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Abstract

In vivo Evaluation of Decellularized Human Tooth

Scaffold for Dental Tissue Regeneration

Ik-Hwan Kim

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor Je Seon Song, D.D.S.,M.S.,Ph.D.)

Regeneration of periodontal ligaments and pulp is important in the recovery of
damaged teeth. Conventional treatment methods proceed with the removal and
replacement of damaged tissue, which leads to loss of tooth vitality. Loss of vitality of the
teeth can lead to poor dental prognosis, and especially in the case of immature permanent
teeth, the development of teeth can be stopped. Research related to the regeneration of
dental pulp and periodontal ligament tissue is being actively conducted in order to restore
the vitality of teeth and maintain biological functions, and the scaffold is one of the

important factors in terms of tissue regeneration. Therefore, this study is to confirm the



regeneration of periodontal ligament and pulp tissue using a decellularized human tooth as
a scaffold.

A decellularized tooth scaffold was fabricated using the combination method of sodium
dodecyl sulfate and Triton X-100, an effective decellularization method identified in
previously studies. Dental pulp stem cells (DPSCs) and periodontal ligament stem cells
(PDLSCs) obtained from human permanent teeth were inoculated onto decellularized
scaffolds and cultured, and then transplanted into immunosuppressed mouse to induce
tissue regeneration for 9 weeks. After that, the transplants were separated and analyzed for
histological analysis, immunochemical staining, and quantitative real-time polymerase
chain reaction (gPCR) on the regenerated tissue.

In the case of PDLSCs, it was observed that the inoculated cells penetrated to the inside
of the periodontal ligament extracellular matrix of the decellularized scaffold, survived and
differentiated, and high expression of cementum-derived protein 23 (CP23), collagen type
I (Col 1), collagen type XII (Col XII), osteocalcin (OC), and alkaline phosphatase (ALP)
was observed. As a result, the possibility of regeneration of the cementum/periodontal
ligament complex could be expected.

DPSCs also survived and differentiated in the extracellular matrix of the pulp tissue of
the decellularized scaffold, and high expression of dentin sialophosphoprotein (DSPP),
dentin matrix acidic phosphoprotein 1 (DMP1), nestin (NES), Col I, ALP, cluster of
differentiation 31 (CD31), and cluster of differentiation 34 (CD34) was observed. In

addition, the expression of genes related to revascularization and the generation of newly

Vi



formed hard tissue showed the possibility of pulp tissue regeneration.

Through this study, it was possible to confirm the possibility of using a decellularized
human tooth as a scaffold for regeneration of periodontal ligament and pulp tissue using
PDLSCs and DPSCs, and this could be applied to novel treatment methods and research

on the regeneration of dental tissue.

Keywords: Decellularized tooth scaffold, periodontal ligament stem cell, dental pulp

stem cell, tissue regeneration
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In vivo Evaluation of Decellularized Human Tooth

Scaffold for Dental Tissue Regeneration

Ik-Hwan Kim

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor Je Seon Song, D.D.S.,M.S.,Ph.D.)

I. Introduction

The tooth is composed of enamel, dentin, cementum, pulp, and periodontal ligament
(PDL). Although teeth are physiologically and structurally complex, dental pulp and PDL
are also very vulnerable to stimulations, such as caries, infections, and trauma (Lambrichts,
et al., 2017). In this case, the conventional treatment method is to remove damaged tissue
or replace it with dental material, which leads to loss of biological function. Also, immature
permanent teeth may stop developing. The prognosis of teeth that lose these biological

functions or remain in an immature state can be poor in many ways (Chueh, et al., 2009;



Cvek, 1992; Kling, et al., 1986; Nene and Bendgude, 2018). Research to replace
conventional treatments through tooth regeneration is continually being conducted. In
particular, pulp and PDL regeneration studies are the most active (Eramo, et al., 2018; Hu,
et al., 2018; Isaka, et al., 2001; Nakashima, et al., 2017; Yen and Sharpe, 2006).

The elements of tissue engineering that induce regeneration are scaffold, cell, and growth
factor (Bianco and Robey, 2001; Hubbell, 1995). Stem cells (SCs) refer to a type of cell
that have the potential to proliferate, self-renew, and differentiate into a variety of
functional cells in a certain condition (Weissman, et al., 2001). The dental stem cells (DSCs)
are post-natal stem cell populations that have mesenchymal stem cell-like qualities,
including the capacity for self-renewal and multi-lineage differentiation potential
(Chalisserry, et al., 2017). Also, the DSCs play an important role in tooth repair (Sharpe,
2016). In oral tissue, stem cells can be collected from craniofacial bone, dental follicle,
tooth germ, dental pulp, PDL, apical papilla, oral mucosa, gingiva, and periosteum (Egusa,
et al., 2012). Various DSCs have therapeutic potential, and there are active studies to
achieve regeneration of tooth tissues using them (Chalisserry, et al., 2017).

Scaffolds provide cell adhesion and enable cell proliferation, mimicking the
microenvironment observed in natural tissues and organs (Bohl, et al., 1998). Therefore,
the role of scaffold in tissue regeneration using stem cells is very important. Research
related to tissue regeneration is actively progressing, but repairs are still more likely than
true tissue regeneration. Various types of scaffolds are being studied for better results

(Bruzauskaite, et al., 2016; Srinivasan, et al., 2012). In fact, products that can be used in



dental pulp tissue engineering are commercially available (Galler, et al., 2012). As part of
these studies, decellularized tissue has focused in regeneration engineering, and the use of
decellularized human tooth scaffolds has also been studied in dental regeneration (Son, et
al., 2019; Song, et al., 2017).

The periodontium, which means the tissue around the teeth, plays a major role in
maintaining teeth, and PDL is directly related to the vitality of the teeth (Narayanan, 1983).
Like Pulp, if PDL is damaged, it has a great adverse effect on the prognosis of teeth, and
regeneration of PDL is also very difficult. Studies related to scaffold, cell sheets and
periodontal ligament stem cells(PDLSCs) for periodontal regeneration are also being
actively conducted (Song, et al., 2015; Zhu and Liang, 2015).

Conventional root canal treatments that replace necrotic tissue with bio-inert materials
lose vitality in the teeth, making them susceptible to secondary infections and post-
operative fractures (Cordeiro, et al., 2008; Qu, et al., 2014). In order to recover the vitality
of teeth and maintain development in immature permanent teeth, pulp regeneration is
important, and regenerative endodontic procedures (REPs) can overcome such limitations
(Albuquerque, et al., 2014; Diogenes, et al., 2016). However, these REPs formed dental
pulp-like tissue, but successful regeneration of vascularized pulp tissue was observed with
in situ transplantation of human dental pulp stem cells (DPSCs) (Iohara, et al., 2011; Iohara,
et al., 2013). Compared with the cell homing-based method, direct transplantation of stem
cells showed higher capillary density in newly formed tissues (Takeuchi, et al., 2015).

This study tested the hypothesis that decellularized human tooth scaffold can retain their



extracellular matrix integrity and support recellularization and promote differentiation with
stem cells. The purpose of this study is to show that decellularized human tooth scaffold

can promote the differentiation using DPSCs and PDLSCs in vivo.



I1. Materials and Methods

1. Tooth Sample Preparation and Cell Culture

Samples were prepared as described in previous study (Song, et al., 2017). Briefly, the
second premolars, free of caries and restorations were randomly collected from patients of
17 to 25y of age under approved guidelines set by the Institutional Review Board of the
Dental Hospital, Yonsei University (approval no. #IRB 2-2016-0030). Teeth were washed
with phosphate buffered saline (PBS; Invitrogen, Carlsbad, CA, USA) and submerged in
0.5% Chloramine T (Sigma-Aldrich, St. Louis, MO, USA) for 2h at 4°C, followed by
washes in cold running water. The pulp tissues were removed with barbed broach (Mani,
Utsunomiya Tochi-ken, Japan) for decellularized human periodontal ligament [dHPDL],
and the PDL tissues were removed with dental currettes for decellularized human dental
pulp [dHDP]. The tooth specimens were prepared using an IsoMet 1000 precision saw
(Buehler Ltd., Evanston, IL, USA) as previously described (Cordeiro, et al., 2008) in two
types; semi-cylinder-shaped for dHPDL and doughnut-shaped for dHDP (Figure. 1).
Samples were collected in cold PBS and immediately subjected to the decellularization
procedures.

A previously characterized PDLSCs and DPSCs (Cha, et al., 2015; Son, et al., 2019; Song,
et al., 2012; Song, et al., 2017) from three to six passages were used in recellularization

experiments in a basal cell culture medium comprising alpha-minimum essential medium



(a-MEM; Invitrogen) containing 10% fetal bovine serum (FBS; Invitrogen), 1% L-
glutamine/penicillin/streptomycin solution (Invitrogen), and 0.2% amphotericin B solution
(Invitrogen) at 37°C in 5% CO,. Briefly, PDL tissues from the permanent teeth were
obtained carefully using sterile curettes from the middle-third and pulp tissues from the
permanent teeth were extirpated using a barbed broach, washed with PBS (Invitrogen), and
subjected to primary culture using outgrowth method. PDL or pulp tissues were placed onto
a 60-mm culture dish (BD Falcon, Lincoln Park, NJ, USA), and covered with a cover glass
to allow the cells to grow out. The cells were cultured in the culture medium described

above at 37 °C in 5% CO..



Decelluarization

n »\Y|

=0

dHPOL dHDP

Figure 1. Prepare the decellularized tooth scaffold. The tooth specimens were prepared in
two types; semi-cylinder-shaped for decellularized human periodontal ligament (dHPDL)

and doughnut-shaped for decellularized human dental pulp (dHDP).



2. Decellularization and Recellularization

PDLSCs and DPSCs were cultured from based on a previous study (Son, et al., 2019;
Song, et al., 2017), 1% Triton X-100 (Bio Basic Inc., Markharn, ON, Canada) and 1%
sodium dodecyl sulfate (SDS; Tech & Innovation, Gangwon, Korea) were used for
decellularization protocol. Briefly, tooth slices were incubated in 1% Triton X-100 for
24hours, and 1% SDS for 24 hours. This cycle were repeated by 3 times. All treatment steps
were performed on tooth slices at room temperature with constant gentle agitation of the
samples in an orbital shaker (SH30, Fine PCR, Gyeonggi, Korea), in the presence of
protease inhibitor cocktail (EMD Millipore, Darmstadt, Germany). At the end of each
protocol, samples were rinsed with 10% ethylenediaminetetraacetic acid (EDTA, pH7.4;
Fisher Scientific Co., Houston, TX, USA) for 5 min, followed by 3 rinses of 10 min each
with PBS (Invitrogen).

For recellularization of the decellularized tooth slices (dAHPDL and dHDP), PDLSCs and
DPSCs at a density of 1x107 cells/mL in rat tail collagen I (Corning Inc., Corning, NY,
USA) were pipetted directly onto dHPDL and dHDP respectively in 12-well culture plates

(Corning Inc.). After 30mins, 1ml of basal culture media was applied to each well and

changed every 3 days. Cells were cultured at 37°C in 5% CO; for either 2 weeks.



3. In vivo Transplantation

These procedures were performed in accordance with protocol approved by the
Institutional Animal Care and Use Committee of Yonsei University (#2016-0229). Samples
were prepared according to the recellularization experiments. dHPDL and dHDP without
recellularization were used for control. Samples were subcutaneously transplanted into the
dorsal surface of 5-week male immunocompromised mice (BALB/c-nu, SLC, Shizuoka,
Japan) (Figure. 2). Four pockets were made per each mouse (n=20), and two different types
of transplants were individually inserted into the pocket; recellularized PDLSCs or
recellularized DPSCs and dHPDL/dHDP without recellularization, 20 pockets were used
respectively. All transplants were retrieved after 9 weeks posttransplantation; of these 20,
6 from each group were subjected to histological and immunohistological analysis, and the
remaining 14 transplants from each group were used for quantitative real-time polymerase

chain reaction (qPCR).



Figure 2. In vivo transplantation scheme. Samples were subcutaneously transplanted into
the dorsal surface of mice. Four pockets were made per each mouse and two different types
of transplants were individually inserted into the pocket; recellularized periodontal
ligament stem cells (PDLSCs) and control (dHPDL without recellularization) or

recellularized dental pulp stem cells (DPSCs) and control (dHDP without recellularization).
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4. Histology and Immunohistochemistry (IHC)

For histological staining, transplants were fixed with 10% formalin for an hour,
decalcified with erhylenediaminetetraacetic acid (EDTA, pH7.4; Fisher Scientific Co.,
Houston, TX, USA) for 9 wks at room temperature, embedded in paraffin sectioned at a
thickness of 4 pm, and stained with hematoxylin and eosin (HE) and Masson’s trichrome
(MT) staining.

For IHC staining, the sections were deparaftinized in xylene, rehydrated, and rinsed with
distilled water. For antigen retrieval, protease K (Dako, Carpinteria, CA, USA) was used
for cementum-derived protein 23 (CP23; Abcam, Cambridge, UK), osteocalcin (OC;
Merck millipore, Darmstadt, Germany) staining, and vascular endothelial growth factor
(VEGF; Abcam), 10 mM citrate buffer (pH6.0) was used for cluster of differentiation 34
(CD34; Abcam), human nuclei (HN; Merck Millipore) staining, while no such treatment
was performed for collagen type XII (ColXII; Abcam) and dentin sialoprotein (DSP; Santa
Cruz Biotechnology, Santa Cruz, CA, USA). The sections were immersed in 3% hydrogen
peroxide for 10 min to inactivate endogenous peroxidase activity and then incubated with
primary antibody overnight. The information of primary antibodies was given in table 1.
After incubation, EnVision + System-HRP Labeled Polymer Anti-mouse (K4001, Dako;
ready to use) and EnVision + System-HRP Labeled Polymer Anti-rabbit (K4003, Dako;
ready to use) was applied for 20 min or Vectastain Elite ABC Kit (PK-6105, Vector

Laboratories, Burlingame, CA, USA; goat IgG, diluted 1:200) was applied for 30 minutes.

11



Color development was performed using 3,3’-diaminobenzidine substrate (Dako) and
counterstained with Gill’s hematoxylin solution (Merck millipore). Negative control

sections were treated in the same manner but without primary antibodies.

12



Table 1. Primary antibodies for immunohistochemistry.

Antibodies Catalog number Host species Dilution factor

CD34 Ab110643 Rabbit 1:100
Col XII Sc-68862 Rabbit 1:2000
CP23 Sc-164031 Goat 1:500
DSP Sc-33586 Rabbit 1:500
HN MAB1281 Mouse 1:100

oC AB10911 Rabbit 1:8000
VEGF Ab183100 Goat 1:100

Abbreviations: CD34, cluster of differentiation 34; Col XII, collagen type XII; CP23,

cementum-derived protein 23; DSP, dentin sialoprotein; HN, human nuclei; OC,

osteocalcin; VEGF, vascular endothelial growth factor.

13



5. Gene Expression Analysis by quantitative RT-PCR (qRT-PCR)

The relative gene expressions in the transplants were confirmed by qRT-PCR. In brief,
total RNA was extracted from the transplants by using an RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s instructions. The integrity and
concentration of extracted RNA was measured using a spectrophotometer (NanoDrop ND-
2000, ThermoScientific, Waltham, MA, USA). cDNA was synthesized from RNA (500ng)
using a Maxime RT PreMix kit (oligo d(T)15 primer; Intron Biotechnology, Seoul, Korea)
according to the manufacturer’s instructions. A qRT-PCR assay was performed with SYBR
Premix EX Taq (Takara Bio, Otsu, Japan) and an ABI 7300 Real-Time PCR system
(Applied Biosystems, Carlsbad, CA, USA), also according to the manufacturer’s
instructions. The information of the primers are given in table 2. The expression level of
each gene was normalized to that of the gene encoding glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and the relative expression levels of genes was calculated using
the 224 method (Livak and Schmittgen, 2001). The expression level of each gene in the
transplants was calculated relative to its expression level in the cell-free dHPDL or dHDP

transplants (control).

14



Table 2. Quantitative real-time polymerase chain reaction (QPCR) forward and reverse

primer sequences. The annealing procedures were performed at 60°C for all primers.

Gene

Forward Primer sequence (5’-3")

Reverse Primer sequence (5°-3”)

ALP

CD31

CD34

Col I

Col X1I

CP23

DMPI

DSPP

NES

ocC

POSTN

GAPDH

GGACCATTCCCACGTCTTCAC

CCCATTGTTCCCGGTTTCCA

CGCTGCCTTGCCAAGACTAA

CGATGGCTGCACGAGTCACAC

CGGACAGAGCCTTACGTGCC

AACACATCGGCTGAGAACCTCAC

GATCAGCATCCTGCTCATGTT

GGGATGTTGGCGATGCA

GCCCTGACCACTCCAGTTTA

CAAAGGTGCAGCCTTTGTGTC

CACAACCTGGAGACTGGAC

TCCTGCACCACCAACTGCTT

CCTTGTAGCCAGGCCCATTG

AGTTAGTTCTGCCTTCGGGC

CCTAGAGAGACGCACCGAGT

CAGGTTGGGATGGAGGGAGTTTAC

CTGCCCGGGTCCGTGG

GGATACCCACCTCTGCCTTGAC

AGCCAAATGACCCTTCCATTC

CCAGCTACTTGAGGTCCATCTTC

GGAGTCCTGGATTTCCTTCC

TCACAGTCCGGATTGAGCTCA

TGTCTGCTGGATAGAGGAG

TGGCAGTGATGGCATGGAC

Abbreviations: ALP, gene encoding alkaline phosphatase; CD31, gene encoding cluster of

differentiation 31; CD34, gene encoding cluster of differentiation 34; Col I, gene encoding

collagen type I; Col XII, gene encoding collagen type XII; CP23, gene encoding cementum-

derived protein 23; DMP1, gene encoding dentin matrix acidic phosphoprotein 1; DSPP,

gene encoding dentin sialophosphoprotein; NES, gene encoding nestin; OC, gene encoding

osteocalcin; POSTN, gene encoding periostin, GAPDH, gene encoding glyceraldehyde-3-

phosphate dehydrogenase.

15



6. Statistical analysis

All experiments were performed at least in triplicate. Statistical analysis was performed
with SPSS software (version 25.0, SPSS, Chicago, IL, USA). The normality of the data
was evaluated using the Shapiro-Wilk test (p<<0.05). The Mann-Whitney U test (p<<0.05)

was performed for all experiments using SPSS software (SPSS, USA).

16



I11. Results

1. Histological and immunohistochemical analysis of PDLSCs

recellularization after in vivo transplantation

PDLSCs were repopulated on dHPDL, and viability was observed after 9 weeks of
transplantation in mouse pockets. Unlike the control group in which cells were not
inoculated, in the PDLSCs group, repopulation in the JdHPDL ECM was observed in HE
and MT staining (Figure. 3A-B,D-E). In addition, HN staining confirmed that the cells were
of human origin (Figure. 3C,F). Through immunohistochemical staining, anti-human Col
XII, CP23, and OC were identified. Unlike the control group, it was found that the PDLSCs

group was stained (Figure. 4).

17



Control

PDLSCs

Figure 3. Histological characteristics of dHPDL transplants recellularization of PDLSCs.
Hematoxylin and eosin (HE) staining (A,D), Masson’s trichrome (MT) staining (B,E), and
human nuclei (HN) staining (C,F). HE, MT, and HN staining showed recellularized cells

are present in dHPDL transplants. Recellularized cells are indicated by red arrows. Scale

bars: 20 pum.
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Figure 4. Immunohistochemical staining of dHPDL transplants recellularization of
PDLSCs. dHPDL transplants immunostained with anti-human collagen type X1l (Col XII;
A,D), anti-human cementum-derived protein 23 (CP23; B,E), and anti-human osteocalcin

(OC; C,F) antibodies. The red arrows indicate examples of positively immunostained cells.

Scale bars: 20 pum.
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2. Gene expression of PDLSCs recellularization after in vivo

transplantation

gPCR was performed to assess the gene expression of markers by PDLSCs
recellularization. There was significant difference in the expression of CP23, Col I, Col
XII, OC, and alkaline phosphatase (4LP) on PDLSCs recellularization group. Otherwise,

there was no significant difference in the expression of periostin (POSTN) (Figure. 5).

20
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Figure 5. Relative expression levels of the genes encoding CP23, Col XII, POSTN, OC,
ALP, and Col | in dHPDL transplants. Data are mean and standard deviation values. The
expressions of CP23, Col XII, OC, ALP, and Col | differed significantly between the two
groups (*Mann-Whitney U test, p<0.05). The expression of POSTN did not differ
significantly between the two groups (Mann-Whitney U test; p>0.05). C, Control group; P,
PDLSCs recellularization group. Abbreviations: CP23, cementum-derived protein 23; Col
XII, collagen type XII; POSTN, periostin; OC, osteocalcin; ALP, alkaline phosphatase; Col

I, collagen type I.
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3. Histological and immunohistochemical analysis of DPSCs

recellularization after in vivo transplantation

DPSCs were repopulated in dHDP, and the results were confirmed after 9 weeks in the
same method as in PDL. In the DPSCs group, the repopulated cells could be observed
through HE and MT staining, and similarly, the human origin was confirmed through HN
staining (Figure. 6). Un like the control group, in the DPSCs group, the newly formed hard
tissues were observed on HE staining (Figure. 6A,D). In the DPSCs group, the mineralized
matrix presented a poor level of organization, featuring intermingled alignment of matrix
and embedded cells with a large cytoplasmic space and large nuclei (Figure. 6D). Through
immunohistochemical staining, anti-human DSP, OC, VEGF, CD34 were identified. Unlike

the control group, it was found that the DPSCs group was stained (Figure. 7).
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Figure 6. Histological characteristics of dHDP transplants recellularization of DPSCs. HE
staining (A,D), MT staining (B,E), and HN staining (C,F). HE, MT, and HN staining
showed recellularized cells are present in dHDP transplants. Recellularized cells are

indicated by red arrows. Scale bars: 20 um.
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Control

Figure 7. Immunohistochemical staining of dHDP transplants recellularization of DPSCs.
dHDP transplants immunostained with anti-human dentin sialoprotein (DSP; A,E), anti-
human OC (B,F), anti-human vascular endothelial growth factor (VEGF; C,G), and anti-
human cluster of differentiation 34 (CD34; D,H) antibodies. The red arrows indicate

examples of positively immunostained cells. Scale bars: 20 um.
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4. Gene expression of DPSCs recellularization after in vivo

transplantation

gPCR was also performed to confirm the expression of the relevant marker in the DPSC
recelluarization. In the DPSC recellularization group, the expression of not only genes
related to DPSC but also genes related to hard tissue formation was confirmed, and
expression of genes related to blood vessels and nerves was also confirmed. There was a

significant difference in the expression of all identified genes except OC (Figure. 8).
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Figure 8. Relative expression levels of the genes encoding DSPP, DMP1, NES, OC, Col I,

ALP, CD31, and CD34 in dHDP transplants. Data are mean and standard deviation values.

The expressions of Col I, DMP1, NES, Col I, ALP, CD31, and CD34 differed significantly

between the two groups (*Mann-Whitney U test : p<0.05). The expression of OC did not

differed significantly between the two groups (Mann-Whitney U test; p>0.05). C, Control

group; D, DPSC recellularization group. Abbreviations: DSPP, dentin sialophosphoprotein;

DMP1, dentin matrix acidic phosphoprotein 1; NES, nestin; CD31, cluster of

differentiation 31; CD34, cluster of differentiation 34.
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IV. Discussion

In the present study, I evaluated the differentiation of stem cells inoculated in the
decellularized human dental tooth scaffold. In tissue regeneration, scaffold is a very
important factor along with cell and growth factors. Proper scaffolds provide structural
support and play an important role in cell function and differentiation of new tissue
formation (Chen, et al., 2002; Hutmacher, 2001). Actually, many decellularized tissues such
as skin, blood vessel, bone, and cartilage are used as graft materials for patients (Gilbert, et
al., 2006; Porzionato, et al., 2018). Appropriately decellularized tissues preserve not only
the ECM integrity, bioactivity, and spatial structure but also the vascular, lymphatic, and
nervous network (Badylak, et al., 2012).

However, in the decellularized scaffold, all cellular components must be removed as they
can cause immune rejection (Keane, et al., 2012). Scaffold decellularization method and
repopulation results are affected by various factors such as tissue type and composition,
thickness, density and cellularity of the tissue (Lu, et al., 2012). In previous studies, an
optimized decellularization protocol was established through various methods.
Additionally, an effective method of removing residual DNA, HLA-A, and cellular B-actin
using human dental tooth was evaluated (Son, et al., 2019; Song, et al., 2017).

The recellularization potential of decellularized pulp and PDL scaffold was evaluated by

real-time PCR and IHC staining. When stem cells were repopulated in both Pulp and PDL
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scaffolds, distinctive results were observed in the formation of new tissues compared to the
control group not inoculated with cells.

Similar to the results of in vitro experiments previously studied (Song, et al., 2017),
PDLSCs were well engrafted around the site near the cementum, and it was confirmed that
PDLSCs retain their unique characteristics through high expression of PDLSCs-specific
markers CP23 and POSTN (e.g.,CP23, identified as a cementoblast marker and regulator
of the bio-mineralization of cementum (Alvarez-Pérez, et al., 2006; Villarreal-Ramirez, et
al., 2009), and POSTN, identified as a PDL marker and found mainly in cells from
mesenchymal lineage such as osteoblast, periodontal ligament, and periosteum (Bolton, et
al., 2009; Romanos, et al., 2014)) Particularly, as a result of using the semi-cylindrical
dHPDL, it was confirmed that PDLSCs migrated deeply to the part close to the cementum
by passing through the collagen network of dHPDL (Fig. 3 D,E,F and Fig. 4 D,E,F). In
particular, it was confirmed that the expression of Col XII, a marker of mature PDL, was
increased (Karimbux and Nishimura, 1995), indicating that PDLSCs differentiated into
more mature PDL. In addition, it was difficult to confirm the newly formed hard tissue
through HE staining, but the expression of OC and ALP involved in mineralization of
cementum and bone was confirmed (McKee, et al., 1996; Stucki, et al., 2001). Therefore,
recellularization of PDLSCs may move to near the cementum of dHPDL, affect the
generation of mature PDL, and differentiation of hard tissues in vivo.

DPSCs showed different characteristics from PDLSCs. In the DPSCs recellularization

group, the formation of newly formed hard tissue was confirmed through HE staining. The
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newly created hard tissue did not have a dentin-like structure, but the expression of hard
tissue-related markers such as DSPP, DMP1, ALP OC, and Col I was confirmed (Batouli,
etal., 2003; Conde, et al., 2015; Stucki, et al., 2001; Su, et al., 2014; Thomson, et al., 2003).
In addition, the expression of nestin related to nerve and CD31, CD34 related to
angiogenesis were confirmed, showing that the formation of hard tissue and nerve and
blood vessel generation may be possible. Since the remodeling of blood vessels plays a role
in the supply of essential elements necessary for tissue regeneration, vascularization is one
of the important factors. In particular, angiogenesis was also confirmed by the expression
of VEGF in IHC and the expression of CD31 and CD34 in qRT-PCR. VEGF is a marker
for angiogenesis, and it has been reported that angiogenesis accompanies the process of
osteogenesis. CD31 is the most used marker for evaluating angiogenesis and CD34 is
present in hematopoietic progenitor cells and endothelial cells and has been studied as a
marker for vascular tumors (Stross, et al., 1989; Traweek, et al., 1991). And it has been
reported that anti-CD34 antibody is a highly sensitive marker for endothelial cell
differentiation, which stains neoplastic endothelium a deeper shade than normal
endothelium (Kuzu, et al., 1992). The generation of blood vessels facilitates the supply of
nutrients, oxygen, minerals essential for mineralization, and bone-forming progenitor. In
particular, osteogenic factors such as BMP2 have been reported to promote osteoblast
differentiation and mineralization by being secreted from blood vessels (Hu and Olsen,
2016; Matsubara, et al., 2012). Thus, mature osteoblasts generate mature angiogenic factors

such as VEGF, which can also promote angiogenesis. These results can be expected to
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proceed positively in the tissue regeneration process. Furthermore, when endothelial cells
are co-seeded with stem cells in the scaffold, the roles of factors that can positively affect
osteogenesis and vascularization can be expected (Liu, et al., 2017).

Teeth are complex organs made up of various cells and structures. When these are
damaged, regeneration is not easy. In particular, soft tissues such as PDL and pulp play an
important role in physical, formative, nutritional, and sensory functions, and are related to
tooth vitality (Beertsen, et al., 1997; Van Hassel, 1971).

The PDL is the soft connective tissue that connects the root of the tooth and the inner wall
of the alveolar socket (Beertsen, et al., 1997). PDL can be damaged by local causative
factors such as plaque, dental calculus and traumatic occlusion, and can be destroyed by
systemic factors or external factors such as smoking. In addition, PDL can be damaged by
external force, especially when avulsion rather than luxation. Such damage to PDL can
cause the tooth to fall out in the same way as the root resorption, so recovery of damaged
PDL is very important for tooth recovery (Andreasen, 2012; Yen and Yelick, 2011).

The pulp can be necrotized due to caries, trauma, and anatomic variations such as dens
evaginatus and dens invaginatus (Diogenes, et al., 2013). The damaged pulp was removed
and replaced with dental material, which means the loss of vitality of the tooth. These
results are particularly fatal in immature permanent teeth, and stop the development of teeth,
resulting in poor clinical prognosis. REPs have made a lot of progress in recent years, and
are positioned as an alternative treatment that can preserve tooth vitality in immature

permanent teeth, which enables continuous tooth growth and development (Diogenes, et
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al., 2016). But despite the clinical success of these procedures, they appear to promote a
guided endodontic repair process through cell homing rather than a true regeneration of
pulp-like tissue (Kim, et al., 2010).

Dental tissue therapies are transitioning from traditional dentistry to biological based
treatment, and the success rates of treatment are gradually increasing (Schmalz and Smith,
2014). The goal of traditional dental treatment is to restore the function and morphologic
integrity of the damaged tooth. However, the goal of recent changes in dental treatment is
maintenance of tooth vitality.

The decellularized human tooth scaffold used in this study maintained their structure, and
collagen remained in the ECM in both pulp and PDL. Each Scaffold has recellularization
potential when cultured in vivo after stem cell inoculation, and when DPSC or PDLSC,
which are cells of different characteristics, were applied to the scaffold, gene expression
related to pulp and PDL regeneration was induced. Mesenchymal stem cells applied to
decellularized human tooth scaffolds have the potential to open a novel approach to pulp
and PDL regeneration through proliferation and differentiation. In addition, when two cells
are recellularized in the same decellularized tooth scaffold, simultaneous regeneration of

pulp and PDL can be expected using one scaffold.
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V. Conclusion

In this study, when using DPSCs and PDLSCs for pulp and PDL regeneration, it was
confirmed that decellularized human teeth can be used as a scaffold. DPSCs and PDLSCs
inoculated into decellularized human tooth scaffolds and cultured in an in vivo environment

showed successful differentiation into corresponding tissues.
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