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Abstract: The characteristics of 3-dimensional (3D) cultured periodontal ligament stem cells derived
from permanent teeth (pPDLSCs) and supernumerary teeth (sSPDLSCs) were compared and evalu-
ated in this study. pPDLSCs and sPDLSCs were cultured in an ultra-low attachment 6-well plate,
and the changes in morphology and size were observed under an optical microscope for 14 days.
Cell counting kit-8 was used to quantitatively evaluate cell viability, and a live/dead assay was
performed for the qualitative assessment. The degrees of osteogenic, chondrogenic, and adipogenic
differentiation of pPDLSCs and sPDLSCs were also assessed. The pPDLSCs and sPDLSCs were
initially spherical, and sSPDLSCs were smaller than pPDLSCs. The viability of pPDLSCs decreased
by 47.9% (day 3) and 10.4% (day 7), whereas that of sSPDLSCs decreased by 34.3% (day 3) and 2.5%
(day 7) compared to the percentage on Day 1. No significant difference in osteogenic differentiation
was found (p = 0.94); however, significant differences in adipocyte and cartilage differentiation were
observed (p = 0.003 and p = 0.013, respectively). Within the limitations of this study, sSPDLSCs and
pPDLSCs exhibited multilineage differentiation capacities, including osteogenic, chondrogenic, and
adipogenic differentiation, in 3D culture. Overall, pPDLSCs should be further investigated as a
source of stem cells for tissue engineering and regenerative medicine.

Keywords: periodontal ligament stem cell; supernumerary teeth; three-dimensional culture

1. Introduction

Mesenchymal stem cells (MSCs) have self-renewal and multilineage differentiation
capabilities. Consequently, MSCs have been evaluated for regeneration and repair. To
date, stem cells of dental origin have been demonstrated to express MSC characteristics [1].
Dental MSCs are harvested from different dental tissues, including dental pulp stem cells
(DPSCs), stem cells from apical papilla (SCAP), periodontal ligament stem cells (PDLSCs),
alveolar bone-derived mesenchymal stem cells (ABMSCs), gingival-derived mesenchymal
stem cells (GMSCs), and dental follicle stem cells (DFSCs) [2]. These tissues were analyzed
to determine their marker gene expression and their potential to promote the regeneration
of the pulp-dentin complex and differentiation of MSC lineages.
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The periodontal ligament (PDL) is a multifunctional connective tissue composed of
osteoblasts, osteoclasts, fibroblasts, epithelial rests of Malassez cells, odontoblasts, cemen-
toblasts, macrophages, and undifferentiated mesenchymal cells [3]. Notably, PDLSCs
can differentiate into multilineage cells such as osteogenic, chondrogenic, adipogenic and
neurogenic. Furthermore, PDLSCs possess immunosuppressive and less inflammatory
functions when compared to bone marrow MSCs, making them crucial in the field of
regenerative medicine [4].

Supernumerary teeth (ST) are excess odontogenic masses or extra teeth in the dental
arch [5]. ST can lead to delayed or interrupted permanent tooth eruption, displacement,
crowding, midline diastema, root resorption in adjacent teeth, and cyst formation [6].
Therefore, it is recommended to extract ST early and then manage them properly. Various
theories exist regarding the development of ST, including overstimulated dental lamina [7],
division of developing tooth germs, remnants of epithelial cells [6], and genetic factors.
ST, the discarded tissues, are also composed of tissues, such as DPSCs, SCAPs, dental
follicles, and PDL, which are easily obtained, not contaminated, and contain sufficient
tissue. However, research on the PDL of ST remains limited.

Three-dimensional (3D) cell culture has emerged as a revolutionary paradigm in
the fields of cell biology and biomedical research, ushering in a new era of experimental
techniques that bridge the gap between traditional two-dimensional (2D) cell cultures
and in vivo models [8,9]. Unlike 2D cultures, where cells grow on flat surfaces, 3D cell
cultures involve the cultivation of cells within 3D matrices. These matrices can simulate
the intricate architecture and microenvironment of living tissues [10]. This approach has
gained increasing attention in recent years because of its potential to provide physiologically
relevant insights into cellular behavior, drug responses, and disease mechanisms [11].

Dental research has embraced 3D cell culture as a valuable tool for studying various
aspects of oral health and dental disease [12]. Researchers have used 3D cell culture tech-
niques to model the complex microenvironment of the oral cavity and have investigated
areas such as tooth development and regeneration [13,14], periodontal disease [15], or-
thodontics [16], oral cancer [17], drug testing and development [18], bacterial biofilms [19],
and salivary gland research [20]. These applications of 3D cell cultures in dental research
have contributed to a deeper understanding of oral health, disease mechanisms, and poten-
tial therapeutic interventions [21]. More accurate modeling could lead to more effective
treatments and interventions in dentistry.

Three-dimensional cell culture techniques encompass a diverse range of methods,
namely: 1. scaffold-based 3D cell culture systems; 2. hydrogel-based 3D cell culture systems;
3. spheroid formation tools; 4. microfluidic-based systems; 5. bioprinting technology; 6. an
organic culture kit; 7. hanging drops and magnetic levitation systems; and 8. 3D cell culture
media and reagents [22,23]. These methodologies allow the cultivation of cells in structures
resembling organs, tissues, or specific microenvironments. This offers researchers the ability
to investigate intricate cellular processes and responses in a more contextually accurate
manner.

An ultralow attachment plate system is one of the spheroid formation tools [24]. These
plates are used to promote spheroid formation by inhibiting cell attachment, and they
have many advantages. The key characteristics and principles of ultraslow-attachment
3D cell cultures include reduced attachment, spheroid formation, and mimicking in vivo
conditions. They can also be used in a wide range of applications. However, studies in the
dental field are rare [25].

The purpose of this study was to grow PDLSCs using ultralow-attachment plates.
Two types of PDLSCs originating from supernumerary and permanent teeth were used.
We aimed to confirm the possibility of 3D cell culture in stem cell research in the dental
field and to compare the characteristics of the two cell types in a 3D culture based on cell
morphology and multilineage differentiation.
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2. Materials and Methods
2.1. Cell Culture

The pPDLSC and sPDLSC lines were purchased from Cell Engineering for Origin
(CEFO Co., Ltd., Seoul, Republic of Korea). After thawing, the cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Waltham, MA, USA) and incubated
at 37 °C with 5% CO,. Ultra-low attachment 6-well plates (ULA; Corning, NY, USA) and
3D scaffold-free culture plates were prepared. The bubbles were removed using EtOH
and replaced with DMEM. pPDLSCs and sPDLSCs were seeded, and 3D spheroids were
formed after 24 h. The culture medium was replaced every 2 days.

2.2. Morphological Assessment

The morphologies of pPDLSCs and sPDLSCs were observed on days 1, 2, 4, 7, 10,
and 14 under a fluorescence microscope (JuLI; Nanoentek Inc., Seoul, Republic of Korea).
The cells were monitored for 14 days to determine the long-term stability of the PDLSC
spheroids. Cell size was measured using Image] software (version 1.53, NIH, Bethesda,
MD, USA).

2.3. Cell Proliferation Assessment

To evaluate cell proliferation, the cell counting kit-8 assay (CCK-8; Dojindo Molecular
Technologies, Kumamoto, Japan) and live and dead assay (Cytotoxicity kit for mammalian
cells; Invitrogen, Carlsbad, CA, USA) were performed. The PDLSCs were sub-cultured
at a seeding density of 1.5 x 10°/well, with growth media (GM) containing 10% fetal
bovine serum (FBS) and 1% gentamycin for 1, 3, 5, and 7 days. The absorbance of CCK-8
was measured at 450 nm using a Benchmark Plus Multiplate Spectrophotometer (Bio-Rad,
Hercules, CA, USA).

The live and dead assays were performed on days 1, 5, and 7 and staining with
calcein AM and ethidium homodimer-1 (Thermo Fisher Scientific, Waltham, MA, USA)
was performed for the live and dead cells, respectively. Fluorescence was detected using a
fluorescence microscope (IX 71; Olympus, Tokyo, Japan) at 450 nm and 559 nm.

2.4. In Vitro Multilineage Differentiation Assays

For osteogenic differentiation, cells were cultured in a basal medium at the appropriate
confluence. The cells were incubated for 48 h. Thereafter, the medium was changed to
the osteogenic supplementation medium, which contained «-minimum essential medium
(MEM), 15% FBS, gentamycin (5 pg/mL), L-ascorbic acid (100 uM/L), dexamethasone
(10nM/L), and 3-glycerolphosphate (10 mM/L). The cells were then cultured for 2 weeks.
To evaluate the extent of mineralization, Alizarin Red S (ARS) staining was performed to
detect calcium formation. Microscopic images were captured for morphological evaluation.
The basal medium without any supplements was used as a control.

For chondrogenic differentiation, the medium was replaced with a commercial chon-
drogenic supplementation medium (StemPro Chondrogenesis Differentiation Kit; Gibco,
Grand Island, NY, USA) and maintained for up to 23 days. Alcian Blue (AB) staining was
performed to evaluate the extent of mineralization, and microscopic images were obtained
for morphological evaluation.

For adipogenic differentiation, the medium was changed to adipogenic supplemen-
tation medium, which is part of a commercial StemPro Adipogenesis Differentiation Kit
(Gibco, Grand Island, NY, USA). Thereafter, the cells were observed for up to 28 days.
Oil Red O (ORO) staining was performed to evaluate the extent of mineralization, and
microscopic images were obtained for morphological evaluation.

As all images were colored, they were separated according to red-green-blue (RGB)
channels using Image]. The channel appropriate for each staining material was selected
from the red, green, and blue channel images. Red channel images were selected to
quantify odontogenic and adipogenic differentiation, while blue channel images were used
to quantify chondrogenic differentiation. As the degree of differentiation was expressed
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as the intensity of each pixel, a region of interest (ROI) was established around the area of
pixels with high intensity. On each image, ten square regions, 32 pixels wide and 32 pixels
high (1024 pixels), were randomly selected without overlapping within the ROIL The mean
intensity of each squared region was calculated.

2.5. Statistical Analysis

The cell differentiation data were analyzed using SPSS software (version 26.0; IBM
Corp., Armonk, NY, USA). One-way ANOVA followed by Scheffé post-hoc test was used
for analyzing cell proliferation. Considering the sample size, the Mann—Whitney U test
was performed to compare the degree of cell differentiation between the groups. The level
of significance was set at p < 0.05.

3. Results
3.1. Cell Morphology

The 3D cultured cell spheroids of pPDLSCs in ULA were observed. Based on the
microscopic images (Figure 1), the spheroid sizes increased until day 4. The largest cell
size was observed on day 4. Cell-like substances that were scattered around the spheroids
appeared on day 14 and were clearly observed over time.
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Figure 1. Cell morphology and size. (A-F) Three-dimensional cultured cells of the permanent
periodontal ligament stem cell in ULA on days 1, 2, 4, 7, 10, and 14. (G-L) Three-dimensional
cultured cells of the supernumerary periodontal ligament stem cell in ULA on days 1, 2, 4, 7, 10, and
14. Scale bar: 250 pm.

The 3D cultured cell spheroids of sSPDLSCs in ULA were observed. Based on the
microscopic images, the spheroid sizes increased and became denser over time until day 7.
From day 7, the cell size was maintained; however, the circular form showed irregularities
on day 10. On day 10, hairy substances were observed around the spheroids.

The sPDLSCs were relatively smaller and more constant in size than pPDLSCs.



Appl. Sci. 2023, 13, 12440

50f11

3.2. Cell Proliferation

Based on the CCK-8 assay, the two groups displayed a decrease in proliferation. In
particular, the proliferation of the pPDLSC group decreased from 100% on day 1 to 10.4% on
day 7, while the sPDLSC group decreased from 100% on day 1 to 2.5% on day 7 (Figure 2).
This result indicated that the culture time affected the absorbance. The pPDLSCs had a
better viability than sSPDLSCs each day.
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Figure 2. Cell proliferation analysis using cell counting kit-8 (CCK-8). (A) Results of CCK-8 assay of
pPDLSC on 1, 3, 5, and 7 days. The proliferation of the pPDLSC decreased from 100% on day 1 to
10.4% on day 7. (B) Results of CCK-8 assay of sSPDLSC on 1, 3, 5, and 7 days. The proliferation of the
pPDLSC decreased from 100% on day 1 to 2.5% on day 7. * p < 0.05; Scheffé post hoc test following
one-way ANOVA.

The live and dead pPDLSC assay results over 7 days are shown in Figure 3. pPDLSCs
exhibited bright green fluorescence on day 1; however, this color faded on day 7. The
number of dead cells increased in the center of the spheroids and appeared red on day 5.
The green fluorescence exhibited by the cells and red blood cells was similar on day 7.

pPDLSC sPDLSC
Live Dead Live Dead

Day 1

Day S

Day 7

Figure 3. Cell proliferation analysis using Live and Dead assay. (A-F) Live and dead assay results of
pPDLSCs at days 1, 5, and 7. (G-L) Live and dead assay results of SPDLSCs at days 1,5, and 7.

The live and dead sPDLSC assay results over 7 days are shown in Figure 3. sPDLSCs
exhibited bright green fluorescence. Green fluorescence indicates the cytoplasm of live
cells, whereas red fluorescence indicates the nuclei of dead cells. The number of dead cells
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increased in the center of the spheroids and appeared red on day 5. The green fluorescence
of cells decreased and the number of red cells increased on day 7.

3.3. Cell Differentiation
3.3.1. Osteogenic Differentiation

ARS staining revealed significant mineralization, which is defined as extracellular
calcium deposition during cell culture. Red staining was well observed in osteogenic
differentiation media, unlike in basal media. Calcium was present in both sPDLSCs and
pPDLSCs, and osteogenic differentiation was confirmed in both cell types (Figure 4A).
The difference in osteogenic differentiation between pPDLSCs and sPDLSCs (p = 0.94)
(Figure 4B).

A pPDLSC sPDLSC

oM BM oM BM

Osteogenic differentiation
Alizarin Red S staining

Chondrogenic differentiation
Alcian Blue staining

Adipogenic differentiation
Oil Red O staining

Figure 4. Cont.
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Figure 4. (A) Evaluation of osteogenesis, chondrogenesis and adipogenesis in 3D culture of pPDLSC
and sPDLSC. BM: Basal media, OM: Osteogenic media, CM: Chondrogenic media, AM: Adipogenic
media. Black scale bar: 200 um, Red scale bar: 40 um (B) No significant difference in osteogenic
differentiation between pPDLSCs and sPDLSCs (p = 0.94). Significant differences in adipogenic
(p = 0.003) and chondrogenic (p = 0.013) differentiation between pPDLSCs and sPDLSCs. * p < 0.05;
Mann-Whitney U test was performed.

3.3.2. Chondrogenic Differentiation

Both sPDLSCs and pPDLSCs had positive signals for AB staining, indicating chon-
drogenic differentiation. The pPDLSCs displayed typical characteristics of a glycosamino-
glycan matrix when stained with AB at 16 days after induction. In addition, the sSPDLSCs
exhibited mineralization at 23 days after induction (Figure 4A). pPDLSCs showed a signifi-
cantly higher chondrogenic differentiation than sPDLSCs (p = 0.003) (Figure 4B).

3.3.3. Adipogenic Differentiation

Adipogenic differentiation was confirmed via ORO staining of the accumulated large
lipid-rich vacuoles after 28 d of induction (Figure 4A). sPDLSCs showed a significantly
higher adipogenic differentiation than pPDLSCs (p = 0.013) (Figure 4B).

4. Discussion

In this study, similarities and differences were found between pPDLSCs and sPDLSCs
grown in a 3D culture medium. In scaffold-free 3D media, pPDLSCs and sPDLSCs devel-
oped into spheroids. However, after one week, their proliferative ability was significantly
decreased when compared to that observed after 24 h of culture. There was no significant
difference between the two groups in terms of differentiation into bone tissue. pPDLSCs
were more dominant in cartilage, while sSPDLSCs were more dominant in fat.

According to Zhang et al. [26], factors related to the properties of PDLSCs are typically
determined by tissue origin, donor age, culture methods, and growth factors.

The most commonly used tissue sources for PDLSCs include permanent teeth (3rd
molar, extracted orthodontic tooth) [27], deciduous teeth [28], granulation tissue [29], and
ST [30]. Among these teeth, PDLSCs obtained from ST may be useful candidates for use
in regenerative medicine for several reasons. First, STs are defined as those in addition
to the normal series of deciduous or permanent dentition and are an ethical material for
stem cells as they are tissues that must be removed [31]. Second, the recovered state is
useful for cryopreservation without contamination, such as dental caries and periodontitis.
Third, STs have rich sources of stem cells, such as the dental pulp, periodontal ligament,
apical papilla, and dental cysts, enabling their greater utility for biological use and potential
therapeutic applications.
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Many studies have identified the characteristics of PDLSCs; however, it is important to
note that culturing methods also play a crucial role. The culture environment influences the
growth rate of cells, their differentiation characteristics, and the direction of cell size [32].
In culture, the important factors include the composition and form of the culture medium,
concentration of oxygen [33], and number of cells during culture [34]; however, recent
reports have highlighted the critical role of 3D culture [35].

In a 3D culture setting, cells aggregate to form spheroids, which offer advantages
in terms of cell-cell interactions, better replication in the in vivo microenvironment, and
improved cell signaling pathways [36]. In our study, pPDLSCs and sPDLSCs also formed
spheroid-like structures in the initial stage; however, as the number of cells increased, the
spheroid shape became more irregular. The shape of 3D cell aggregates can change over
time owing to various factors, such as cell proliferation, cell death, mechanical stress, and
oxygen and nutrient gradients. As cells grow, the diffusion of oxygen and nutrition are
limited, affecting the apoptotic cell cycle. Moreover, degradation products may influence
the shape of the spheroids. According to Start et al. [36], the growing mass increases the
mechanical stress, which is also a factor of irregularity.

The ULA plates used in this study showed different characteristics from those previ-
ously used in the 3D cell culture system, StemFit [37]. In our study, ULA plates served as
a versatile tool for 3D cell culture by preventing cell attachment and facilitating spheroid
formation. In contrast, StemFit, a tissue culture adhesive primarily designed for stem cell
culture, which is currently not widely associated with dental research, could be relevant in
dental stem cell applications or tissue engineering. The choice between ULA plates and
StemFit depends on the specific research objectives and cell types employed, with ULA
plates offering a broader versatility in dental 3D culture applications.

The proliferation rate of the 3D PDLSC aggregates declined over time. The CCK-8
assay results of a previous study [37] revealed an increase in cell proliferation over time
in two-dimensional cultures and a decrease in 3D cultures. Our experimental results also
revealed a decrease in cell proliferation in 3D cultures. In particular, the live/dead assay
confirmed that the outer surface and center of the sSPDLSCs were quickly filled with dead
cells. A study on DPSCs revealed opposing results, as the proliferative ability of ST cells
was reported to be significantly better than that of permanent teeth [38]. This result was
observed in the culture system and ST. Scaffold-free 3D culture is more physiologically
relevant with improved cell—cell interactions and is simpler to set up; however, owing to
weak structural support for proliferation and differentiation, it results in limited scalability.

Recently, PDLSCs were demonstrated to have a high potential for multilineage differ-
entiation into osteogenic, chondrogenic, and adipogenic cells [39]. PDLSCs close to the bone
have a stronger capacity to differentiate into bone tissue. This process is induced by various
growth factors and signaling molecules, such as bone morphogenetic proteins (BMPs),
transforming growth factor-beta (TGF-f3), and Wnt signaling [40]. Our finding revealed
that sPDLSCs and pPDLSCs displayed similar osteogenic differentiation. Chondrogenic
differentiation, which has a similar inducing growth factor as osteogenic differentiation
(ex, TGF-p and BMPs), was superior to pPDLSC. In contrast, the adipogenic differentiation
tendency was higher for ST than for permanent teeth. Similar reports by Lu et al. [38], who
compared DPSC from ST and permanent teeth, revealed that osteogenic and chondrogenic
differentiation were stronger in pDPSCs while adipogenic differentiation was superior in
sDPSCs. Further studies on stem cells originating from the ST are needed.

This study had some limitations. First, due to the spontaneous spheroid formation
technique used in this study, it was challenging to control the composition of the spheroids
and their size and establish the right ratio of two different cell types in the spheroid for
co-culture. Second, the assays were not optimized for cells cultured in a 3D environment.
For example, the CCK-8 assay requires a media change, which increases the risk of loss of
floating cells. Therefore, further research is necessary to establish a suitable method for
analyzing 3D cultured cells. Third, this evaluation was a pilot study comparing 3D cultured
sPDLSCs and pPDLSCs. The study also had an insufficient sample size; thus, additional
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studies are required to determine the genetic function using RT-PCR. In the future, it will
be essential to determine the expression characteristics of the sPDLSCs. Despite these
limitations, we confirmed that sSPDLSCs could be an alternative source of pPDLSCs.

5. Conclusions

In this study, we aimed to reveal the characteristics of 3D cultured pPDLSCs and
sPDLSCs in a 3D culture setting. Our findings confirm that sSPDLSCs and pPDLSCs
possess multilineage differentiation capacities, including osteogenic, chondrogenic, and
adipogenic differentiation. ST, which are extracted and discarded, may be a more ethically
feasible source for clinical use than permanent teeth. Thus, ST could serve as one of the
future sources of stem cells. Therefore, a further study of sSPDLSCs is required for clinical
applications as their use can be applied in tissue engineering and regenerative medicine.
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