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ABSTRACT  
 

Characterization of cartilage pellets engineered from periodontal 

ligament stromal cells   

 
Minjeong Kim, D.D.S. 

 
Department of Dental Science 

Graduate School, Yonsei University 
(Directed by Professor Kyung-Ho Kim, D.D.S., M.S.D., PhD.) 

 

 
Objectives: The purpose of this study is to investigate the potential of periodontal 

ligament stromal cells (PDLSCs) to differentiate into the cartilaginous lineage and to 

characterize the tissue engineered cartilage at the molecular level. 

Materials and methods: Cells were obtained from the periodontal ligament (PDL) 

tissues of premolar teeth of 5 orthodontic patients (15 to 40 years of age, average 26.6 

years old). In vitro chondrogenesis was induced by culturing PDLSCs into micropellets 

with chondrogenic media containing 10 ng/ml of TGF-β1 for 3, 7, 14, and 21 days. 

Morphological characterization of the pellets was accomplished by H-E and alcian blue 

staining, TEM analysis and immunohistochemical staining for type II collagen. A real-

time quantitative polymerase chain reaction (RT-qPCR) was then performed to analyze 

the mRNA expression of the chondrogenic differentiation related markers such as sox9, 

type I and II collagen, aggrecan, BMP4 and BSP. 
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Results: Chondrocytic cell morphology and specific features like lacunae were observed 

in H-E staining. The production of proteoglycan and type II collagen increased gradually 

but the viability of the chondrogenetic cells seemed to be worsened as chondrogenesis 

proceeded. The results of RT-qPCR showed that the mRNA level of type I collagen was 

maintained, however, those of the other investigated markers were gradually upregulated, 

reaching their peaks at day 21.    

Conclusion: This study confirms that PDLSCs, an easily obtainable stromal cell 

source from the oral environment, can differentiate into cartilaginous pellets in vitro. 

Therefore, PDLSCs could be a promising cell source for cartilage graft material which 

can be used for the repair or reconstruction of damaged cartilage tissues.  

 

 

 

 

 

 

 

 

 

 

Key Words: periodontal ligament stromal cells, chondrogenesis, tissue engineering, 

micromass culture technique 
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Characterization of cartilage pellets engineered from periodontal 

ligament stromal cells  
 

Department of Dental Science 
Graduate School, Yonsei University 

(Directed by Professor Kyung-Ho Kim, D.D.S., M.S.D., PhD.) 
 

 

I. Introduction 

 

Periodontal ligament (PDL) is a soft connective tissue connecting the cementum of the 

teeth and the inner wall of the alveolar bone, which plays an important role in supporting 

the teeth and maintaining the homeostasis of the periodontium. This specialized 

connective tissue is composed of heterogeneous functional cells, such as osteoblasts, 

fibroblasts, cementoblasts etc. (Bordin et al., 1984; McCulloch and Bordin, 1991), which 

form the fibers and the matrix of the tissue. Many reports have suggested that 

undifferentiated progenitor cells, which are located in paravascular areas in the 

periodontium, have the capacity to differentiate into various functional cells, like 

fibroblasts, osteoblasts and cementoblasts. (Gould et al., 1977, 1980; McCulloch, 1985). 

These findings led to speculations that the periodontal ligament contains stem cells, 

which are defined as clonogenic cells, capable of both self-renewal and multilineage 

differentiation (Weissman, 2000). 
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According to previous investigations, five types of dental stem cells have been 

identified so far (Petrovic and Stefanovic, 2009). In 2000, Gronthos et al. identified 

dental pulp stem cells from impacted human third molars and confirmed that they 

generated a dentin-like structure lined with human odontoblast-like cells that surrounded 

a pulp-like interstitial tissue when transplanted into immunocompromised mice (Gronthos 

et al., 2000). Since Seo et al. reported that PDL contains stem cells that have the potential 

to generate cementum/PDL-like tissue in vivo (Seo et al., 2004), many studies have been 

carried out to identify and characterize the properties of periodontal ligament-derived  

stem cells (PDLSCs) (Gay et al., 2007; Nagatomo et al., 2006; Ohta et al., 2008; Silvrio 

et al., 2010).   

These studies have shown that PDLSCs expressed mesenchymal stem cell markers, 

such as STRO-1 (Gay et al., 2007; Nagatomo et al., 2006; Seo et al., 2004; Silvrio et al., 

2010), CD 105 (Nagatomo et al., 2006; Silvrio et al., 2010) and CD 146 (Lin et al., 

2008; Yang et al., 2009) in the experiments using the fluorescence-activated cell sorting 

(FACS) method, but PDLSCs that were positive for CD 34 (hematopoietic stem cell 

marker) and CD 31 (endothelial cell marker) were generally not isolated, or at most 

there were very few of them (Nagatomo et al., 2006; Silvrio et al., 2010). It is also 

known that these PDLSCs have multilineage differentiation potential, which gives rise 

to various functional cells like osteoblasts, adipocytes and chondrocytes. (Coura et al., 

2008; Gay et al., 2007; Lin et al., 2008; Nagatomo et al., 2006; Seo et al., 2004; Silvrio 

et al., 2010). 
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Stem cell research in the dental field was at first focused on the regeneration of 

destructed periodontal tissues such as periodontal ligament and bone, but has since 

started to expand its horizons to the fabrication of bioengineered teeth as a replacement 

for dental implants (Ikeda et al., 2009; Zhang et al., 2009). Therefore, the majority of 

studies have demonstrated that stem cells of dental origins have osteogenic 

differentiation potential (Coura et al., 2008; Gronthos et al., 2002; Lin et al., 2008; Seo 

et al., 2004).  

However, it is also of great concern to restore dentofacial esthetics as well as 

masticatory function when making treatment plans for orthodontic and dentofacial 

deformity patients. In doing so, we cannot help but be interested in cartilage repair in 

addition to bony tissue regeneration. Snyder et al. first adopted the principles of 

distraction osteogenesis on the canine mandible (Snyder et al., 1973). Ossification during 

distraction osteogenesis can be classified as intramembranous or endochondral but 

recently cartilage found in the distraction gap has been shown to ossify in two ways, 

termed endochondral ossification and transchondroid bone formation (Furuta et al., 2007), 

which means that the formation role of the cartilage can be of great interest.  

Studies have been conducted to elucidate the reparative or regenerative potential of 

articular cartilages using different cell sources, e.g. BM-MSCs [bone marrow-

mesenchymal stem cells] (Nejadnik et al., 2010; Taylan Filinte et al., 2011) and ADSCs 

[adipose tissue-derived stem cells] (Guilak et al., 2010; Han et al., 2010). On the other 

hand, there have been previous reports indicating that stem cells from dental origins have 
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sufficient proliferation and multilineage differentiation potentials, including chondrogenic 

differentiation capacities comparable to those of BM-MSCs (Gay et al., 2007; Gronthos 

et al., 2002; Gronthos et al., 2000). However, cartilaginous pellets derived from PDLSCs   

cultured under chondrogenic media have not been fully evaluated at the molecular level 

during the differentiation.   

Although BM-MSCs are well characterized in terms of their multipotency, the 

harvesting process is painful and can lead to possible complications. On the other hand, 

PDLSCs have a few advantages; firstly, it is easy to harvest periodontal ligament cells 

from the root surfaces of the teeth that would otherwise be discarded after the extraction, 

with less morbidity of the donor sites, and secondly, extraction of the premolar teeth is a 

common treatment protocol for orthodontic patients. In addition, recent reports revealed 

that PDLSCs can be obtained even from an inflamed periodontium (Chen et al., 2006; 

Park et al., 2011).  

The aim of this study is therefore to investigate the potential of the periodontal 

ligament stromal cells to differentiate into the cartilaginous lineage and to characterize 

the tissue engineered cartilage at the molecular level.  
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II. Materials and methods 

 

1. Isolations and culture of PDL cells  

 

Sound premolars extracted for orthodontic purposes were collected from the 

permanent dentitions of 5 patients (1 males, 4 females, 15-40 years of age, average 26.6 

years old) at the Department of Orthodontics, Gang-nam Severance Hospital, Yonsei 

University under approved guidelines set by the Institutional Review Board, Gang-nam 

Severance Hospital, Yonsei University (No.= 3-2010-0201).  

The premolars were immersed in sterile normal saline right after extraction. PDL 

tissues were then gently scraped from the surface of the middle third of the root using a 

scalpel and minced into small pieces (approximately 1-3mm2).  

Cells were obtained using the outgrowth culture method (Tanaka et al., 2011). PDL 

tissues were washed three times with an alpha-modification of Eagle’s medium (α-

MEM; GIBCO, Grand Island, NY, USA) supplemented with 100 U/ml penicillin, 100 

μg/ml streptomycin and 3% fetal bovine serum (FBS). Then, they were cultured in α-

MEM supplemented with 20% FBS and 1% antibiotics at 37˚C in 5% CO2 and the 

medium was refreshed every 2 to 3 days. The cells continued to be cultured with α-

MEM supplemented with 10% FBS and 1% antibiotics. Periodontal ligament stromal 

cells with passage numbers 3 to 4 were used for all experiments.  
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2. Chondrogenesis in vitro: cartilaginous pellets 

 

We adopted a micromass technique modified from the one described by Ahrens et al 

(Ahrens et al., 1977). Briefly, PDLSCs were expanded with monolayer cultures for up 

to 3 or 4 passages using the media described above before inducing chondrogenic 

differentiation. Adherent colonies of cells were harvested and resuspended in growth 

medium at a concentration of 1.6x107 viable cells/ml. 10-μl droplets of this solution 

were placed in the center of a 24-well plate and kept in an incubator at 37℃ with 5% 

CO2. Two hours later, 1 ml of warmed STEMPRO Chondrogenic Differentiation media 

(Gibco-Invitrogen, Grand Island, NY, USA) supplemented with 10 ng/ml of TGF-β1 

(Human TGF-β1, R&D Systems Inc., Minneapolis, USA) as a growth factor was 

carefully added to each well.     

Cartilaginous pellets were produced in each well 2 days later and were grown for 3, 7, 

14, and 21 days with a media change every 2 days. Then, they were prepared for further 

studies at designated time periods.  
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3. Analysis of cartilaginous pellets 

 

3.1.  Histological analysis  

 

For histological analysis, samples were fixed with 10% buffered neutral formalin, 

embedded in paraffin and sectioned by using a standard histochemical technique. Slide 

sections were stained with hematoxylin-eosin for histological assessments, such as an 

investigation of the cartilaginous cell morphology. Alcian blue staining was also 

conducted for evaluation of the accumulation of the extracellular matrix, i.e. 

proteoglycans.  

Microscopic images were acquired by using Zeiss AxioImager M1 fluorescence 

microscopes with the aid of AxioVision image processing software.  

 

3.2.  Immunohistochemical analysis   

 

The sections of samples were deparaffinized in xylene, 100% ethanol, 95% ethanol, 

70% ethanol and then deionized water for 5 minutes each. Endogenous peroxidases 

were quenched by incubating the pellet sections with Peroxidase Block and then the 

pellets were washed in deionized water and wash buffer, 0.04% Triton X-100 tris-

buffered saline (TBS).  
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Sections were incubated for 1 hour at room temperature in a humidified chamber with 

monoclonal antibodies raised against type II collagen (Collagen II AB-2, Clone 6B3, 

NeoMarkers, Lab Vision, Warm Springs, USA). After washing with 0.04% Triton x-100 

TBS, the cells were incubated with the secondary antibody (1:300) (Alexa Fluor-

conjugated secondary antibody) (Invitrogen, Grand Island, NY, USA) for 1 h at room 

temperature in a humidified chamber. The sections were mounted and visualized with 

glycerol jelly according to the manufacturer’s instructions before microscopic 

examination (Carl Zeiss LSM 700 Laser Scanning Microscope). 

 

3.3.  Analysis of ultrastructure 

 

Transmission electron microscopy was used to observe the ultrastructure of the 

cartilaginous pellets.    

On the 3rd, 7th, 14th, and 21st days after chondrogenic induction, samples were 

collected and fixed in Karnovsky`s fixative (2% glutaraldehyde, 2% paraformaldehyde, 

0.5% CaCl2) for at least 6 hours. After being washed for 2 hours with 0.1M phosphate-

buffered saline (PBS), each pellet was postfixed in 1% osmium tetroxide, dehydrated in 

an ascending series of ethanol solutions and embedded in the EPON mixture (EPON 

812, MNA, DDSA, DMP30) and prophylene oxide. Thin sections of 80 nm thickness of 

the samples were made using ultramicrotome, double-stained with uranyl acetate and 
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lead citrate on the Cu grid and observed using TEM (transmission electron microscope : 

JEM-1011, JEOL, Japan). 

 

3.4.  Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

 

We performed real-time RT-PCR on the pellets during in vitro chondorgenesis using 

chondrogenesis related primers for type I and type II collagen, sox9, aggrecan, BMP4 

(bone morphogenetic protein 4) and BSP (bone sialoprotein), which were constructed 

using the complete mRNA template from NCBI Blast Search.  

Total RNA was manually isolated from the produced cartilaginous pellets with the aid 

a of TRI reagent (TR-118, MRC). A 500 ng portion of total RNA was reverse-

transcribed into cDNA using AccuPower CycleScript RT PreMix (K-2045, Bioneer) 

and PCR by using primers for unique sequences of cartilage related genes in each 

cDNA. This process was carried out with 0.5 μM sense and antisense primers in a total 

volume of 20 μl using AccuPower Hotstart PCR premix (K-5050, Bioneer) according to 

the manufacturer’s instructions.  

RT-qPCR analysis was performed using the Thermal Cycle Dice Real-Time System 

and SYBR Premix EX Taq (Takara, Japan) according to the manufacturer’s instructions. 

To perform RT-qPCR, the reaction mixture was initially incubated for one minute at 

95°C. The amplification program comprised 40 cycles of denaturation at 95°C for 5 

seconds, annealing at 55-60°C for 10 seconds, and extension at 72°C for 10 seconds. 
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The RT-qPCR for each sample was normalized using beta-2-microglobulin as an 

internal control. The data were analyzed with the Thermal Cycler Dice Real-Time 

System analysis software.   

The primers used for RT-qPCR are as shown in Table 1.  
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III. Results 

 

1. Chondrogenesis in vitro: cartilaginous pellets  

 

PDLSCs of high density were placed in the culture dish, incubated for 2 hours and then 

chondrogenic medium was added. The formation of cartilaginous pellets was 

occasionally observed right after adding chondrogenic medium 2 hours later (data not 

shown), but usually we observed these pellets 2 days after the seeding (Figure 1). They 

were usually round although oval-shaped pellets were sometimes observed because of the 

culture method where cells spontaneously aggregated (data not shown).   

PDLSCs cultured in a complete culture medium supplemented with TGF-β1 did not 

differentiate into any cartilaginous pellets (data not shown).  

 

2.  Analysis of cartilaginous pellets 

 

2.1.  Histological findings  

  

A sufficient level of metachromasia was detected in all tissue samples. Specific 

chondrocytic cell morphology and structural features like lacunae were observed in the 

H-E stained tissue sections from day 7 to day 21 (Figure 1.b-left column).   
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The accumulation of proteoglycans (PGs) was detected by the alcian blue staining 

(Figure 1.b-right column). PGs were already beginning to be produced as early as 3 days 

into the incubation and the intensity of the staining increased gradually according to the 

culture period.  

These pellets consisted of cells that varied in morphology from round- to 

fusiform-shaped and an extracellular matrix in between the cells. Each pellet 

seemed to be comprised of three layers, the superficial, middle and inner layers, and 

these compartments became more distinctive over time. In the superficial layer, the 

cells appeared to be flat-shaped, whereas in the inner layer they were roundish. 

Areas rich in PGs were mainly located in the middle zone. The production of PGs 

increased in amount and spread gradually into the inner layer as chondrogenesis 

proceeded.   

 

2.2.  Immunohistochemical findings  

 

Immunofluorescence staining for type II collagen was performed on a tissue section 

to visualize the accumulation and localization of cartilage matrix components 

synthesized by cells and the results are shown in Figure 2. Type II collagen was 

expressed from the tissue section of cartilaginous pellets as early as day 3. The typical 

annual ring like appearance in the middle zone was not observed on day 3 however, the 

pellets seemed to form this typical pattern from day 7 and it became more organized until 
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day 21. Positive staining for type II collagen was also detected in the inner layer where 

the cell population was abundant and in the thin strong outermost part of the 

cartilaginous pellets. 

The intensity of immunofluorescence staining was strong enough to detect the 

existence of type II collagen, although the intensity seemed to vary between pellets.   

 

2.3.  Analysis of ultrastructure  

 

Pellets were cultured for 3, 7, 14 and 21 days before fixation for TEM analysis and 

the results are shown in Figure 3.  

On day 3, the shape of the nucleus is roundish with nuclear and cellular membranes 

intact and the cellular components looked more dominant even though the cells had 

started to secrete the ECM, including the fibers (yellow arrows), in Figure 2.b. The 

production of ECM components gradually increased and became organized while cells 

became more elongated and irregular in the course of chondrogenesis. On day 7, the 

cells started to exhibit increased nuclear euchromatism and cytoplasmic volume with 

greater organelle density, and these characteristics were maintained on day 14. The 

tissue sample of day 21 was rich in ECM fibers, but many cell membranes were found 

to be destroyed.   
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2.4.  Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

 

The mRNA transcription levels of the genes known to be related to chondrogenic 

differentiation (type I and type II collagen, sox9, aggrecan, BMP4 and BSP) were 

quantitatively determined using RT-qPCR.   

The level of precursor chondroblast marker, sox9 has a similar pattern to that of type II 

collagen, which started to be detected from day 7 and gradually increased and peaked at 

day 21 (Figure 4. b & c). While aggrecan, BMP4 and BSP were also upregulated (Figure 

4.d-f), the level of mRNA for type I collagen was relatively well maintained as 

chondrogenesis proceeded (Figure 4.a).  
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IV. Discussion 

 

BMMSCs and PDLSCs have been reported by many sources to have chondrogenic 

differentiation potential (Barry et al., 2001; Gay et al., 2007; Ichinose et al., 2005; 

Menicanin et al., 2010; Singhatanadgit et al., 2009; Xu et al., 2009; Yoo et al., 1998) 

however, few studies have reported on the characteristics of the cartilaginous pellets 

formed from PDLSCs during their differentiation. Our study has shown that PDLSCs 

can be a good source for tissue engineered cartilage along with other mesenchymal 

stems like BM-MSCs or ADSCs. Measurements of chondrogenic differentiation 

potential among mesenchymal stem cells of different origins indicated that PDLSCs 

have a different degree of chondrogenic differentiation potential as compared to that of 

other stem cells.  (Gay et al., 2007; Menicanin et al., 2010; Xu et al., 2009). One study 

has shown that  STRO-1/CD146 double positive PDL mesenchymal stem cells were 

the only cells to have almost comparable chondrogenic differentiation potential to that 

of BMMSCs, but not that of heterogenous PDLSCs (Xu et al., 2009). However, this 

study used a much lower cell density than our experiment and therefore objective 

comparison between the two studies is not meaningful. Recently, a report demonstrated 

that periodontal ligament stem cells may have different characteristics depending on 

their locations, with PDLSCs on the alveolar bone side having higher multilineage 

differentiation potential than those on the root surface with regard to both osteogenic 

and adipogenic differentiation. (Wang et al., 2011).  
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Since there are previous reports demonstrating that the multipotency of the MSCs was 

lost over a longer culture period and multiple passages (Xu et al., 2009), cells with 

passage number of 3 or 4 were used. A commercial differentiation medium supplemented 

with TGF-β1 and a micromass technique utilizing high cell density were used in our 

experiment as these have been known to be requirements for mesenchymal 

chondrogenesis (Denker et al., 1999). Approximately 1-mm sized cartilaginous micro 

pellets were produced however, fibroblast growth factor treatment during monolayer 

expansion or combination growth factor treatment like TGF-β3/BMP-2 treatment during 

chondrogenic differentiation can be used to acquire larger cartilaginous pellets that are 

suitable for various clinical applications (Perrier et al., 2011).  

Numerous studies have investigated the role of TGF-β1 during chondrogenesis. TGF-

β1 causes the induction of localized chondrogenesis when injected subperiosteally (Joyce 

et al., 1990). Multipotential cells can be induced to undergo cellular differentiation 

towards chondrogenesis in vitro by culturing in a favorable environment (Denker et al., 

1995). TGF-βs could also regulate chondrogenesis of mesenchymal cells at early stages.  

In particular, TGF-β1 enhanced cartilage differentiation more effectively in micromass 

cultures than in low density cultures (Chimal Monroy and Díaz de León, 1997). Based on 

these previous findings, we used a chondrogenic culture medium supplemented with 

TGF-β1 as a growth factor in this experiment.  

According to our findings, each pellet seemed to consist of three histologic layers, 

which are the superficial, middle and inner layers, as if they were mimicking the articular 
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cartilage in vivo. These findings were consistent with those obtained for cartilaginous 

pellets from BMMSCs (Yoo et al., 1998). The cells in the superficial layer were 

elongated and spindle-shaped and were arranged parallel to the pellet surface, which 

coincided with the findings of the TEM. There was more extracellular matrix produced in 

the middle layer, which is very similar to the deep radial layer of the articular cartilage 

which is composed almost entirely of proteoglycans with little cellular component. 

Compared to in vitro chondrogenesis among different cell sources in one study, 

histological structures of the PDLSC derived cartilaginous pellets are similar to those 

from BM-MSCs rather than those from synovium-derived MSC (Ichinose et al., 2010).  

Even though cartilaginous pellets have similar morphological features to those of 

articular cartilage in vivo, there are some differences between the two tissue samples. 

From the findings of the immunohistological fluorescence analysis on type II collagen, 

tissue samples of the cartilaginous pellets showed strong staining in the inner layer 

besides their lace-like appearance in the middle zone, which is not typical of mature 

articular cartilage. Although type II collagen has traditionally been considered to be 

specific to cartilage, it is also found in chondroprogenitor tissues and it has been proposed 

that it might be involved in a particular epitheliomesenchymal interaction (Thorogood et 

al., 1986; Wood et al., 1991). Another study reconfirmed that type II collagen functions 

in the early embryo. Type IIA procollagen NH2 propeptide is potentially the portion of 

the type II collagen molecule that plays a role in the induction of chondrogenesis in 

receptive cells and it is present in the cartilage of the developing radius (Oganesian et al., 
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1997), which means that type II collagen can detected in the developing perichondrium as 

well as in cartilage undergoing chondrogenesis.  

TEM analysis suggested that cell viability in our study seemed to be worsened as 

differentiation time proceeded and TUNEL analysis also showed that the numbers of 

apoptotic cells increased in the later phase of in vitro chondrogenesis (Ichinose et al., 2010).  

However, in vitro chondrogenesis using BM-MSCs was reported to be sound at day 24 

when cultured with FGF supplemented medium (Perrier et al., 2011).   

We investigated the expression of chondrogenic differentiation related markers (sox9, 

type I and type II collagen, aggrecan, BMP4, BSP) by means of RT-qPCR. Sox9 is a 

transcription factor that plays a key role in chondrogenesis and is known to occur early in  

this process (Wright et al., 1995; Zhao et al., 1997). Type II collagen, which is one of the 

major extracellular matrix components of cartilage, is important in maintaining the 

integrity of cartilaginous structures and disruptions of its synthesis have been linked to 

human chondrodysplasia (Vikkula et al., 1994). There are several studies linking collagen 

production with the sox9 gene (Bell et al., 1997; Ng et al., 1997; Zhao et al., 1997). In our 

experiment, a positive trend was observed in the transcription levels of both of 

chondrogenesis related markers investigated - sox9, and type II collagen - throughout the 

culture period, with both of them peaking at day 21. The promoter activity of aggrecan, 

another major structural component in cartilage (Muir, 1995), is known to be enhanced 

by sox9 (Sekiya et al., 2000) and its transcription level also increased gradually. These 

findings are in accordance with those of other studies with regards to type II collagen and 
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aggrecan but inconsistent with previous results for sox9, which has previously shown 

relatively stable expression (Chang et al., 2008; Kim and Im, 2009; Lisignoli et al., 2005). 

However, we validated the previous researches that showed that sox9 transcripts are 

typically coexpressed with Col2a1 RNA in developing cartilage (Kulyk et al., 2000; Ng 

et al., 1997; Zhao et al., 1997). On the contrary, type I collagen maintained its mRNA 

transcriptional level through the culture period. This temporal pattern of transcription of 

type I collagen lead differentiation towards cartilage of a mixed phenotype and mean that 

the regulation of type I collagen is irrelevant to the transcriptional level of sox9.      

Temporomandibular joint problems have long been concerns for orthodontists since 

diseases or trauma to both the condyle and the meniscus can lead to serious consequences 

such as pain, sound, impairment of the joint function and condylar resorption. Partial or 

complete condylar resorption then brings about serious clinical problems such as 

alterations of facial morphology and occlusion of the dentition. If still ongoing, the 

orthodontists will have difficulty in treating the malocclusion and cannot even guarantee 

the result of the treatment. Also, surgical approaches to this problem have had limited 

success (de Bont et al., 1986). One of the treatment options for repairing a perforated 

meniscus, interpositional grafts, have shown limited success because the tissue used is 

not structurally analogous to the normal meniscal tissue (Bronstein, 1987). In the case of 

patients with a condyle problem who need rather radical measures like total TMJ 

replacement by a TMJ prosthesis, the use of alloplastic materials is a matter of 

controversy in maxillofacial surgery since these approaches impose long term 
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complications (material failure, skull base perforation) especially when used in younger 

patients (Mercuri, 2005). Therefore, the focus of research on the articular cartilages of the 

temporomandibular joint has been moved to a higher level, e.g. transplantation of tissue 

engineered cartilage from chondroprogenitor cells (Girdler, 1998; Robinson, 1993) and 

other cell sources.  

Using early type II collagen distribution and subsequent chondrocranial cartilages, the 

mammalian chondrocranial form has already been three dimensionally reconstructed 

(Wood et al., 1991). The ultimate goal of this research is to treat patients with the 

problems previously discussed using these tissue engineered cartilages, which will mainly 

be confined to the craniofacial region. The produced cartilaginous pellets originated from 

PDLSCs could be an excellent graft material for use as an alternative to the existing 

materials.  
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V. Conclusion 

 

PDLSCs are easily accessible cells from the oral environment. In this study, we 

suggest that these PDLSCs can be made to differentiate into cartilaginous pellets in vitro 

by using the micromass technique with a high cell density. Therefore, PDLSCs can be a 

good stromal cell source for tissue engineered cartilage, which will be a successful 

substitute for other graft materials.   
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Tables 
 
Table 1. Primers for Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

Gene name Primer sequence 

B2m Fwd 5'-GGGTTTCATCCATCCGAC-3' 

Rvs 5'-ACGGCAGGCATACTCATC-3' 

SRY (sex determining 
region Y-box9) 

Fwd 5'-AGC GAA CGC ACA TCA AGA C-3' 

Rvs 5'-GCT GTA GTG TGG GAG GTT GAA-3' 

COL2  Fwd 5’-GGT CTT GGT GGA AAC TTT GCT-3’ 

Rvs 5’-GGT CCT TGC ATT ACT CCC AAC-3’ 

COL1  

 

Aggrecan 

 

BMP4 

 

BSP 

 

Fwd 5’-GTCGAGGGCCAAGACGAAG-3’ 

Rvs 5’-CAGATCACGTCATCGCACAAC-3’ 

Fwd 5’-CTGCAACTGAAGTGCCC-3’ 

Rvs 5’-AGGCTGATGGTTCCTCTGA-3’ 

Fwd 5’-GACTTCGAGGCGACACTTCT-3’ 

Rvs 5’-ACTGGTCCCTGGGATGTTCT-3’ 

Fwd 5’-TTTGGGAAAACCACCAC-3’ 

Rvs 5’-AGCCATCGTAGCCTTGTC-3’ 

B2m(Beta-2-microglobulin), SRY (sex determining region Y)-box9 (Sox9), COL1 (type I 

collagen), COL2 (Type II collagen), BMP 4(bone morphogenic protein 4), BSP (bone 

sialoprotein) 
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Figure 1. In vitro chondrogenic differentiation of human PDLSCs. (a) Macroscopic 

picture of pellets generated. (b) Histology of pellets from PDLSCs on days 3, 7, 14 and 

21 (Bar=50µm) (Original magnification x400)
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Figure 2. Immunohistochemical fluorescent staining for type II collagen in the cartilaginous  

pellets from PDLSCs. Original magnification = a, x100 and b, x200 (Bar=100 µm) 
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Figure 3. Transmission electron microscopic images of cartilaginous pellets. a-b. 

Mostly round shaped cells were found and a fiber like ECM began to form. (yellow 

arrow in b). c-d. More irregular shaped cells appeared and these cells started to exhibit 

increased nuclear euchromatism and cytoplasmic volume with greater organelle density. 

The fiber component in the matrix gradually increased. e-f. The shape of cells in the 

superficial layer became more elongated (green arrow) and a well-developed fiber 

matrix can be seen (yellow arrow). g-h. Cell membranes and cellular organelles were 

destructed and the orientation of abundant fibers differed depending on how the tissue 

samples were sectioned [Scale bars (Original magnification); a, c, g– 5 μm (x 6000), b, 

d, h – 2 μm (x20000), e, f – 10 μm (x3000)]  
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Figure 4. Gene expression profiles of type I collagen (a), type II collagen (b), sox9 (c), 

aggrecan (d), BMP4 (e), and BSP (f) at different time points by RT-qPCR. The units on 

the y-axis are the gene expression levels relative to the value on day 7. 
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국문요약  

 

치주 인대 기질 세포로 재생한 연골 조직의 성상 규명 

 

<지도교수 김 경 호> 

연세대학교 대학원 치의학과 

 김 민 정  

 

 

목적: 본 연구의 목적은 치주 인대에서 줄기 세포를 분리하여, 특정 조건의 

연골 분화 배지 하에서 생체 외 연골 발생을 유도한 후 생성된 조직의 특성을 

평가하기 위해 시행되었다.  

방법: 교정 치료를 위해 발치를 결정한 환자 6 명의 소구치의 치주 인대 

조직을 단층 세포 배양한 후 10 ng/ml TGF-β1 을 함유한 특정 연골 분화 

배지를 사용하여 3, 7, 14, 그리고 21 일 동안 펠렛 형태의 연골 발생을 

유도하였다. 시기별로 생성된 조직을 조직학적, 면역 조직학적 및 전자 

현미경적으로 관찰하였으며, 연골 발생 관련 표지자들 (sox9, 제 I 및 II 형 

아교질, 아크리칸, BMP4 와 BSP)을 확인하기 위해 실시간 역전사 중합효소 

연쇄 반응을 시행하였다.  
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결과: 생성된 펠렛의 조직 검사 결과 3 일부터 세포들이 연골 세포와 유사한 

형태 및 프로테오글라이칸 생성을 관찰할 수 있었으며 면역 조직 화학 검사로 

제 II 형 아교질의 존재를 확인하였다. 연골 발생이 진행됨에 따라 세포 외 

기질의 분비는 증가하였으나 전자 현미경적 소견으로 유추해 보건대 21 일 

경의 세포의 생활력은 상당히 떨어져 보인다.  

또한 실시간 역전사 중합효소 연쇄 반응을 통해 연골 발생 관련 표지자인 

sox9 과 제 II 형 아교질이 같이 발현되었으며, 특히 제 II 형 아교질의 경우 

연골 분화 배지 하 배양 기간이 늘어날수록 증가되었다. 이들 결과는 우리가 

생성한 펠렛이 형태학적으로나 조직학적으로 연골과 비슷한 형태를 보임을 

시사한다.  

결론: 본 연구에서 위험성 없이 쉽게 얻을 수 있는 치주 인대 유래 줄기 

세포가 생체 외에서 성공적으로 연골로 발생함을 보였다. 따라서 치주 인대 

유래 줄기 세포가 치과에 국한된 파괴된 치주 인대 조직의 재생 이외에 연골 

이식이 필요한 환자들의 이식 재료로써의 가능성을 가지는 것으로 보인다. 

 

 

 

 

핵심되는 말: 치주 인대 기질 세포, 연골 발생, 조직 공학, 마이크로 매스법.  
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