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Chondrogenic potential of stem cells from human exfoliated deciduous
teeth n vitro and in vivo
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Abstract

Objective. The aim of this study was to investigate the chondrogenic potential of stem cells from human exfoliated teeth
(SHED). Materials and methods. SHED cultures were isolated from human exfoliated deciduous teeth. Colony-forming
capacity, odonto/osteogenic and adipogenic potential were measured. SHED were cultured for 2 weeks in chondrogenic
differentiation medium containing dexamethasone, insulin, ascorbate phosphate, TGF-£3 and bFGF. Toluidine blue staining
and safranin O staining were used for chondrogenesis analysis. The related markers, type II collagen and aggrecan, were also
investigated using immunohistochemistry. SHED were seeded onto the B-TCP scaffolds and transplanted into the subcu-
taneous space on the back of nude mice. The transplants were recovered at 2, 4 and 8 weeks post-transplantation for analysis.
Results. SHED showed colony-forming capacity, odonto/osteogenic and adipogenic differentiation capacity. Chondrogenic
differentiation was confirmed by toluidine blue staining, safranin O staining, type II collagen and aggrecan immunostaining.
After in vivo transplantation, SHED recombined with B-TCP scaffolds were able to generate new cartilage-like tissues.
Conclusions. The findings demonstrate the chondrogenic differentiation capacity of SHED both in vitro and i vivo models,

suggesting the potential of SHED in cartilage tissue engineering.
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Introduction

Cartilage has little capacity for repair [1]. However,
treatment for lesions of articular surfaces has histor-
ically included clinical procedures ranging from con-
servation therapy to invasive surgery [2]. In recent
years, several ‘tissue engineering’ approaches have
been developed to improve cartilage repair by trans-
planting cells or engineered constructs into an injured
site [3,4]. As this tissue engineering technology moves
closer to clinical feasibility, it is becoming clear that
the selection of suitable seed cells must become a
priority.

Stem cells can be divided broadly into two catego-
ries: embryonic and adult [5]. Embryonic stem cells
are pluripotent and are capable of differentiating into
any mature cell type [6]. Due to ethical issues asso-
ciated with the use of embryonic stem cells, however,
recent attention has focused on stem cells derived

from adult tissues. Post-natal stem cells have been
isolated from a variety of tissues such as bone marrow
[7], skin [8] and dental pulp [9]. They are character-
ized by their high proliferative capacity, while main-
taining their ability to differentiate into multiple
lineages. Several types of stem cells or progenitor
cells from dental tissues have been isolated and char-
acterized. They include post-natal dental pulp stem
cells (DPSCs) [9], stem cells from exfoliated decid-
uous teeth (SHED) [10], periodontal ligament stem
cells (PLDSCs) [11], stem cells from apical papilla
(SCAP) [12] and dental follicle progenitor cells [13].
SHED have been isolated from naturally exfoliated
deciduous teeth with the capacity to differentiate into
osteogenic cells, adipocytes and neural-like cells [10].
Additionally, SHED were able to form a dentin-like
structure when transplanted into immunocompro-
mised mice [10] and offer obvious bone regeneration
for repairing mandibular defects in a swine model

Correspondence: Ke Chen, Department of Stomatology, Guangzhou Women and Children’s Medical Center, 9 Jinsui Road, Guangzhou 510623, PR China.
Tel: +86 20 38076378. Fax: +86 20 38076378. E-mail: dentchenke@sohu.com

(Recerved 16 August 2013; accepted 14 Fanuary 2014)

ISSN 0001-6357 print/ISSN 1502-3850 online © 2014 Informa Healthcare
DOI: 10.3109/00016357.2014.888756


http://informahealthcare.com/journal/ode
mailto:dentchenke@sohu.com

[14]. However, few reports have shown that SHED
could differentiate into chondrocytes. Therefore, the
aim of our study was to investigate the chondrogenic
potential of SHED both in virro and in an in vivo
model.

Materials and methods
Sample collection and cell culture

Normal exfoliated human deciduous incisors (n = 13)
were collected from 6-8-year-old children after
approval of the Medical Ethics Committee of
Guangzhou Women and Children’s Medical Centre.
The pulp was separated from the remnant crowns
(Figure 1A) and then digested in a solution of 3 mg/ml
collagenase type I (Sigma-Aldrich Co., St Louis, MO)
and 4 mg/ml dispase (Sigma-Aldrich) for 1 h at 37°C.
Single-cell suspensions were obtained by passing the
cells through a 70 um strainer. The suspensions were
seeded at 1 x 10* into a T25 flask (Costar, Cam-
bridge, MA) and were then cultured with alpha-
Modification of Eagle’s Medium (a-MEM)
(Hyclone, Utah, USA) supplemented with 10%
FBS (Gibco, Life Technologies, Grand Island,
NY), 100 U/ml penicillin and 100 mg/ml streptomy-
cin at 37°C in 5% CO,. Cell culture was continued
with a medium change every 3 days until the cells
were sub-confluent. After the cells reached sub-
confluency, they were passaged at a 1:3 ratio.

Colony-forming assay

To assess colony-forming efficiency, a total of
200 cells at passage 1 were seeded into 35 mm dishes
(Costar). After 10 days of culture, the cultures were
fixed with 4% formalin and then stained with 0.5%
crystal violet (Sigma-Aldrich). Aggregates of >50
cells were scored as colonies. Experiments were per-
formed in triplicate and were repeated three times.

Flow cytomerric analysis

Cells at passage 2 were harvested and cell-surface
antigen expression was analysed by flow cytometric

Figure 1. Morphologic appearance of SHED. (A) Human exfoli-
ated deciduous teeth were extracted, with resorption of root and
opened pulp chamber. (B) SHED presented a spindle or fibroblas-
tic appearance at day 3. (C) Single colonies were formed after cells
were plated at low density and cultured as described in the Materials
and methods section. Scale bar: 100 um.
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analysis. Approximately 1 x 10° cells were washed
with PBS and incubated with mouse anti-human
STRO-1, CD90 and CD44 IgG or IgM (Santa Cruz,
CA) for 30 min at 4°C. Cells were then washed twice
with cold PBS containing 2% FBS and incubated with
1 mg of fluorescein isothiocyanate-conjugated goat
anti-mouse IgG or IgM (Santa Cruz) for 30 min at
4°C. Mouse isotype antibody served as a control.
Labelled cells were analysed using a BD FACSCanto
IT flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA). Experiments were performed in triplicate
and were repeated three times.

Odonto/osteogenic differentiation

To induce mineralization, cells at passage 3 were
seeded into 6-well plates, grown to sub-confluence
and incubated in the differentiation medium contain-
ing 10 nM dexamethasone, 10 mM p-glyceropho-
sphate, 50 ug/mL ascorbate phosphate (all from
Sigma-Aldrich) and 10% FBS. The cultures exposed
to normal medium without the additional supple-
ments were used as the negative control (uninduced
control). The cells were cultured for 3 weeks with the
differentiation medium changed every 3 days. Then,
both the induced and uninduced cells were evaluated
for mineralization by Alizarin red staining and pro-
cessed for the immunocytofluorescence analysis of
ALP, BSP and OC.

Adipogenic differentiation

Cells at passage 3 were seeded into 6-well plates,
grown to sub-confluence and incubated in the adipo-
genic medium containing 0.25 UM dexamethasone,
0.5 mM 3-isobutyl-1-methylxanthine, 100 uM indo-
methacin, 10 UM insulin (all from Sigma-Aldrich)
and 10% FBS. The cultures exposed to normal
medium without the additional supplements were
used as the negative control (uninduced control).
The cells were cultured for 3 weeks with the differ-
entiation medium changed every 3 days. Lipid
droplets were stained with 2% (w/v) Oil Red O.

Chondrogenic differentiation

Cells at passage 3 were seeded into 6-well plates,
grown to sub-confluence and incubated for 2 weeks
in the chondrogenic differentiation medium contain-
ing 100 nM dexamethasone (Sigma-Aldrich),
6.25 ug/mL insulin (Sigma-Aldrich), 50 mg/L ascor-
bate phosphate (Sigma-Aldrich), 10 ng/mL. TGF-8
3 (Boehringer Mannheim), 10 ng/mL bFGF (Boeh-
ringer Mannheim) and 10% FBS. The cultures
exposed to normal medium without the additional
supplements were used as the negative control (unin-
duced control). Then, the cultures were analysed by
haematoxylin and eosin (H&E) staining, toluidine
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Figure 2. Expression of cell surface makers of SHED at passage 2. (A) SHED were positive for STRO-1, staining by immunocytochemistry.
(B) No staining was detected in the negative control. (C-E) Flow cytometric analysis of ex vivo-expanded SHED revealed the expression of
STRO-1 (25.4%), CD44 (99.9%) and CD90 (99.1%). (F) The negative control showed only 1.4% positive cells. Scale bar: 100 um.

blue staining and safranin O staining and were
processed for the immunocytochemical or immuno-
cytofluorescence analysis of type II collagen and
aggrecan.

Immunohistochemistry and immunocytofluorescence
staining

The cells were sub-cultured into 6-chamber slides
(3 x 10* cells/well). When grown to sub-confluence,
the cells were fixed in 4% paraformaldehyde for
20 min and then endogenous peroxidase and non-
specific reactions were blocked by pre-treatment with
3% H,0, and goat serum. Then, the cells were
incubated with primary antibodies overnight at 4°C.
For enzymatic immunohistochemical staining, the
SABC kit (Wuhan Boster Biological Technology
Ltd, Wuhan, China) was used according to the man-
ufacturer’s protocol. For immunocytofluorescence
analysis, after incubating with primary antibodies,
the cells were subsequently incubated for 1 h at

room temperature with goat anti-mouse secondary
antibodies (1:100 dilution, Zhongshan Goldenbridge
Biotechnology, Beijing, China) that were labelled with
green fluorescence. The following primary antibodies
were used: mouse antibody STRO-1 (1:50 dilution,
Santa Cruz), anti-alkaline phosphatase (1:50 dilution,
Santa Cruz), anti-osteocalcin (1:50 dilution, Santa
Cruz), anti-bone sialoprotein (1:50 dilution, Santa
Cru), anti-aggrecan (1:100 dilution, Wuhan Boster)
and anti-type II collagen (1:100 dilution, Wuhan
Boster). For the immunocytochemical analysis of
STRO-1, the negative control was treated with PBS
instead of primary antibodies.

In virro analysis of SHED grown in B-TCP

The B-TCP particles (Shanghai Bio-lu Bio Materials
Co., Ltd, Shanghai, China) were ~4 mm in diameter
with a porosity of 70% and a pore diameter of 200 ~
500 um. The particles were sterilized by soaking in
75% alcohol and were then washed with PBS three



times, and incubated at 37°C for 24 h. Each particle
was placed in a well of a 96-well plate. SHED at
passage 3 were suspended in cell culture medium and
were then seeded at a density of 2 x 10 cells/20 pL
into each B-TCP particle for a 5-min incubation
period. Then, 200 pL. normal medium was added
to the culture for further incubation. The medium was
changed every 12 h. After culturing for 4 h and 7 days,
the cell-seeded constructs were processed for scan-
ning electron micrography (SEM) to observe their
attachment and morphology. In brief, the samples
were fixed with 2.5% glutaraldehyde in PBS for
24 h. Then, they were freeze-dried, coated with
gold and examined with a SEM (S-3000N, Hitachi,

Japan).

Transplantation

To further investigate the chondrogenic capacity of
SHED, an in vivo transplantation assay was per-
formed. The SHED/B-TCP constructs were consid-
ered as the study group and only the B-TCP as the
control group. For the study group, SHED at passage
3 (2 x 10’ cells/20 uL) were seeded into the scaffolds
as described previously for the iz vitro analysis. Then,
the SHED/B-TCP constructs were kept undisturbed
in the incubator for 4 h for better cell attachment.
These constructs were ready for transplantation. For
the control group, the B-TCP particles were also
soaked with culture medium for 4 h. Five-week-old
nude mice were purchased from the Center of Exper-
iment Animal of Sun Yat-sen University. A total of
18 mice were randomly divided into three groups,
with six in each group. The mice were anaesthetized
and a dermal space was created by blunt lateral
dissection from a single dorsal midline incision.
Each mouse received two transplants, one SHED/
B-TCP construct and one B-TCP particle, one on
each side. The wounds were sutured for primary
closure. The transplants were recovered at 2, 4 and
8 weeks post-transplantation, fixed with 4% formalin,
decalcified with buffered 10% EDTA (pH 8.0) and
processed for histological examination (H&E staining
and immunohistochemistry). All animal procedures
complied with the guidelines provided by the Animal
Care Committee of Guangzhou Women and
Children’s Medical Centre (receipt and permission
number: 2011032).

Results
Colony-forming capaciry of SHED

To isolate the stem cells, single-cell suspensions were
derived from the remnant pulp and placed at low
density in liquid culture. As shown in Figure 1B,
single cells were observed, showing spindle and fibro-
blastic morphology. SHED were able to form
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adherent clonogenic cell clusters (Figure 1C), similar
to those recorded for different mesenchymal stem cell
populations. Approximately 20-30 single colonies
were formed at day 10.

Cell surface markers of SHED

Immunocytochemistry staining demonstrated that
SHED were positive for STRO-1, which is an early
mesenchymal stem cell marker (Figure 2A). Flow
cytometric analysis further revealed that SHED at
passage 2 contained 25.4% STRO-1-positive cells
and were positive for CD44 (99.9%) and CD90
(99.1%) (Figures 2C-E).

Odontolosteogenic and adipogenic differentiation

To verify that isolated dental cells qualified as stem
cells, we examined their odonto/osteogenic and adi-
pogenic potential. Round Alizarin red-positive
nodules formed in the SHED cultures after 3 weeks
of odonto/osteogenic induction (Figure 3A), indicat-
ing calcium accumulation  vitro. Immunocytofluor-
escence staining demonstrated that these induced
SHED expressed an array of odonto/osteogenic mar-
kers, including ALP, BSP and OC (Figures 3C-E).
Similarly, after the same period of culture in adipo-
genic medium, intracellular lipid vacuoles appeared in
SHED cultures, which were confirmed by Oil Red O
staining (Figure 3G).

Chondrogenic differentiation

Cells changed the spindle into a polygon shape after
2 weeks of chondrogenic induction, with a small size
and deeply stained nuclei (Figure 4A). The chondro-
genic differentiation of SHED was further confirmed
by toluidine blue staining (Figure 4B), safranin O
staining (Figure 4C), type II collagen and aggrecan
immunostaining (Figures 4D and F).

Growth of SHED in B-TCP

The B-TCP scaffolds were highly porous with uniform
distribution of orifices and their inner surface was
smooth (Figure 5A). Cells attached well onto the surface
of B-TCP after seeding into the scaffolds for 4 h
(Figure 5B). SHED developed and secreted a rich
matrix overspreading the scaffolds at day 7 (Figure 5C).

Formation of cartilage-like tissue in vivo

Of the 18 mice, one died and three suffered wound
infection during the observation; six out of 14 healthy
mice were dissected at the 2nd week, five were
dissected at the 4th week and another three were
dissected at the 8th week for histological staining.
The B-TCP scaffolds started to degrade at 2 weeks



668 K. Chen et al.

Figure 3. Odonto/osteogenic and adipogenic potential of SHED. (A) Calcium-specific Alizarin red staining of SHED after the induction of
differentiation for 3 weeks. (B) No positive nodule was present in the uninduced (control) culture. (C-E) Odonto/osteogenic markers were
shown by immunocytofluorescence staining. (F) No staining was detected in the uninduced (control) culture. (G) Oil Red O staining of the
accumulated lipid droplets in cells. (H) No Oil Red O-positive lipid clusters appeared in the uninduced (control) culture. Scale bar: 100 um.

post-transplantation. A few fibrous tissues were dis-
persedly distributed among these scaffolds
(Figure 6A). More fibrous tissues were observed at
4 weeks post-transplantation (Figure 6B). No signifi-
cant cartilaginification or osteogenesis was found in
these two groups. However, cartilage-like tissue was
observed in one of three samples (33.3%) in the exper-
imental group after 8 weeks post-transplantation. The
cartilage cells were located at the lacuna in the matrix,
with an oval-shape cellular nucleus and cartilage cap-
sule in heavy staining around the lacuna (Figure 6C).
The newly formed cartilage was confirmed by type 11
collagen immunostaining (Figure 6D). In the control
group, there was no cartilaginification or osteogenesis,
but substantial fibrous tissues and few remaining
scaffolds (Figure 6F).

Discussion

Cell morphology plays an important role in chondro-
genesis [15] and a dramatic alteration in cell mor-
phology was observed in our study. The majority of
cells acquired a spherical morphology after 2 weeks in
chondrogenic culture, which has been found to relate
to the synthesis of extracellular matrix (ECM)

components of cartilage [16]. Adult articular cartilage
consists of a relatively sparse population of non-
proliferating chondrocytes embedded within the
ECM, mainly composed of two major types of macro-
molecules, collagens (90% of which is type II colla-
gen) and proteoglycan (aggrecan), that together
constitute 90% of the dry weight of healthy tissue
[17]. Therefore, aggrecan and type II collagen were
considered cartilage matrix-specific markers [18].
Aggrecan is a member of the family of large aggre-
gating proteoglycans and binds strongly to hyaluro-
nan [19]. It is abundantly expressed in cartilage
during limb development and is maintained at high
levels through adulthood in all cartilage types [19].
The expression of aggrecan and type II collagen
indicated that SHED successfully differentiated into
cartilage cells.

The cartilage cells express and maintain the char-
acteristic phenotype of differentiated chondrocytes
under the control of several signal molecules.
Amongst them, the members of the transforming
growth factor B superfamily (TGF-fs) play an impor-
tant role [17]. Regarding the cartilage matrix compo-
nents, their expression and synthesis can be obtained
in the presence of TGF-B alone, which acts as an



Chondrogenic potential of SHED 669

- o i
.lf.\"- ; . 1
oy - 2 5k ™

Figure 4. Chondrogenic potential of SHED. (A) H&E staining showed that SHED were induced to differentiate into chondrocytes, with a
polygon appearance. (B) Toluidine blue staining was positive. (C) Safranin O staining showed positive results. (D) The induced SHED were
positive for type II collagen, staining by immunocytochemistry. (F) Immunofluorescence staining showed positive expression of aggrecan.
(E and G) No staining was detected in the uninduced (control) culture. Scale bar: 50 um.

inducer of chondrogenesis of MSCs [17]. Although
all three TGF- sub-types have been shown to induce
chondrogenesis, TGF-82 and TGF-83 are more
effective than TGF-B1 in promoting chondrogenesis,

causing a 2-fold greater accumulation of glycosami-
noglycan and earlier and more extensive deposition of
type II collagen [19]. Recently, TGF-83 has been
proposed as the initial stimulus of MSCs conversion

Figure 5. Cell attachment and growth in the B-TCP scaffold i vitro. (A) The SEM analysis showed that 8-TCP scaffolds were highly porous.
(B) Cells grew in a spreading way and adhered firmly to B-TCP at 4 h. (C) Rich extracellular matrix was secreted by SHED at day 7.
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Figure 6. Histological analysis of iz vivo SHED/B-TCP-mediated tissue regeneration. (A) The B-TCP started to degrade with a few fibrous
tissues grown into it at 2 weeks post-transplantation. (B) More fibrous tissues grew into the B-TCP at 4 weeks post-transplantation.
(C) Cartilage-like tissue was observed in the study group at 8 weeks post-transplantation. (D) Cartilage-like tissue showed positive staining for
type II collagen. (E) No staining was detected in the negative control. (F) The B-TCP in the control group degraded and plenty of fibrous

tissues grew into it at 8 weeks post-transplantation. Scale bar: 50 um.

towards the chondrogenic lineage [20]. Dexametha-
sone, a synthetic glucocorticoid, stimulates chondro-
genesis directly via the glucocorticoid receptor [21]. It
has been reported to be a potent stimulant for chon-
drogenesis in horses, rabbits and bovines [22]. Fur-
thermore, dexamethasone potentiates the
chondrogenic stimulation of TGF- [21]. Basic fibro-
blast growth factor (bFGF) has been used to success-
fully expand MSCs while maintaining their
chondrogenic differentiation capacity, allowing for
the production of a large number of cells suitable
for tissue engineering [23]. Although the mechanism
by which bFGF maintains differentiation capacity is
still under investigation, recent studies have drawn
correlations between bFGF-treatment and decreased
telomerase activity, suggesting that bFGF may play
a protective role during cell proliferation [24]. In
our study, the chondrogenic culture containing
these growth factors made SHED differentiate into
chondrocytes in 2 weeks.

An ideal scaffold is a critical component for
cell-based cartilage tissue engineering. The B-TCP
scaffolds have been shown to have many desirable
properties, such as performance stability, non-toxic-
ity, good biocompatibility, reasonable internal struc-
ture design, high mechanical intensity and a good
degree of finish of the inner surface, which are favour-
able for tissue ingrowth [25]. A biocompatible scaf-
fold providing structural support to MSCs and
facilitating their chondrogenic differentiation to
form three-dimensional (3D) cartilage-like tissues is
needed. The B-TCP with orifices could provide such
a 3D environment that favours cell condensation and

cell-cell interactions analogous to the situation that
occurs during embryonic skeletal development. The
SEM analysis showed that, after 4 h culture, the cells
adhered to the scaffold tightly and showed uniform
distribution. Therefore, to avoid cells falling off the
scaffolds, SHED/B-TCP constructs were incubated
for 4 h in vitro for better cell attachment before
transplantation. Furthermore, the SEM results dem-
onstrated that SHED on the scaffolds could secrete a
rich matrix, which is important for cartilage forma-
tion. The B-TCP scaffolds gradually degraded in the
nude mice, providing proper time and space for cell
ingrowth and cartilage formation. Guo et al. [26]
successfully repaired articular cartilage defects with
implants generated by seeding autologous MSCs into
B-TCP. In our study, SHED recombined with
B-TCP scaffolds were able to generate cartilage-like
tissues as well. Therefore, the B-TCP may be a
promising scaffold for cartilage tissue engineering.
At the developmental level, there are two mechan-
isms by which bone can be formed: intramembranous
ossification and endochondral ossification [27]. Most
bones develop through a process known as endochon-
dral ossification, the initial stage of which is the
formation of a cartilage model. The cartilage model
once formed is invaded first at its centre and later at
each end by a mixture of cells that establish the
primary and secondary centres of ossification. These
centres of ossification gradually encroach on the
remaining cartilage, ultimately replacing it completely
by the time skeletal maturity is achieved [28].
In contrast to the endochondral bone formation
that ensues from a cartilaginous template, craniofacial



skeletal elements develop by intramembranous ossi-
fication, characterized by the direct differentiation of
osteogenic mesenchyme into osteoblasts [29]. In pre-
vious studies, SHED were shown to generate bone-
like tissue after 8 weeks of transplantation in an animal
model [10]. However, using the same model, no
significant cartilaginification was found at 2 or 4 weeks
post-transplantation, but cartilage of definite morpho-
logical characteristics was formed at the 8th week in
our study. Due to limited time and lack of samples,
only one sample generated -cartilage-like tissue.
Whether the newborn cartilage-like tissue keeps a
stable form or is just a special manifestation of endo-
chondral ossification still needs further study. SHED
are of craniofacial origin and are supposed to undergo
intramembranous ossification. If the newborn
cartilage-like tissue is a manifestation of endochondral
ossification, what changed the SHED ossification
model? This question still needs to be further inves-
tigated. Extending the observation time with a larger
quantity of samples will be the next step. Combined
with 3D scaffolds and microenvironment, however,
we can draw a solid conclusion that SHED can form
cartilage-like tissue n vivo.

In summary, our study provides evidence of the
chondrogenic potential of SHED. With their acces-
sibility, SHED may be an ideal resource for cartilage
tissue engineering.
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