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Abstract
Purpose  The most important challenges in tissue engineering are to find an effective growth/differentiating factor for stem 
cell induction while retaining high cell vitality and convert to correct end cell linage. In this study, for the first time, self-
administered dentin matrix derivatives were used as a growth/differentiation factor for dentin regeneration.
Methods  In the fourth passage, colonies of human dental pulp stem cells (hDPSCs) were extracted; then, the purified cells 
were evaluated based on the percentage of vital cells by the MTT method. Afterward, hDPSCs in the first group were cultured 
with self-administered dentin derivative signal (DDS), while those in the second group with demineralized freeze-dried bone 
allograft (DFDBA) as a signal for 3, 7, and 10 days, and then compared with group 3 (negative control) that contained only 
hDPSC colonies. Three groups were evaluated based on cell differentiation and expression of osteoblast and odontoblast 
cell markers by immunocytochemistry (ICC) staining.
Results  In the first group, hDPSCs were differentiated into odontoblast and in the second group into osteoblast. The mean 
expression percentage of the dentin sialophosphoprotein (DSPP) marker in differentiated cells in the first group was signifi-
cant at days 3, 7, and 10 (p ≤ 0.0001). Also, the mean expression of the bone sialoprotein (BSP) marker was significant in 
the second group on days 3, 7, and 10 (p ≤ 0.0001).
Conclusion  hDPSCs in scaffold-free culture enable to differentiate to odontoblasts and osteoblasts through DDS and DFDBA. 
Both the DSPP and BSP markers were increasingly expressed with time and effective in cell induction. Future in vivo stud-
ies can recommend to investigate the role of such natural growth factors in regenerative endodontic and dentistry in clinics.
Lay Summary  This study evaluated the differentiation capability of dental pulp stem cells by two bioactive materials, self-
administered dentin derivative signal (DDS) and demineralized freeze-dried bone allograft (DFDBA), as induction signals. 
The challenge in this regard is to find a simple, suitable, and efficient method of DDS preparation, retaining proteins undam-
aged and ensuring enough disinfected particles for cell exposure. For this purpose, we investigated freeze-dried methods 
that are commonly applied in material preparation, and tested DDS with the scaffold-free stem cell’s culture comparing with 
DFDBA that exhibits great induction potential to be used for tissue engineering in dentistry.
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Introduction

Due to the humidity and darkness of the oral cavity, it is 
the best environment that facilitates the growth of microor-
ganisms, so almost everyone is at risk of tooth decay, peri-
odontal disease, and eventually tooth loss. Conventional or 
gold standard treatments include restorations, root canal 
therapy, replacement of teeth with a variety of prostheses, 
and implants, which each have their advantages and disad-
vantages, so do not provide the ideal function and esthetic 
like a natural tooth [1]. For example, endodontic therapy in 
addition to complications that may occur during operation 
has limitations such as reducing the strength of the tooth and 
making it prone to fracture [2].

Treating various diseases using stem cells has created a 
new era in tissue engineering. Several studies are performed 
on the identification, isolation, proliferation, and application 
of dental stem cells, and some successes have been achieved 
in this field. The emergence of stem cell science stimulated 
dental researchers to find a way to rebuild the lost tooth tis-
sue [3, 4]. Stem cells are multi-potential cells that can dif-
ferentiate into different types of cells and replace damaged 
and lost tissues in different parts of the body [5].

Almost all human tissues contain stem cells and (or) 
progenitor cells that are activated in response to growth 
and development or during tissue repair following injury or 
trauma. Currently, dental tissues containing periodontal liga-
ment (PDL), dental papillae, and dental follicles of deciduous 
and permanent teeth buds have been identified as available 
sources of undifferentiated cells [6]. Because teeth and their 
associated structures are made up of a variety of tissues, stem 
cells extracted from teeth have the potential to produce other 
types of tissues such as bone, cartilage, nerve, blood vessels, 
connective tissue, muscle, and dentin-pulp complex.

Since the structure of the teeth and their surroundings 
includes various tissues, stem cells extracted from the 
tooth have the potential to produce other types of tissues 
such as bone, cartilage, nerve, blood vessels, connective 
tissue, muscles, and dentin-pulp complex. Therefore, it 
can be argued that dental stem cells are applicable for the 
regeneration of the whole body. For example, these cells 
can be used to regenerate knee cartilage in a person who 
has lost cartilage as a result of exercise. Thus, since the 
pulp of removed teeth contains undifferentiated cells, it 
can be used for tissue engineering purposes [7].

Dental pulp stem cells (DPSCs) have been used in new 
dentistry methods such as periodontal and dental repair, 
encourage dental pulp repair, craniofacial bone regenera-
tion, and tooth bud production. DPSCs are easily available, 
and unlike the mesenchymal bone marrow stem cells, have 
a higher association with dental tissues, and they are better 
to be used for dental engineering [8]. The most prominent 

feature of DPSCs is their ability to regenerate the dentin-
pulp-like complex, which is made of mineralized matrix 
and odontoblast-coated tubules and fibrosis tissue contain-
ing blood vessels that is similar to the natural dentin-pulp 
complex found in humans [8].

Unlike tooth epithelial stem cells, which are the pre-
cursors of tooth enamel tissue, undifferentiated ectomes-
enchyme cells do not completely disappear after tooth 
eruption in humans. Today, even at age 90, it is possible 
to isolate precursor stem cells from the permanent dental 
pulp. In response to injury, these cells become active and 
regenerate lost tissue [9]. Therefore, the use of DPSCs has 
become popular among dental scientists as a stem cell–based 
therapy by tissue engineering, because of simple extraction 
and minimal immunogenicity. So, bone tissue engineering 
can be a critical element in treating periodontal and maxil-
lofacial bone defects [10].

Tissue engineering based on allogeneic or autogenic 
stem cells has been progressively developed, because of no 
ethical controversy or immunogenicity, no delay in finding 
a donor, and isolation in adulthood. Unlike conventional 
transplanted methods, it has low antigenicity, an ideal 
shape, and plastic properties, among other advantages 
[11, 12].

To date, researchers have been able to produce bone 
tissue, pulp-dentin complex, cementum, and periodontal 
fibers in the laboratory using tooth stem cells, but regen-
eration of enamel, dentin, and cementum has not yet been 
possible [13, 14].

Various signals and scaffolds have been tested by dif-
ferent studies for dental tissue engineering. The aim of the 
present study was, in the first step, to expose DPSCs to 
DFDBA, which contains matrix proteins and bone growth 
factors, to stimulate their differentiation into osteoblasts 
and bone tissue structure formation, and secondly, for the 
first time in dental engineering, to investigate the dem-
ineralized dentin powder (dentin matrix derivatives) that 
contained dentinal protein and stored growth factors for 
the differentiation of DPSCs into odontoblasts and form 
the dentin.

Materials and Methods

This experimental in vitro study was conducted in the 
Research Center of Neural System Stem Cells of Semnan 
University of Medical Sciences after approval by the Eth-
ics Committee of Semnan University of Medical Sciences 
(IR.SEMUMS.REC.1396.246). hDPSCs from the DPS-13 
cell line (with C10896 IBRC cell code) were purchased 
from the Cellular and Molecular Laboratory of the Ira-
nian Biological and Genetic Resource National Center 
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in a specific culture medium. This company proved and 
guarantied the quality and validation of their human dental 
pulp stem cells.

Cell Subculture

Since the fourth cell subculture is usually used to induce 
differentiation of stem cells, after preparing the cells, they 
were proliferated and subcultured. In the first subculture, 
the cells were placed in a 25-mL flask containing α-MEM 
(Sigma M0644) and ES-FSC (Gibco 16,141–079) and 
placed in an incubator at 37 °C, 95% humidity, and 5% CO2. 
The cell culture media were exchanged every 2–3 days for 
about 2 weeks (until achieving appropriate density).

After filling the flask floor, the cell subculture was per-
formed using Try/EDTA (Gibco 25,300–054), and after 
four consecutive subcultures and purification of the cells, 
the cells were isolated from the flask floor and counted using 
Trypan Blue and Nicobar slide. In the following, 200,000 
cells were placed in a 25-mL flask for each group. For fur-
ther experiments, the fourth passage cells were placed in 
the medium containing ES-FCS 50% (Gibco 16,141–07), 
DMSO 10% (Sigma D2650), and 40% of mesenchymal stem 
cell culture medium, and were transferred to a nitrogen tank.

Study Groups

Three culture groups were used in this study, as follows:

First group: flasks containing hDPSC colonies (200,000 
cells) treated with dentin matrix derivatives which con-
tained proteins and growth factors of dentin derivative sig-
nal (DDS) with our patent number 14005060003038752 
(0.7 mL from 100 μg/mL) [15].
Second group: flasks containing hDPSCs (200,000 cells) 
treated with DFDBA, which contained proteins and growth 
factors of bone matrix (0.7 mL from 100 μg/mL) [15].
Third group (or negative control): flasks that contained 
only hDPSC colonies (200,000 cells).

After 3, 7, and 10 days, purified cells were isolated, and 
the vitality percentages of cells by the MTT method and cell 
differentiation and expression of osteoblast and odontoblast 
cell markers were evaluated by the ICC method.

Preparation of Demineralized Dentin Matrix 
Derivatives

Dentin matrix derivatives were exploited from extracted teeth 
by the following method. The teeth were disinfected using 
sodium hypochlorite solution. First of all, the enamel and 

cement tissues were removed by diamond fissure bur (008) 
with water spray, and pulp tissue was removed by an excava-
tor. Then, the dentin tissue was divided into 1 × 1 mm blocks 
and placed in acetic acid (5%) for 14 days until full deminer-
alization and the dentin protein matrix has remained. Then, a 
freeze dryer device (Christ Co, Germany, Model: Alpha 1–2 
LD Plus) was used to dry and prepare the powder from the 
obtained dentin blocks and preserve its proteins. Therefore, 
the obtained material was frozen, followed by conversion 
of the water from solid to gas via a sublimation process that 
preserved the chemical and physical characteristics of the 
material.

MTT Test to Determine the Proliferation Rate 
and the Vitality of Cells

In each group, treated cells after 24 h were evaluated using 
MTT as follows. The culture medium of the plates’ surface 
was removed and washed with PBS twice. Then, 100 μL 
culture medium without serum and 10 μL MTT solution 
were added to each well, followed by 2 h of incubation at 
37 °C, 5% CO2, and 90% humidity for 4 h. Then, 100 μL 
isopropanol acid 0.4% was added to each well, followed by 
incubation for 10 min. Optical absorption (OD) of each well 
was recorded at 492 nm wavelength with ELISA Reader 
(Awareness Technology Inc., Palm City, FL 34,990, USA). 
In addition, a standard graph (p < 0.05) was drawn to deter-
mine the percentage of living cells using the following for-
mula for each group:

Cell Differentiation Stage

For evaluating the differentiation of hDPSC cells into osteo-
blast and odontoblast cells, first stem cells were cultured 
(100 cells/cm2) in plates containing 6 wells. Then, when the 
dish floor was filled by 70–80%, the medium was replaced 
by DMEM differentiation medium (containing 15% ES-FCS, 
50 μg/mL ascorbic acid-2 phosphate, 10−8 MD dexameth-
asone, and 10 mM 6-glycerol phosphate). The cells were 
cultured for 10 days, and the medium was replaced every 
3 days. Eventually, the differentiation of hDPSCs to osteo-
blasts and odontoblasts and reproduced tissues was evalu-
ated by using a light microscope using an immunocytochem-
istry staining method.

Immunocytochemistry Staining Method

This method was used to evaluate the quality of developed 
dentin and bone tissues made by differentiated odontoblasts 

The vitality of cells = OD of the case group

∕OD of the control group × 100.
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and osteoblasts from dental pulp stem cells using anti-DSPP 
and anti-BSP. Then, magnification was performed using an 
optical invert microscope (10 × and 100 ×). For the negative 
control group, all stages were performed, except for incuba-
tion of the primary antibody.

Statistical Analysis

Data were analyzed using SPSS version 24 by the 
Shapiro–Wilk test, one-way variance analysis, and Tukey 
test. Statistical significance was considered when p 
value < 0.05.

Results

The Vitality of Cells—MTT

Mean ± standard deviation (SD) of the vitality of cells for 
groups one, two, and three was 0.13 ± 0.03, 0.12 ± 0.01, and 
0.10 ± 0.02, respectively, which their difference was not 
statistically significant (p = 0.465). Therefore, in all three 
groups, the cells had a similar vitality rate (Fig. 1).

Immunocytochemistry

The expression percentage of the DSPP marker was 
measured in group one (dentin matrix derivatives), on days 
3, 7, and 10, and in the negative control group, which only 
contained hDPSC colony. The results are provided in the 
following figures, which indicate increased expression of 
DSPP on days 7 and 10, which were exposed to dentin 
matrix derivatives for a longer period (Fig. 2).

The mean expression percentage of the DSPP marker in 
group one and negative control between days 3, 7, and 10 
was statistically significant (p < 0.001) (Fig. 3). So, in all 
binary comparisons between groups, the mean expression 
percentage of the DSPP marker was significantly different 
(in all cases p < 0.001).

The immunocytochemistry showed that the expression 
percentage of the BSP marker in group two on days 3, 7, and 
10, as well as the negative control group, was increased on 
days 7 and 10, which were exposed to dentin matrix deriva-
tives for a longer period (Fig. 4).

The mean expression percentage of the BSP marker in the 
second group and negative control between days 3, 7, and 10 
was statistically significant (p < 0.0001) (Fig. 5). So, in all 
binary comparisons between groups, the mean expression 
percentage of the BSP marker was significantly different (in 
all cases p < 0.001).

Discussion

Cells, signals, and scaffolds are three key elements in tis-
sue engineering [15]. A high number of mesenchymal stem 
cells are available in the pulp of primary teeth, but they 
reduce in adult teeth. According to some researchers, these 
cells are totipotent and when needed can be converted into 
odontoblast, fibroblasts, macrophages, and other cells, but 
with age progression, their number decreases. Nowadays, 
extensive efforts have been made to investigate the effect of 
signals on the differentiation of the DPSC cells both in vivo 
and in vitro.Even though conventional modalities deal with 
high levels of success for many dental diseases, an ideal 
therapy might be regenerative dentistry in which contami-
nated or necrotic dental tissues are removed and replaced 
with healthy vital tissue [9]. In the present study, the effect 
of DFDBA and demineralized dentin powder was evaluated 
on the proliferation and differentiation of the hDPSCs to 
osteoblast and odontoblast cells.

The results showed that bone and dentin matrix deriva-
tive materials significantly affected the proliferation of the 
hDPSCs and their differentiation into osteoblast and odonto-
blast cells in vitro. In the same way, Wang et al. (2013) 
reported that enamel matrix derivative materials stimulated 
on the proliferation and differentiation of the hDPSCs into 
odontoblasts [16]. Iohara K et al. (2011) also investigated 
complete regeneration of dental pulp in a dog tooth after 
pulpectomy with the transfer of CD105 + stem cell and 
other cells along with stromal cell–derived factor-1 (SDF-
1) to induce tooth revitalization. The results showed that 

Fig. 1   Comparison of the three groups’ vitality after 24  h. 
Mean ± standard deviation (SD) of the vitality of cells for groups 
one, two, and three was 0.13 ± 0.03, 0.12 ± 0.01, and 0.10 ± 0.02, 
respectively, which their difference was not statistically significant 
(p = 0.465). Therefore, in all three groups, the cells had a similar 
vitality rate
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CD105 + stem cells expressed more angiogenic/neurotrophic 
factors compared to other cells. Besides, two-dimensional 
electrophoresis analysis, reverse transcription chain reaction, 
and chain polymerase reaction illustrated that quantitative 
and qualitative expression patterns of protein and mRNA of 

regenerated pulp are similar to the normal pulp [17]. How-
ever, in contrast to them using stem cells to complete dental 
pulp regeneration in vivo conditions, in the present study 
DPSCs were used for dentin regeneration in vitro. They did 
not mention whether the differentiation of investigated cells 
into odontoblast occurred or not. Since the results of both 
studies are significant, the use of stem cells in pulp and den-
tin regeneration using suitable signals is noticeable and can 
be considered in future studies.

As Peng Liu (2022) reviewed, DPSCs are more frequently 
used in dental regenerative research, because of the follow-
ing: their allogeneic or autogenic sources are available, no 
ethical controversy, no immunogenicity, low antigenicity, 
and ideal cell line differentiation and plastic properties [10].

In the present study, differentiation of DPSCs to odonto-
blast was successful. Raoof et al. (2014), in a study on iso-
lation and differentiation of DPSCs to odontoblast, inves-
tigated 20 impact wisdom teeth (human third molar) using 
a new method of culture of digested pulp tissue fragments 
to isolate stem cells. They also studied the expression of 
some stem cell marker genes in these cells. These cells were 
then induced for odontoblastic differentiation using dexa-
methasone and bone-shaping protein as signals, although, 
in contrast to this study, the results disclosed that odonto-
blastic markers such as DSPP and DMP-1 proteins were not 
expressed in induced cell culture. Hence, despite the suc-
cessful isolation of stem cells with a new culture method, 
the induced cells did not differentiate into odontoblast, 
which can be due to the applied differentiation method, cell 

Fig. 2   Immunocytochemistry staining images for dentin sialophosphoprotein (DSPP) and their success in the study groups, which indicate 
increased expression of DSPP on days 7 and 10
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subculture during induction, induction materials, single layer 
culture, and specially type of signals [14].

In terms of various studies about enamel matrix deriva-
tive (EMD), E. Aurstad Riksen et al. (2014) investigate the 
effects of EMD on the induction of reactive dentin formation 
and compared the effect of EMD (5–50 μg/mL) on untreated 
human pulp cells and cells incubated with dexamethasone 
(8–10 mg) for 1, 2, 3, 7, and 14 days in the culture medium. 
Analysis of gene expression using Affymetrix microchips 
showed that 10 μg/mL EMD could not only regulate hun-
dreds of genes but also stimulate the gene expression of 
proteins involved in mesenchymal cell proliferation and dif-
ferentiation. Both EMD and dexamethasone associated with 
increased expression of amelogenin, dentinogenic markers 
of dentin sialophosphoprotein (DSSP), DMP1, dentin acidic 
phosphoprotein 1, and bone markers of osteocalcin, BGLAP, 
and collagen type 1 (COL1A1) [18]. That was in line with 
this study.

Considering the remineralization of dentin, Han M. 
et al. (2017) examined the remineralization induction of 
dentin using an agar hydrogel in the biological imitator 
mineralization system in rabbits; as a result, they reported 
the partial remineralization of the dentin. They confirmed 
the effectiveness of this method in potentially improv-
ing dentin-related diseases such as erosion, abrasion, and 
hypersensitivity, but, contrary to the present study, new 

Fig. 4   Immunocytochemistry staining images for bone sialoprotein (BSP) and DAPI markers and their expression in the second group and nega-
tive control group, which indicate increased expression of BSP on days 7 and 10
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odontoblast cells were not developed, and the reactive den-
tin did not show optimum quality [19].

Fonto et  al. (2005) conducted a study on rats to 
evaluate the power of EMD in combination with DFDBA 
to increase bone construction and the ability of these 
compounds to hold EMD at the operation location. They 
concluded that there was a significant difference between 
the groups, considering the formation of new bone in 
the second week, and DFDBA could cause new bone 
formation. They proposed that DFDBA alone could not 
induce osteoblast differentiation, and the combination 
of EMD and DFDBA was effective [20], but this study 
displayed that DFDBA alone had a great ability to induce 
osteogenesis.

Zhong et al. (2020) evaluated the effect of lncRNA-H19 
on odontoblastic differentiation of human pulp stem cells 
in in vivo and in vitro environments and concluded that 
H19 expression could induce odontoblastic differentia-
tion in human dental pulp stem cells [21]. Yang and Peern 
(2019) studied the effect of lipopolysaccharide (LPS) as a 
signal on proliferation and migration, as well as odonto-
blastic differentiation in NG2 + human pulp cells in vitro, 
and eventually reported positive results. In contrast to the 
present study’s findings, they evaluated NG2 + nerve cells 
of the pulp and concluded that the LPS stimulated the 
migration, proliferation, and odontoblastic differentiation 
in NG2+ cell culture, and bone morphogenetic proteins 
may be involved in their odontoblastic differentiation 
pathway. Their results indicated the distinct roles of tissue 
engineering in tooth decay repair and potential application 
in regenerative dentistry [22].

Ahangari Z. (2012) studied the stimulation of stem cells 
by propolis as a signal in vital pulp therapy in guinea pigs 
and for the first time documented that propolis (a herbal 
product extracted from bee hives) stimulated the pulp 
stem cells. Additionally, they claim that propolis provided 
potential advantages over calcium hydroxide as a capping 
agent in vital pulp therapy [23]. Therefore, seeking for more 
effective and expeditiously signals has been implemented 
by dental scientists until the most beneficial materials are 
reached.

The present study demonstrated the odontoblastic 
differentiation of hDPSCs using DDS a signal take out 
from the natural dentin of the extracted teeth. This signal 
is available everywhere and does not depend on expensive 
preparing processes as well as effective on stem cell 
induction without any known side effects which are its other 
advantages.

In this study, due to facility limitations, only MTT and 
ICC techniques were applied to evaluate vitality and differ-
entiation of cells; thus, the use of more precious modalities 
is recommended for future studies.

Conclusion

Considering the positive findings of the present study to the 
conversion of dental pulp stem cells into odontoblast and oste-
oblast using natural growth factors derived from bone tissues 
and dentin in vitro conditions, the effect of these substances in 
regenerative endodontic and regeneration of tooth surround-
ing bone can be investigated in future in vivo studies.
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