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Abstract

AIM: Tooth decay and associated periodontal disease remain the most common chronic
diseases in current society. In the future, individually tailored, more effective therapeutic
treatment options could be provided through the application of tissue engineering and
regenerative medicine and dentistry (TERMD) approaches. A relevant finding is the

potential of both dental mesenchymal and dental epithelial cells to regenerate mineralized

dentin and enamel tissues, respectively.

MATERIALS AND METHODS: In the current study, a multi-layered, bioengineered tooth
bud model was assembled by combining human dental mesenchymal (hDM) and porcine
dental epithelial cells (pDE). The hDM cells were seeded onto poly (epsilon-
caprolactone)/poly (lactide-co-glycolide) (PCL/PLGA) wet electro-spun scaffolds overlayed
with confluent pDE cell sheet harvested from thermo-reversible tissue culture plates. The
so-formed multi-layered bioengineered tooth bud was then used to study the
mineralization potential of the dental cells in in vitro culture. It was hypothesized that the
addition of the in media soluble factors Insulin-like growth factor 1 (IGF-I) and the

extracellular matrix derivate Emdogain (EMD) would result in enhanced differentiation and

mineralized dental tissue formation.

RESULTS: Scanning Electron morphological observation was used to characterize scaffolds
porosity. Histological and immunofluorescent analyses confirmed the localization of hDM
cells inside the scaffold, an intact pDE cell sheet, and the presence of beta-integrin 1-
positive cell-cell junctions connecting the two. Scanning Electron Microscopy showed that
EMD, in particular, enhanced the mineralization potential of pDE cells. qRT-PCR analyses
showed that both EMD and IGF-1 significantly enhanced the expression of Ameloblastin
(AMBN), reflecting pDE cell differentiation.
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CONCLUSION: In conclusion, these
results proved the hypothesis that both
EMD and IGF-1 should be considered for
their utility in preclinical dental tissue
engineering approaches.
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3.5 billion people are affected by
untreated oral diseases [1] that often
lead to complete or partial tooth loss
as well as systemic diseases.
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Prevention and tooth replacement
therapies are the current solutions
for these problems [2], for example
using proper oral hygiene and partial
or complete dentures, bridges,
crowns and dental implants. Tissue
engineering and regenerative
medicine and dentistry (TERMD)
approaches, used as future
therapeutic options to treat oral
diseases, could provide the means for
living dental tissue regeneration, thus
providing individuals with restored
comfort and function of their
masticatory system adapted to their
specific needs [3].

Prior studies in dental tissue
engineering have shown that
interactions between dental
mesenchymal (i.e. the dentin forming
odontoblasts) and ectodermal (i.e.
the enamel forming ameloblasts) cells
are a prerequisite to initiating both
dental cell differentiation and
mineralization processes. Especially,
epithelial cells were proven not to
grow and differentiate without the
presence of supporting mesenchymal
cells. Previously, such interactions
were facilitated by seeding dental
mesenchymal cells into poly(epsilon-
caprolactone)/ poly (lactide-co-
glycolide) (PCL/PLGA) wet electro
spun scaffolds, and simultaneously or
subsequently seeding dental
epithelial cells on the surface in
absence of the addition of growth
factors [4]. These scaffolds provided a
three-dimensional environment to
support dental cell attachment,
migration, proliferation and/or
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differentiation [5, 6]. Moreover, the
use of an appropriate scaffold could
ensure the morphologically correct
shape of the bioengineered tooth,
which remains unattainable using
scaffold-free methods. However, the
current main challenge in any in vitro
approach for tooth engineering is
how to regenerate an adequate
epithelial cell layer and sufficient
guantities of enamel-like tissue.
While odontoblasts remain viable
during the life of a tooth, ameloblasts
undergo apoptosis prior to tooth
eruption [7]. Furthermore, enamel is
not only very highly mineralized
(>96% of hydroxyapatite), but also
consists of a highly complex,
hexagonal honeycomb like, crystalline
lattice organization, which is
extremely strong and able to
withstand the significant and variable
oral forces of chewing [8]. Therefore,
in vitro formed enamel required
proper dental epithelial cell
proliferation and differentiation, and
the ability to form an elaborate
mineralized enamel matrix.

Many studies have focused on how
best to increase the mineralization
potential of (stem)cells. For instance,
a recent study by Fujioka-Kobayaski
et al. demonstrated a significant
increase in the total mineralized
tissue volume of calvarial defects
after the addition of Emdogain, an
enamel matrix derivative (EMD)
originating from unerupted porcine
tooth buds [9] [10]. Another
investigation characterized the
functional mineralization potential of

three bio inductive materials for vital
pulp therapies — Emdogain, MTA
(Mineral Troxide Aggregate) and
Biodentine. In this study, Emdogain
showed highest cell viability, osteo-
and odonto-induction capacity [11].
Although these and many more
studies showed an enhanced
mineralization potential of EMD in
relation to bone and or pulp
regeneration therapy, EMD has not
yet been used in TERMD approaches
that focus on the mineralization
potential of dental epithelial cells.

Another potential approach to
enhance enamel formation could be
the addition of Insulin-like growth
factor | (IGF-I). IGF-l is present during
the differentiation stages of
ameloblasts, most abundantly during
the secretory stage, and IGF-1
expression is not detectable in
maturation stage ameloblasts [12]. A
three-year Japanese follow up study
of epidemiological data by Kouda et
al. indicated that higher serum levels
of IGF-1 resulted in higher bone
mineral acquisition in children [13].
Extrapolating this data, it could be
assumed that IGF-1 might influence
the mineralization potential in tooth
engineering in a similar way.

Therefore, the purpose of the current
study was to investigate the effect of
EMD and IGF-I on the mineralization
potential of dental epithelial cells in a
three-dimensional PCL/PLGA wet
electro spun scaffold model. We
hypothesized that bioengineered
three-dimensional mineralized
enamel formation could be achieved
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by seeding porcine dental epithelial
(pDE) cells onto these scaffolds, and
that the addition of IGF-I and
Emdogain would result in superior
osteogenic — odontogenic and
ameloblast - differentiation.

Material and Methods
Electrospun scaffolds

The scaffolds were chosen based on
earlier experiment with the same
cells [4]. The electrospinning solution
consisted of PCL (75%, 0.12g/ml) and
PLGA 85/31(25%, 0.12 g/ml), both
dissolved in liquid 222-Trifluorethanol
(TFE, Sigma Aldrich, Zwijndrecht, the
Netherlands). The polymers were
fully dissolved by magnetic stirring
overnight. The syringe, filled with
solution, was vertically installed
(together with the blunt-end 18G
nozzle) in the electrospinning
machine (ES-2000S, Esprayer, Tokyo,
Japan). The fibers forming the three-
dimensional scaffolds were collected
in a 96% ethanol bath (surface
covered in aluminum foil). The
distance between the nozzle and the
ethanol was adjusted to 20 cm. The
voltage was set at 25.0 kV and a 25
pl/min feeding rate was used. The
scaffolds were collected from the
ethanol bath after 5 minutes and
stored at -80°C for 60 minutes before
freeze-drying (VirTis BenchTop Pro,
SP scientific, Pennsylvania, USA)
overnight. Thereafter, scaffolds were
cut with a 6mm disposable biopsy
punch (Kai medical, Solingen,
Germany) and stored at -80°C until
use. Before use, scaffolds were
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sterilized and made hydrophilic by
Radio Frequent Glow Discharge
Treatment (RFGD-T; Harrick Plasma
Cleaner/ Sterilizer, Harrick plasma,
Ithaca, USA)[14].

Cell culture

Cryopreserved pDE [4] cells were
recovered (Passage 1) and cultured
with epithelial cell media [LHC-8
#12678-017 (Gibco, Bleiswijk, The
Netherlands) containing 10% FBS, 1%
PSA
(penicillin/streptomycin/amphoterici
n), and 0.5 pug/ml epinephrine]. The
medium was refreshed every 2-3
days. Once = 95% confluency was
reached, pDE cells were seeded into
12-well Upcell thermo-responsive
plates (Thermo Scientific,
Netherlands) at a cell seeding density
of 1.6 x 10° cells per 12-well Upcell
(=3.5cm?)[15]. Non-seeded cells were
collected to serve as a Day 0 value for
RNA isolation (~20 million total). The
pDE cells were grown in Upcell
thermo-responsive wells for ~7 days
until confluent.

Human Dental Pulp Stem Cells
(hDPSCs, P3) [4] were retrieved from
cryopreservation approximately one
week after the pDE cells were thawed
to ensure that both types of cells
would reach confluency at the same
time. Human cells were used from
discarded M3 teeth, following
national guidelines for working with
human materials, and did not require
further ethical committee approval.
Upon reaching confluency, hDPSCs
were statically seeded onto scaffolds

at 2.0x10° cells per scaffold, in hDM
cell media [Advanced DMEM/F12
#12634 (GIBCO) containing 10% FBS,
25 pg/ml ascorbic acid, 1% Glutamax,
1% PSA], and refreshed every 2-3
days. Both pDE and hDM cells were
cultured at 37°Cin a humidified 5%
CO, atmosphere.

Construct preparation

After 7 days in vitro culture, hDM-
seeded scaffolds and pDE cell sheets
(pDE-CS) were combined as follows.
First, media was removed from the
hDPSC seeded scaffolds to facilitate
the attachment between the
scaffolds and pDE-CS. The hDM
seeded scaffolds were then
transferred to Upcell 12-well plates
containing pDE cell sheets. Four
scaffolds were transferred to each
well. Then 160 pl (40 pl/ scaffold) of
specific, group assigned, medium (see
below) was added per well to prevent
drying. After a 30 minutes’ incubation
period to ensure attachment
between the hDM seeded scaffold
and pDE cell sheet, the medium was
supplemented to 250 pl, and finally
after 7 days in vitro culture to 500 pl.
250 pl of the medium was refreshed
daily. Three groups were examined
and all groups were a mixture of DM
medium and DE medium (1:1):

1- DM/DE normal medium (NM;
1:1, control group)

2- DM/DE medium (1:1) with
100 pg/ml IGF-1

3- DM/DE medium (1:1) with
200 ng/ml EMD
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Samples were harvested and
fixed at days 3, 14 and 21.

For CS detachment, media was
aspirated and 50 pl/well of fresh
media was added to prevent
dehydration during the detachment
procedure (according to
manufacturer’s instructions) [16]. The
samples were placed at room
temperature (24°C) for £30 minutes
until detachment from the Upcell
plates was visually observed. The cell
sheet edges were loosened with a
needle and split in 4 with a scalpel
under the dissecting microscope
(ZEISS SteREO Discovery. V8,
Pleasanton, USA). Each scaffold was
then wrapped with an epithelial CS
and transferred on top of filter paper
in a new 12 well plate, positioning
them so that the dental epithelial CS
was positioned on top of the hDPSC
seeded scaffold. After the appointed
time points in culture, samples were
harvested, fixed in formalin ON at 4°C
and stored in PBS until further

processing.
Histological staining (H&E)

Fixed constructs were embedded in
OCT, serially sectioned at six microns
(Leica RM 2135, Leica,
Bannockbur/Illinois, USA), mounted
using a Premiere Tissue Floating Bath
XH-1001 and slide warmer (Premiere
XH-2001, C&A Scientific, Virginia,
USA) set to 45°C for the first 60
minutes, and then increased to 54°C
overnight.

http://dentistry3000.pitt.edu

Samples were rehydrated in Xylene
and ethanol series, stained with
Hematoxylin for 1 minute, rinsed in
water and diluted hydrochloric acid
water, ammonia water, and stained
with Eosin for 20 seconds. Samples
were dehydrated in ethanol series
and xylene, and mounted using
Permount medium (Fisher Scientific,
Illinois, USA). Micrographs were made
with a Zeiss Axio Imager/ Z1 equipped
with digital Zeiss Axiocam HRc
camera (Zeiss, Pleasanton, USA).

Immunofluorescent (IF) Analyses

IF staining was performed to visualize
hDM and pDE cell-cell interactions.
The primary antibodies included: anti-
Vimentin (VM, Mouse, 1:50), anti-
Ecad (Rabbit, 1:50) and anti-p-
integrin 1 (Mouse, 1:25). Secondary
antibodies included Goat Anti-Mouse
(Excitation: 568m, Cy5), Goat Anti-
Mouse (Excitation: 488nm, green),
Goat Anti-Rabbit (Excitation: 652nm,
Cy5, with 4',6-diamidino-2-
phenylindole (DAPI, blue)
counterstain. Porcine tooth bud
sections were used as positive
controls for primary antibodies Ecad
and VM, and human dental pulp was
used as positive control for Integrin.
Samples lacking the primary antibody
were included as negative controls. IF
staining color’s intensity fluctuates
for the different groups yet is
positively present in all.

Scanning Electron Microscope (SEM)
analysis

SEM was executed to visualize the
status of mineralization and to
monitor cell growth in harvested 3,
14 and 21 day samples. Samples were
washed in PBS, fixed with 2.5%
Glutaraldehyde (pH 7.31), post fixed
with 1% Osmium Tetroxide for 1 hour
on ice, dehydrated in a series of
Ethanol, and air dried in
tetramethylsilane. Samples were
sputter coated twice with 10nm
Chromium (Q150T S, Quorum
technologies, Lewes, UK). Images
were taken in a Zeiss Gemini sigma
300 Scanning Electron Microscope
(Zeiss, Oberkochen, Germany).

RNA isolation and quantitative Real-
Time Polymerase Chain Reaction
(qRT-PCR) analyses

QRT-PCR was performed to monitor
cell differentiation marker expression
in DO and D21 construct samples.
Four scaffolds per group were pooled
to ensure that sufficient amounts of
RNA were obtained. Control 2D
cultured hDM and pDE cells were
trypsinized, lysed in B-
Mercaptoethanol Cell Suspension
(Trizol), and preserved at -80°C until
processing. The scaffolds were
dissociated into small pieces using
RNAse treated scissors, and the RNA
extraction was performed using the
RNeasy Mini Kit (Qiagen sciences,
Baltimore, USA). The RNA yield was
confirmed with a spectrophotometer
(Nanodrop 1000, Thermo Scientific).
Reverse Transcription was carried out
with the SuperScript First-Strand
Synthesis system (Invitrogen, Thermo
Scientific), and cDNA yield was
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determined using a
spectrophotometer. The qRT-PCR was
executed using the Protocol for Real
Time PCR with the Stratagene
MX3000P (Stratagene, San Diego,
California). The primers, as displayed
in table 1, (1 pl each) used were
hDSPP, GAPDH (control primer),
hBGLAP and pAMBN (Qiagen
sciences, Baltimore, USA). All three
media conditions were tested with all
primers in triplicate.

Statistical analysis

All data were presented as mean +
Standard Error. Statistically significant
values were defined as p<0.05 based
on one-way analysis of variance
(ANOVA) and post hoc Tukey testing.

Histological staining

cells dispersedly evenly throughout
the scaffolds, and covered by a pDE-
CS. The 3 day pDE-CS constructs
showed evidence of fragmentation
likely due to handling. On Days 14
(Figure 1 D-F) and 21 (Figure 1 G-I)
the interstitium between the scaffold
fibers appeared to be filled with hDM
cells, and the cell sheets were in close
contact with the scaffolds and had
remained largely intact. The cell sheet
thickened over time, by visual

Table 1: Overview of the four used primers for the qRT-PCR analyses and their origin/catalog numbers.

Primer (1 pl):

Catalog number:

hDSPP

PPH57747E-200

GAPDH (control primer)

PPHO0150F-200

hBGLAP

PPHO1898A-200

pAMBN

PPS00441A-200
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Dental cell-distribution
throughout the
scaffolds was
investigated using
histological analysis.
At day 3 (Figure 1A-C),
all scaffolds showed
the presence of hDM

inspection most evidently the IGF-I
group. The epithelial polygonal
shaped cells multiplied in the days
following the experiment while
remaining on top of the scaffolds, not
migrating inwards. The mesenchymal
cells multiplied as well.
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Figure 1. Cell seeding procedure assessed with histological staining. H&E stained sectioned scaffolds cultured with
hDM cells and pDE cells for 3 (A-C), 14 (D-F) and 21 (G-1) days in normal medium (A, D & G), medium supplemented
with IGF-1 (B, E & H), and EMD (C, F & I) enriched medium. For each sample, low magnification (10x, scale bar =
500um) image provides the overview to monitor cell-growth and visualize the cell-distribution within the scaffold.
The high magnification polarized images (40x; inserts) demonstrate the presence of both dental epithelial as

mesenchymal cells, as well as mineralized tissue ECM polarized structures particularly evident in NM D14 (D) and
NM D21 (G)(arrows)
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Immuno-Fluorescent staining (IF) through the sample. The IF images hDM-pDE cell contacts, IF imaging for
o S corroborated the H&E staining, with B-integrin 1 was performed (Figure
T? visualize the dl.strlbutlon of cells pDE cells maintaining the cultured 3). If results showed the formation of
(Figure 2), epithelial cells were cell sheet shape, whereas the hDM hDM-pDE cell contacts at all time
stained for Ecad, and hDPSCs for s . . .
cells were evenly distributed points, in all three types of media.
Vimentin. hDPSCs were seen all . .
throughout the sample. To visualize
VM&Eca NM IGF-1 EMD
d (1:50,
40X)
Day 3
Day 14
Day 21

Figure 2. Location and interactions of dental cells as assessed by immunofluorescent staining. Inmunofluorescent
staining at Days 3 (A-C), 14 (D-F) and 21 (G-1) in NM (A, D & G), IGF-1 (B, E, H) and EMD (C, F & |). DAPI (blue) was
used to counterstain all nuclei. Vimentin (green) labels hDM cells, while Ecad (red) labels pDE-CSs. Very close
contact between the different layers was observed in all constructs (scale bar = 50um). Distinguished polarized
structures are clearly visible in the D21 samples (arrows)
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Integrin NM
(1:25,
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Day 3

Day 14
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EMD

Figure 3. Location and interactions of dental cells as assessed by immunofluorescent staining. Inmunofluorescent
staining for anti-integrin 1 (red) at Days 3 (A-C), 14 (D-F) and 21 (G-1) in constructs cultured in NM (A, D & G), IGF-1
(B, E, H) and EMD media (C, F & 1). Note the abundant cell-cell contact between pDE and hDM cells throughout
several of the constructs (arrows)(scale bar = 50um)

Scanning Electron Microscopy (SEM)

The scaffold, hDM-DE cell
morphology, mineralized dental
matrix formation were assessed using
SEM. In the NM group (Figure 4A, D &
G) the pDE-CS was clearly observed,
with no obvious differences in pDE
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cell morphology over time. A similar
result was observed in the IGF group
(Figure 4B, E & H), where a pDE-CS
covering the hDM cell seeded scaffold
was clearly observed, with no obvious
difference over time in culture. In
contrast, the EMD group (Figure 4C, F

& |) showed a markedly different
appearance, in that the pDE-CS
transparency decreased over time,
and the hDM seeded scaffold surface
structure exhibited a complex,
honeycomb like, crystalline lattice
organization at D21 (Figure 4l).
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Figure 4. SEM imaging of dental epithelial cell sheets. SEM imaging of in vitro cultured bioengineered
tooth bud constructs at days 3 (A-C), 14 (D-F) and 21 (G-1), in the NM (A, D & G), IGF (B, E & H) and EMD
(C, F & 1) culture conditions (1000x magnification). All images show a clearly visible DE cell sheet
(arrows). The arrows in the SEM images are pointing at a small piece of the visible DE cell sheet, to
evidence that the sheet obviously spreads across most of the image (apart from small cracks, most likely
due to fragmentation/ human handling). The surface structure of the EMD treated group portrays a
complex honeycomb (hexagonal crystallized (clear deposition of minerals) structures, depicting the
external likes of a beehive) like crystalline lattice organization at D21(1) as compared to D3(C)

http://dentistry3000.pitt.edu




The influence of IGF-1 and Emdogain on the behavior of dental epithelial cells in a three-dimensional scaffold model

Dentistry 38ty

Vol 10 No 1 (2022) DOI 10.5195/d3000.2022.258

Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR)

gRT-PCR analyses of dental cell
differentiation marker expression
were performed (Figure 5). The
expression of the ameloblast
differentiation marker AMBN was
significantly higher in the IGF-1 and
Emdogain groups as compared to the
NM group (P<0.05). No significant
differences in the expression of DSPP
and OC were observed.

>

DSPP

0.035
0.03

0.025
0.02
0.015
0.01
0.005
0

NM IGF EMD

DSPP Expression

pharmaceutical or regenerative
medicinal approaches. This study
showed the construction of a multi-
dimensional scaffold-dental epithelial
cell sheet-based model, and the
utility of this model to demonstrate
the positive effects on mineralization
potential of IGF-1 and Emdogain.

In hindsight, the 21-day period of
time is not long enough for
considerate in vitro mineralized tissue
formation. Future research could
incorporate the use of Alizarin Red S
staining or EDS SEM analysis to

B AMBN
0.25
5 02
a
L 0.15
o
3
> 01
=
< 005
0
NM IGF* EMD*

used PCL/PLGA in tissue engineering
approaches on this matter.

Of note, several technical issues were
encountered. One concerned the
static seeding method used to seed
hDPSCs onto the electrospun scaffold.
Based on literature, it might be
argued that a dynamic cell seeding
method would be a better method
[19], as rotational seeding leads to a
more even distribution of cells,
especially in the deep interstitium of
porous carrier materials. On the other
hand, rotational seeding approaches

C 0C

0.0012
0.001

0.0008
0.0006
0.0004
0.0002
0

NM IGF EMD

OC Expression

Figure 5. gPCR analyses of dental cell differentiation marker expression. Expression of (A) DSPP (B) AMBN(C)
BGLAP/OC as normalized to DO dental cell cultures. The expression of the ameloblast differentiation marker AMBN
was significantly higher in the IGF-1 and Emdogain treated groups as compared to the NM group (P<0.05). No
significant differences in the expression of DSPP and OC were observed

Discussion

Dental tissue damage remains a
considerable health concern in our
current society. The ability to
regenerate organic, vital tooth
material would be highly desirable to
enable future therapeutic options.
Moreover, cultured mineralized
tooth-like tissue could serve as an ex
vivo screening tool for novel
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determine Ca% deposition on the
scaffolds.

The PCL/PLGA scaffolds were
assumed not to exhibit parameters
such as an increased cytotoxicity
and/or genotoxicity potential due to
scaffold degradation. The material is
believed to be biocompatible based
on multiple experiments [17, 18] that

might also damage or present
undesirable mechanical cues to the
cells. Our results indicated that static
seeding of hDM cells on the surface,
directly adjacent to where the cell
sheet would be placed, apparently
was sufficient for the current scaffold
dimensions used in this study.
Furthermore, the results showed an
adequate enough amount of cell
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distribution for the researched to be
executed.

Another technical aspect was the
choice of how best to combine the
hDM seeded scaffold with the
epithelial cells, after these epithelial
cells had been grown separately as
confluent sheets. This approach was
based on the assumption that DE cells
have the tendency to form coherent
monolayers, as shown before in a
study performed by Seo et al. [20]
and by our group [15]. Our results
indeed confirmed the assumption
that pDE cells formed polarized
monolayers, and that the cell sheet
technology was accommodating for
the purpose of making layered
constructs with distinct cellular
phenotypes. Still, a certain amount of
fragmentation of the epithelial cell
sheets occurred, shown in the
histological images of day 3
constructs, raising a concern towards
the applied model, although such
fragmentation likely occurred as a
result of manual handling during the
harvesting. The day 3 samples proved
quite challenging to collect due to
their extremely fragile nature after
culture for such a short period of
time. Although no damage was visible
by eye during the construct harvest, it
was clearly observed in harvested and
sectioned specimens examined via
light microscopy. At later timepoints,
the constructs appeared more robust,
as more rigid sheets could be formed,
and no fragmentation occurred
anymore. Future research could
explore the different methods for
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adapting the scaffold structure to
make it less susceptible to
fragmentation in early stages. A study
performed by Hong et al. describes
different biomaterials that could be
considered [21] to possibly enhance
the handling efficiency and minimize
fragmentation.

Although our results clearly showed
that IGF-1 and EMD exhibited positive
and significant effects on dental cell
differentiation, in most of the
constructs analyzed as evidenced by
g-PCR, the expression levels of DSPP
and OC were not affected. This may
be due to the relatively low cell
seeding density used, and/or in
combination with the limited in vitro
culture time frame. At later
timepoints, increased amounts of
mineralized dental matrix were
observed via light and SEM
microscopical analyses. As such, a
longer experimental time frame
would be advisable for future
research when regarding specifically
the expression of mineralized tissue
markers.

When comparing these results to the
published literature, certain
discrepancies are noteworthy. For
instance, Grandin et al. recently
reviewed the in vitro cellular effects
of Emdogain, showing that in
periodontal ligament and osteoblastic
cells, Emdogain enhanced cell
proliferation, gene expression,
protein production, and
differentiation [22]. Also,
angiogenesis was shown to be
stimulated by EMD in this study [22].

However, for epithelial cells
specifically, a cytostatic tendency was
described. This is in contrast with our
results which showed normal
unhindered growth and enhanced
effect on the mineralization potential
of dental epithelial cells. Our results
are supported by published literature
including that of Qu et al., who
investigated the effects of Emdogain
on the proliferation and migration of
human oral epithelial cells [23]. This
study concluded that the addition of
EMD resulted in significant
enhancement of the proliferation and
viability of the epithelial cells [18].
However, this study used a 2D model
and did not assess the mineralization
of treated epithelial cells. Likewise, a
recent study by Li et al. showed that
IGF-1 facilitated odontogenesis of
cultured periodontal ligament stem
cells [24], which again corroborated
the data for our differentiated
epithelial and dental mesenchymal
cell co-cultured constructs. In
summary, our hypotheses were
validated in this study, which
demonstrated that both Emdogain
and IGF-1 are important for the
enhancement of dental cell
differentiation and proliferation in
our system.

Conclusion

Based on the results of this study, we
conclude that a multi-layered three-
dimensional tooth bud model was
successfully created by combining
hDPSC-seeded scaffolds with dental
epithelial cell sheets. This multi-
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layered bioengineered 3D tooth bud
model exhibited abundant hDM-pDE
cell-cell contact and was sufficient to
support pDE and hDPSC cell
proliferation and differentiation. In
particular, the addition of IGF-1 and
EMD increased the mineralization
potential of the pDE cells. Future
research is therefore justified and
warranted to further verify these
conclusions in a preclinical in vivo
model.
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