Int J Clin Exp Pathol 2015;8(1):73-80
www.ijcep.com /ISSN:1936-2625/1JCEPO003600

Original Article
Cartilage engineering using chondrocyte cell sheets and
its application in reconstruction of microtia

Libin Zhou?, Ruiying Ding?, Baowei Li*, Haolun Han*, Hongnan Wang?, Gang Wang?, Bingxin Xu?, Suogiang
Zhai?, Wei Wu*

1Department of Otolaryngology-Head and Neck Surgery, 306 Hospital of PLA, Beijing 100101, P.R China; 2Institute
of Otolaryngology, Chinese PLA General Hospital, Beijing 100853, P.R China

Received November 4, 2014; Accepted December 22, 2014; Epub January 1, 2015; Published January 15, 2015

Abstract: The imperfections of scaffold materials have hindered the clinical application of cartilage tissue engineer-
ing. The recently developed cell-sheet technique is adopted to engineer tissues without scaffold materials, thus
is considered being potentially able to overcome the problems concerning the scaffold imperfections. This study
constructed monolayer and bilayer chondrocyte cell sheets and harvested the sheets with cell scraper instead of
temperature-responsive culture dishes. The properties of the cultured chondrocyte cell sheets and the feasibility
of cartilage engineering using the chondrocyte cell sheets was further investigated via in vitro and in vivo study.
Primary extracellular matrix (ECM) formation and type Il collagen expression was detected in the cell sheets during
in vitro culture. After implanted into nude mice for 8 weeks, mature cartilage discs were harvested. The morphol-
ogy of newly formed cartilage was similar in the constructs originated from monolayer and bilayer chondrocyte cell
sheet. The chondrocytes were located within evenly distributed ovoid lacunae. Robust ECM formation and intense
expression of type Il collagen was observed surrounding the evenly distributed chondrocytes in the neocartilages.
Biochemical analysis showed that the DNA contents of the neocartilages were higher than native human costal
cartilage; while the contents of the main component of ECM, glycosaminoglycan and hydroxyproline, were similar
to native human costal cartilage. In conclusion, the chondrocyte cell sheet constructed using the simple and low-
cost technique is basically the same with the cell sheet cultured and harvested in temperature-responsive culture
dishes, and can be used for cartilage tissue engineering.
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Introduction remain. Synthetic polymers and natural materi-
als have been adopted to deliver cells into car-
tilage defect sites, and to reinforce the mechan-

ical stability of three-dimensional tissue engi-

Current approaches for external ear recon-
struction for patients with microtia or acquired

auricular defect contain of autologous costal
cartilage sculpturing and transplantation, allo-
plastic implants and prosthetic ears. However,
these approaches often result in suboptimal
aesthetic outcomes and may lead to various
complications [1], thus more reasonable alter-
native strategies are in need.

Cartilage tissue engineering, to artificially con-
struct cartilaginous tissue using autologous
chondrocytes or stem cells and biodegradable
scaffold material, seems to be an ideal strategy
for cartilage reconstruction [2]. Numerous
studies have demonstrated its feasibility both
in vitro and in vivo [2, 3]. However, many obsta-
cles have yet to be overcome, problems relating
to cell sources and scaffold imperfections

neered chondral grafts [4-8]. Some scaffolds
have been successfully applied for the cartilage
engineering; however, there are problems with
biocompatibility and cellular viability. Further-
more, the exogenous scaffold materials may
generate degradation products that cause an
inflammatory reaction and negatively affect
neocartilage formation in vivo.

In the 1990s, a cell-sheet technique based on
a temperature-responsive culture dish was
developed [9, 10], which was thereafter adopt-
ed to engineer tissues without scaffold materi-
als. The new strategy has been considered
being potentially able to overcome the prob-
lems concerning the scaffold imperfections.
Although the temperature-responsive culture
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Figure 1. Cell sheet harvest and in vitro culture. A: Half of the cell sheet was released from the bottom of the dish;
B: In vitro culture of the released cell sheet at day 2; C & D: In vitro culture of the released cell sheet at day 14.

dishes (UpCell™ CellSeed Inc., Tokyo, Japan) is
now commercially available, it is quite expen-
sive. Moreover, the temperature-responsive
coating polymer, poly (N-isopropylacrylamide)
(PNIAM) is another extrinsic material, which is
potentially associated with the problems simi-
lar to the scaffold materials. In this study, we
tried another cell-sheet culturing method with-
out the temperature-responsive culture dishes.
The purpose of this study was to investigate the
feasibility of human chondrocyte-sheet culture
using conventional culture dishes and further
investigate the properties of the cultured chon-
drocyte-sheets in vitro and in vivo.

Materials and methods
Cell source

A patient with microtia, female, 14-year old,
was subjected to total auricle reconstruction.
Autologous costal cartilage was harvested and
sculptured and satisfactory auricle was recon-
structed. The leftover cartilage chippings was
collected and used for primary chondrocyte iso-
lation. This study was performed in compliance
with the Helsinki Declaration, and was approved
by the Ethics Committee of the 306" Hospital
of PLA. Informed consents of the laboratory
usage of their tissues for scientific study were
signed by the two parents. The animal study
was approved by the Institutional Animal Care
and Use Committee of the 306th Hospital of
PLA and all procedures were performed accord-
ing to the Guidelines for the Care and Use of
Laboratory Animals of the 306" Hospital of
PLA.

Chondrocyte culture and cell sheet construc-
tion

The costal cartilage chippings (4.8 g wet weight)
were cut into 1 mm?® fragments and treated
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with0.1%collagenasetypell(Invitrogen Corpora-
tion, Grand Island, NY, USA) in a D-MEM/F-12
medium (Gibco, Grand island, NY, USA) with 1%
antibiotic/antimycotic solution (Beijing Solarbio
Science & Technology Co., Ltd, Beijing, China)
at 37°C for 16 h. The digested cell suspension
was filtered through a cell strainer of 100 um
pore size (BD Biosciences, Bedford, MA, USA),
and then the chondrocytes were isolated. The
chondrocytes were then plated into 10 cm cell
culture dish (430167, Corning Incorporated life
sciences, Tewksbury, MA, USA) at a density of
10,000 cells/cm? and cultured with D-MEM
/F-12 medium medium supplemented with
10% fetal bovine serum (Hangzhou Sijiging
Biological Engineering Materials Co., Ltd.,,
Hangzhou, China), 200U/mL penicillin and 100
mg/mL streptomycin (Beijing Solarbio Science
& Technology Co., Ltd, Beijing, China), 292 mg/
mL L-glutamine (Sigma-Aldrich, St. Louis, MO,
USA), 0.1 mM nonessential amino acids (Beijing
Solarbio Science & Technology Co., Ltd, Beijing,
China), and 50 mg/mL L-ascorbic acid (Sigma-
Aldrich, St. Louis, MO, USA). Upon reaching con-
fluence, the chondrocytes were trypsinized with
0.25% trypsin-EDTA (Beijing Solarbio Science &
Technology Co., Ltd, Beijing, China). Cell pas-
saging was performed in a dilution of 1:4. The
third passage cells were used for fabrication of
chondrocyte cell sheets. Continuous culture
was allowed after the chondrocytes had
reached 100% confluent. Two weeks later, a
thin film formed in the cell culture dish, which
was found containing a single layered chondro-
cytes and gelatinous chondroid extracellular
matrix (ECM) under inverted microscope. To
create bilayer cell sheets, frozen second pas-
sage chondrocytes were thawed and seeded at
a density of 4 x 10* cells/cm? over the third
passage chondrocytes upon 100% confluent
reached.
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The cell sheet was released from the bottom of
the dish with a sterile cell scraper (Corning
Incorporated life sciences, Tewksbury, MA,
USA). The released cell sheets were cultured in
vitro for 12 days with chondrocyte growth medi-
um. During the in vitro culturing, the cell sheet
gradually curled up and became a gelatinous
chondroid mass (Figure 1). At the end of 12-day
in vitro culturing, six monolayer and six bilayer
chondrocyte cell sheets were harvested and
processed for histological, immunohistological,
and biochemical evaluation.

Construct implantation

Twenty four gelatinous chondroid constructs,
12 comprised of monolayer chondrocyte cell
sheet, 12 comprised of bilayer chondrocyte cell
sheet, were implanted subcutaneously on the
backs of 6 8-week-old female BALB nude mice
(Vital River Laboratories, Beijing, China), 4 con-
structs per mouse. General anesthesia was
achieved with intramuscular injection of ket-
amine 20 mg/kg (Gutian Pharmaceutical co.,
LTD, Fuzhou, Fujian Province, China) and xyla-
zine hydrochloride 0.3 ml/kg (Huamu Animal
Health products co., LTD, Changchun, lJilin
Province, China). Under aseptic conditions, 3
separated subcutaneous pockets were created
through horizontal incisions and blunt dissec-
tions. A gelatinous chondroid construct was
carefully inserted into the subcutaneous pock-
et and then sutured with non-absorbable mono-
filament suture, which was removed after 7
days.

Gross evaluation and histology

Eight weeks after the implantation, the mice
were sacrificed by cervical dislocation euthana-
sia. The specimens were harvested and care-
fully dissected from the surrounding tissue.
Each sample was split into two halves; one half
was processed for histological evaluation, the
other half was stored at -80°C and used for
biochemical testing. Samples for histology
were fixed in 10% neutral buffered formalin for
longer than 24 hours and then embedded in
paraffin wax according to embedding machine
manufactures instructions. Sections of 5 um
thickness were prepared on the microtome
(Leica). The sections were stained with hema-
toxylin and eosin; ECM formation in the newly
formed cartilage tissue was evaluated with
toluidine blue and safranin O staining.
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Immunohistochemistry

Sections were heated in tissue-drying oven for
45 minutes at 60°C, and then deparaffinized in
sequential xylene and rehydrated in graded
ethanol baths. Antigen retrieval was performed
in 10 mM sodium citrate buffer, pH 6.0 at
95-100°C for 20 minutes. Background signal
was blocked using 5% goat serum for 30 min-
utes at room temperature. Sections were incu-
bated with rabbit polyclonal anti-Collagen I
antibody (ab34712, Abcam, Cambridge, MA) 45
minutes at room temperature, and horseradish
peroxidase conjugated goat anti-rabbit IgG
(Boster Biological Technologies, Wuhan, Hubei
Province, China) 30 minutes at room tempera-
ture. The color of the antibody staining was
revealed using diaminobenzidine substrate
solution (ZSGB Biological Technologies, Beijing,
China), and counterstained with hematoxylin.

Quantitative DNA and ECM analyses

Frozen samples from the in vitro and in vivo
studies were used for the quantitative DNA and
ECM analyses. Half of the samples were
weighed, minced and digested with 10% pro-
teinase K (Sigma-Aldrich) at 56°C overnight.
The DNA extraction and purification was per-
formed using a Qiagen DNeasy kit (Qiagen, Inc.,
Valencia, CA) according to the manufacturer’s
instructions. Total DNA content was detected
using a PicoGreen dsDNA assay. To investigate
the components of the ECM, the other half of
the samples were lyophilized, weighed and
digested with papain solution (125 mg/mL
papain type Ill, 100 mM phosphate, 10 mM
I-cysteine, and 10 mM ethylenediaminetet-
raacetic acid, pH 6.3) at 60°C for 16 h. Aliquots
of these digests were used for glycosaminogly-
can (GAG) and hydroxyproline (HP) content
assay. GAG content was spectrophotometrical-
ly measured using dimethylmethylene blue dye
(Biocolor Ltd., Carrickfergus, United Kingdom)
with chondroitin sulfate as a standard. HP con-
tent was measured using Stegemann’s hydroxy-
proline assay. The content of the DNA and ECM
components of the native human costal carti-
lage was also measured using the same
methods.

Statistical analysis

The biochemical analyses values are expressed
as mean * standard deviation. Statistical anal-
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Figure 2. Histology of the chondrocyte cell sheets. A: Monolayer chondrocyte cell sheet; B: Bilayer chondrocyte cell
sheet. Original magnification: x400. Scale bar, 50 ym.

Figure 3. Histology and immunohistochemical examination of the in vitro cultured cell sheet. A-D: Monolayer chon-
drocyte cell sheet; E-H: Bilayer chondrocyte cell sheet. A & E: HE staining; B & F: Toluidine blue staining; C & G:
Safranin O staining; D & H: Immunohistochemical staining of type Il collagen. Original magnification: x400. Scale

bar, 50 ym.

yses were performed using SPSS 17.0 (SPSS,
Chicago, IL). Comparison of means was
assessed by a one-way analysis of variance
and the Tukey HSD test was used for multiple
comparisons (P < 0.05 was considered
significant).

Results

The primary chondrocyte isolation had a yield
of 2 million cells per gram of costal cartilage. In
the in vitro cultures, the costal chondrocytes
secreted rich gelatinous ECM upon reaching
high confluence. Both the monolayer and bilay-
er chondrocyte cell sheets formed soft tremel-
loid tissues. No apparent difference was noted.
The tissues showed high fluidity and gelling
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property. Condensed arranged cells were
observed under inverted microscope. Histolo-
gically intact thin films comprise of layered
chondrocytes and ECM was observed (Figure
2).

By the end of the 12-day in vitro culturing, the
chondrocyte cell sheets shrank and became a
gelatinous chondroid mass (Figure 1C and 1D).
Although the shrunk cartilage-like tissues
showed lower fluidity but still appeared pulpy
and fragile non-transparent gel. Histological
examination of the neutral formalin fixed in
vitro cultured samples indicated that folded
chondrocyte cell sheet stack up. The folded
sheet became thicker. The neighboring sheets
adhered to each other due to consecutive ECM
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Figure 4. Gross views of the in vitro and in vivo samples. A: Monolayer chondrocyte cell sheet in vitro cultured for 2
weeks; B & C: Cartilage originated from monolayer chondrocyte cell sheet, after 8 weeks implanted in nude mice; D:
Bilayer chondrocyte cell sheet in vitro cultured for 2 weeks; E & F: Cartilage originated from monolayer chondrocyte

cell sheet, after 8 weeks implanted in nude mice.

Figure 5. Histology and immunohistochemical examination of the engineered cartilage. A-D: Cartilage originated
from monolayer chondrocyte cell sheet; E-H: Cartilage originated from bilayer chondrocyte cell sheet. A & E: HE
staining; B & F: Toluidine blue staining; C & G: Safranin O staining; D & H: Immunohistochemical staining of type Il
collagen. Original magnification: x400. Scale bar, 50 pm.

secretion. Primary ECM formation was detect-
ed by safranin O and toluidine blue staining
(Figure 3). Immunohistochemistry staining indi-
cated that type Il collagen expression in the
ECM was initiated during the in vitro culturing of
the chondrocyte cell sheets (Figure 3).

7

After these cultured cell sheets together with
the gelatinous chondroid matrix were implant-
ed subcutaneously into nude mice for 8 weeks,
mature cartilage discs were harvested. All con-
structs were surrounded by fibrous tissue that
could be easily removed. Grossly, the tissue
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Figure 6. DNA content of the engineered cartilage
and native human costal cartilage. A: Cartilage origi-
nated from monolayer chondrocyte cell sheet; B: Car-
tilage originated from bilayer chondrocyte cell sheet;
C: Native human costal cartilage.
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Figure 7. Glycosaminoglycan content of the engi-
neered cartilage and native human costal cartilage.
A: Cartilage originated from monolayer chondrocyte
cell sheet; B: Cartilage originated from bilayer chon-
drocyte cell sheet; C: Native human costal cartilage.
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resembled cartilage discs, both monolayer and
bilayer chondrocyte cell sheet originated, were
flexible. There was no obvious difference
between the volumes of cartilage blocks made
from the bilayer chondrocyte cell sheets and
those from monolayer chondrocyte cell sheets
(Figure 4).

The morphology of newly formed cartilage was
similar in the constructs originated from mono-
layer and bilayer chondrocyte cell sheet. The
chondrocytes were located within evenly dis-
tributed ovoid lacunae. Robust ECM formation
in the neocartilages was demonstrated with
safranin O and toluidine blue staining, which
indicated the presence of abundant sulfated
GAG. Immunohistochemistry staining demon-
strated that type Il collagen, a specific protein
of hyaline cartilage, was intensely expressed in
the ECM (Figure 5).
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Figure 8. Hydroxyproline content of the engineered
cartilage and native human costal cartilage. A: Car-
tilage originated from monolayer chondrocyte cell
sheet; B: Cartilage originated from bilayer chondro-
cyte cell sheet; C: Native human costal cartilage.

The DNA content of the engineered cartilage
tissues was similar in the constructs originated
from monolayer and bilayer chondrocyte cell
sheet, and greater than that of native human
costal cartilage (Figure 6, P = 0.039), which
indicated that the density of chondrocyte in the
neocartilage was higher than that in the native
costal cartilage. The content of GAG in the two
sorts of engineered constructs was similar. The
GAG content of engineered cartilage was simi-
lar to that of native human costal cartilage
(Figure 7, P = 0.242). Also, no significant differ-
ence was found in the HP content of the engi-
neered cartilage tissues and native human cos-
tal cartilage (Figure 8, P = 0.375).

Discussion

Classically, scaffold materials have been an
essential in tissue engineering [2, 3]. Over
decades, various biomaterials have been uti-
lized for cartilage tissue engineering. However,
imperfections remain in all kinds of the scaffold
materials, either synthetic polymers or natural
materials, which lead to unsatisfactory out-
comes that are far from achieving native carti-
lage architecture and function. The recently
developed cell-sheet technique, based on a
temperature-responsive culture dish, is consid-
ered being potentially able to overcome the
imperfections of scaffold materials. Since the
new technique introduced a new strategy for
cartilage regeneration without a scaffold [9,
10].

The key element of the temperature-responsive
culture dish is a temperature-responsive poly-
mer, poly (nisoproplyacrylamide), which is coat-
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ed on the surface of the dishes for cell cultur-
ing. The polymer is reversible hydrophobic-
hydrophilic across the threshold temperature of
32°C. At the standard culture temperature of
37°C, the surface of the polymer coating is
hydrophobic, thus allow the seeded chondro-
cytes adhering to via ECM proteins and cell
membrane proteins. After the chondrocytes are
cultured to confluence, they attach to the neigh-
boring cells via cell-to-cell junction proteins and
ECM proteins. Below the critical responsive
temperature of 32°C, the polymer surface
become hydrophilic and protein non-adhesive,
leading to spontaneous cell detachment with
intact cell-ECM structure, which is known as
cell-sheet [9, 10].

In this study, conventional cell culture dish was
used for chondrocyte cultivation and cell scrap-
er was adopted to harvest the chondrocyte cell
sheet. The results have demonstrated that the
chondrocyte cell sheet in this study was basi-
cally the same with the cell sheet cultured and
harvested in temperature-responsive culture
dishes. We performed additional two-week cul-
tivation after confluence to allow more ECM
secretion. Thus the chondrocyte cell sheet
could withstand the shearing force when scrap-
ing harvest. However, since the cell sheet is
harvested by mechanical force, it is vulnerable
to damage or breakage. Therefore, careful han-
dling is of great importance to obtain an intact
cell sheet without damage.

Different to the classical cartilage tissue engi-
neering that constructing cartilage via seeding
isolated chondrocytes or stem cells into scaf-
fold materials, the cell-sheet technique main-
tains the cell-cell junction and ECM proteins,
and allows tissue formation in a natural way. In
contrast to cell injection [11], the cell sheet pro-
vides a 3-dimensional environment and mini-
mizes cell loss. The thin chondral sheet can be
potentially used to repair tissue defects [12-
14], such as defects on the surface of articular
cartilage [15, 16]. The primary chondrocyte cell
sheet has good liquidity, thus can be used for
injecting transplantation when being cut into
small pieces. Since there is no scaffold materi-
al to help maintaining 3-dimensional shape, it
is difficult to construct specific shaped tissue or
organ using the cell sheet technique. This prob-
lem can be solved by application of molding
technique.
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Compared to the temperature-responsive cul-
ture system, our technique is much more low-
cost and easy to operate. The feasibility of con-
struction cartilage tissue using the new cell
sheet technique has been proved by the in vitro
and in vivo study. Moreover, this study demon-
strated that bilayered cell sheet could be con-
structed by onlay cell seeding. In the future
study, we are going to investigate cell sheets
with more layers and try to construct cartilage
block with larger volume.
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