tissue as a vascular bed for
pre-vascularization.

Since cartilage tissues lack vasculature, chon-
drocytes reside in a hypoxic microenvironment,
where oxygen levels range from 6% in the
superficial zone to 1% in the deep zone, result-
ing in physiological chronic hypoxia [41, 42].
Hypoxic conditions have been shown to be
beneficial for the maintenance of chondro-
genic phenotype [43] and for the induction of
cartilage-specific marker re-expression in
chondrocytes [44, 45]. Kobuko et al. [46] com-
pared cells cultured in 21% oxygen vs. 2% oxy-
gen, the oxygen level found in deep cartilage,
and found that layered chondrocyte sheets
rich in ECM were generated sooner in the 2%
oxygen group. Here, our results showed that,
compared to the 21% oxygen condition, chon-
drocyte sheets cultured in 2% oxygen main-
tained their chondrogenic phenotype, and the
expression levels of Sox-9 and HIF-1a were
increased. Sox-9, the transcription factor
essential for chondrocyte differentiation and
cartilage formation, marks the earliest stage of
chondrocyte lineage [47]. Presumably, this led
to elevated expression of ACAN and collagen I,
the extracellular matrix genes and transcrip-
tion targets of SOX9 [46]. Markway et al. [48]
have reported that hypoxia induces the expres-
sion of collagen Il and proteoglycan through

Am J Transl Res 2021;13(12):13438-13451
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HIF-1a, while promoting the anabolic metabo-
lism of chondrocytes. Our results indicate that
hypoxia increased the expression of cartilage-
specific markers in chondrocytes and main-
tained the chondrogenic phenotype.

Several studies have shown that pressure is
another essential factor necessary to maintain
the normal function of articular cartilage [49,
50]. While the physiological pressure levels
contribute to the maintenance of cartilage
health, abnormal pressure levels lead to irre-
parable cartilage damage. Conversely, other
studies have suggested that static pressure
has detrimental effects on chondrocyte anabo-
lism by reducing the synthesis of ECM compo-
nents, accelerating the osteogenic differentia-
tion of chondrocytes, and inducing chondrocyte
apoptosis [51-53]. The tissue expander pro-
vides mechanical static pressure following
inflation. In our study, we designed a custom-
ized tissue expander coated with a thickened
silicone sheet, resulting in the generation of
consistent pressure on the surface during
inflation. In vitro, we used a pressure device
designed in-house that provided 20% elonga-
tion of the chondrocyte sheet on the flexible
surface, the elongation similar to the tissue
expander following regular inflation. The results
showed that static pressure did not promote
cartilage formation as demonstrated by the
downregulation of aggrecan, collagen Il, and
Sox-9 expression levels. However, the combina-
tion of mechanical stress and hypoxia simulat-
ed chondrocyte sheet formation and the
increased expression of cartilage-specific
genes, which contributed to the maintenance
of the chondrogenic phenotype. Hence, our
results suggest that these conditions mimicked
the hypoxic environment, where the ECM of car-
tilage is produced and maintained. In chondro-
cytes, HIF-1a is involved in anaerobic metabo-
lism and inhibits cell apoptosis in response to
hypoxia [54], further supporting our observa-
tions of increased HIF-1« levels in chondrocyte
sheets cultured under hypoxic conditions.

This study has some limitations. First, the
shape of the cartilage of the prelaminated flap
was spheroid, since we did not flatten the
chondrocyte sheet during the surgery. Liao et
al. [32] used an ear-shaped titanium alloy scaf-
fold and covered it using a chondrocyte sheet
to prelaminate the ear-shaped engineered car-
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tilage tissue. We will modify the shape of the
cartilage tissue in our future studies. Second,
since observational endpoints were 4 and 12
weeks, no investigation on the long-term con-
tinuous expansion following chondrocyte sheet
implantation in vivo was conducted, therefore,
the correlation between chondrocyte sheet
implantation and the period of expansion
should be further explored. Finally, we did not
evaluate the elasticity of the generated carti-
lage ex vivo. The properties of engineered tis-
sues, including cartilage development and tis-
sue interaction, were investigated only using
qualitative histochemical methods. However,
the mechanistic studies evaluating the activa-
tion of signaling pathways are currently under-
way. All these limitations will be addressed in
our future studies.

In summary, our results indicate that, in a tis-
sue expansion model, it is possible to prelami-
nate chondrocutaneous flap by implanting a
chondrocyte sheet above the expander cap-
sule. The development of a tissue similar to
hyaline cartilage was confirmed by the expres-
sion of cartilage-specific aggrecan and colla-
gen Il. The tissue expansion technique provid-
ed mechanical static pressure and the hypoxic
environment necessary for the maintenance of
a chondrogenic phenotype. Furthermore, our
study demonstrated that tissue expansion pro-
moted chondrocyte cell sheets to form tissue-
engineered cartilage, while in vitro mechanical
forces and hypoxic conditions allowed for chon-
drocyte cell sheets to retain their chondrogenic
phenotype.
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