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ORIGINAL ARTICLE

Effect of Dentin Matrix Components on the Mineralization
of Human Mesenchymal Stromal Cells

Xenos Petridis, DDS, MSc,1,* Bas P. Beems, DDS,1,* Phillip L. Tomson, PhD,2 Ben Scheven, PhD,2

Ben N.G. Giepmans, PhD,3 Jeroen Kuipers, Drs. Ing.,3 Luc W. M. van der Sluis, PhD,1

and Martin C. Harmsen, PhD4

In teeth with an injured pulp, dentin matrix orchestrates hard tissue repair through the release of dentin
extracellular matrix components (dEMCs). dEMCs regulate the differentiation of resident mesenchymal stromal
cells (MSCs), thereby affecting mineral deposition. In this study, we show that low-concentration solubilized
dEMCs in osteogenic cultures of human umbilical cord mesenchymal stromal cells (UC-MSCs) and dental pulp
stromal cells (DPSCs) enhanced mineral deposition, while adipose stromal cells (ASCs) were barely affected.
Interestingly, UC-MSCs displayed significantly greater hydroxyapatite formation compared with DPSCs. UC-
MSCs and DPSCs showed a dose-dependent viability and proliferation, whereas proliferation of ASCs re-
mained unaffected. Qualitative analysis of the dEMC-supplemented osteogenic cultures through scanning
electron microscopy demonstrated differences in the architecture of the deposited mineralized structures. Large-
sized mineral accretions on a poorly organized collagen network were the prominent feature of UC-MSC
cultures, while mineral nodules interspersed throughout a collagen mesh were observed in the respective DPSC
cultures. The ability of dEMCs to induce mineralization varies between different human MSC types in terms of
total mineral formation and architecture. Mineral formation by UC-MSCs exposed to low-concentration dEMCs
proved to be the most efficient and therefore could be considered a promising combination for mineralized
tissue engineering.

Keywords: dental pulp, dentin matrix, mesenchymal stromal cells, mineralization, tissue engineering, umbilical
cord

Impact Statement

This research has been conducted with the aim to contribute to the development of treatment modalities for the recon-
struction of lost/damaged mineralized tissues. Currently, determining the most appropriate stromal cell population and
signaling cues stands at the core of developing effective treatments. We provide new insights into the effect of innate
inductive cues found in human dentin matrix components, on the osteogenic differentiation of various human stromal cell
types. The effects of dentin extracellular matrix components on umbilical cord mesenchymal stromal cells have not been
investigated before. The findings of this study could underpin translational research based on the development of techniques
for mineralized tissue engineering and will be of great interest for the readership of Tissue Engineering Part A.

Introduction

An effective approach to generate mineralized tissues
requires mesenchymal stromal cells (MSCs) with os-

teogenic potential, suitable scaffolds, and molecules that

deliver differentiation-inductive signals.1,2 MSCs from bone
marrow (BM-MSCs), adipose tissue (ASCs), and dental pulp
(DPSCs) are often used in mineralizing tissue engineering
and regenerative strategies.3 However, issues related to de-
creased cell number and osteogenic plasticity associated with
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aging, as well as the invasive harvesting procedures to
obtain them, could limit their large-scale use.4,5 Besides
the aforementioned adult MSCs, the mineralization po-
tential of cells isolated from the umbilical cord stroma
(UC-MSCs) has been documented both in vitro and
in vivo.6,7 Indeed, their use might be advantageous due to
their primitive state and the high cell yield obtained
through noninvasive harvesting.

The dentin extracellular matrix has been shown to influ-
ence the reparative processes in the dentin hard tissue.8

Physiologically, it is laid down by terminally differentiated
cells, the odontoblasts, and its basic structural compound is
collagen. Collagens form a crosslinked scaffold together
with various noncollagenous proteins (NCPs) on which
minerals are deposited.9 Among the NCPs, small integrin-
binding ligand N-linked glycoproteins (SIBLINGs), such as
dentin sialoprotein, dentin phosphoprotein, bone sialopro-
tein, dentin matrix protein-1 (DMP-1), osteopontin, and
matrix extracellular phosphoglycoprotein, small leucine-rich
proteoglycans, and osteocalcin are present in abundance, as
well as a range of growth factors.8

The latter includes the transforming growth factor-b (TGF-
b) superfamily, insulin-like growth factor 1 and 2 (IGF-1 and -
2), and fibroblast growth factor-2 (FGF-2).8 Importantly, these
signaling molecules are also released secondary to processes
that cause dentin dissolution (e.g., dental caries) and contrib-
ute to providing the necessary cues required to mediate en-
dogenous precursor stromal cells to lay down extracellular
matrix leading to hard tissue repair at the site of injury.8

Due to the compositional similarities that mineralized
tissues exhibit, dentin emerges as an ‘‘easy-to-harvest’’
source of potent signaling molecules to promote mineralized
tissue repair.10 Effective use of dentin in mineralized tissue
engineering requires precise processing of the extracellular
matrix to facilitate the extraction of its bioactive molecules.
Solubilization is a crucial procedural step in extracting
DMPs. Using EDTA as a demineralizing agent shows pre-
dictable and high extraction efficiencies for a variety of
bioactive growth factors and NCPs that participate in min-
eralization, such as TGF-b1, BMP-2, FGF-2, IGF-1, VEGF,
PDGF, biglycan, and decorin.11–18

Demineralized dentin extracts containing dentin extra-
cellular matrix components (dEMCs) induce the osteoblastic
differentiation of human BM-MSCs.16 The efficacy of
dEMCs on augmenting DPSC mineralization has also been
demonstrated.13,19 Davies et al.20 have shown that dEMCs
can act in synergy with osteogenic-supplemented culture
media and enhance mineralization in rat BM-MSC and
DPSC cultures, but not in ASCs. In another study, miner-
alization was not promoted with the addition of dEMCs on
cultures of human BM-MSCs and ASCs, contrary to the
DPSCs.13 Arguably, these findings suggest that there may be
a different effect of dEMCs on stromal cell mineralization
depending on the origin of stromal cells. To date, no re-
search has been conducted yet with regard to the effect of
dEMCs on human UC-MSCs.

The primary aim of this study was to investigate the effect
of human dEMCs on cell viability, proliferation capacity,
and mineralization potential of various human postnatal
MSCs, including UC-MSCs. Furthermore, a comparative
assessment of the microarchitecture of the mineralized
stromal cell cultures was pursued.

Materials and Methods

Human stromal cell isolation and culture

For the DPSCs and ASCs, all samples were collected after
patients’ informed consent, considered waste material, and
their use was approved for research purposes by the In-
stitutional Review Board of the University Medical Center
Groningen, The Netherlands (registration number
201501165). The study was judged as not falling under the
scope of the Medical/Scientific Act for research with hu-
mans (METc 2015.584).

Dental pulp was retrieved from immature impacted third
molars that were extracted from young patients (16–18 years
old) who presented for scheduled tooth extraction at the Oral
and Maxillofacial Surgery Department, University Medical
Center Groningen, The Netherlands. Human subcutaneous
adipose tissue samples from healthy human subjects with
body mass index <30 were obtained after liposuction sur-
gery (Bergman Clinics, The Netherlands). UC-MSCs were
kindly provided by the Future Health Biobank (Nottingham,
United Kingdom).

Isolation of human DPSCs and ASCs was performed as
described previously.21,22 The cells were cultured in DMEM
(Lonza BioWhittaker, Verviers, Belgium) supplemented with
10% fetal bovine serum (FBS) (Thermo Scientific, Hemel
Hempstead, United Kingdom), 2 mM L-glutamine (Lonza
Biowhittaker), and 100 U/mL penicillin/streptomycin (Gibco,
Invitrogen, Carlsbad, CA) and incubated in a humidified in-
cubator at 37�C with 5% CO2 (passage 0). Cells were ex-
panded and passages 3–5 were used for all experiments.

For the isolation of human UC-MSCs, a transverse slice
of umbilical cord tissue, taken from a region as close as
possible to the placenta, was incubated in culture medium
(CellGro, CellGenix, Germany) supplemented with colla-
genase solution (Nordmark, Germany) and antibiotic/anti-
mycotic (Gibco, United Kingdom) under constant shaking,
at 37�C, overnight. Next day, the digest was passed through
a 100mM cell strainer and rinsed with prewarmed CellGro,
supplemented with FBS (Gibco) and antibiotic/antimycotic
(complete growth medium). The cell suspension was trans-
ferred to a 25-cm2 cell culture flask and incubated in a hu-
midified incubator at 37�C with 5% CO2.

Medium replacement was performed every 3–4 days,
until cells reached near confluency. Following subculturing,
second passage cells were counted using a hemocytometer,
pelleted by centrifugation, and resuspended in cryoprotec-
tant (10% DMSO/1% dextran with complete medium). Fi-
nally, cell suspension was transferred to cryovials, frozen to
-150�C in a controlled rate freezer, and transferred to ni-
trogen vapor-phase storage. Cells were expanded and pas-
sages 3–5 were used for all experiments.

Cluster of differentiation expression analysis
and multilineage differentiation potential

For human DPSCs and ASCs, cluster of differentiation
(CD) surface marker expression analysis and multilineage
differentiation potential were performed at third passage
cells according to protocols previously described.23

For the CD surface marker expression of human UC-
MSCs, third passage cells were suspended in 0.9% saline
and divided into four tubes. In the first tube, no anti-human
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fluorochrome-conjugated antibodies were added. During the
analysis, the rest of the three tubes always contained the
same double set of negative CD surface markers and a
double set of positive markers. The tubes were placed in the
dark to incubate for a period of 20 min. The anti-human
monoclonal antibodies used as negative surface markers
were CD34-ECD-conjugated antibody IgG1 and CD45-
PC5-conjugated antibody IgG1. The respective positive
surface markers were CD29-FITC-conjugated antibody
IgG2a, CD44-PE-conjugated antibody IgG1, CD90-FITC-
conjugated antibody IgG1, CD105-PE-conjugated antibody
IgG3, and CD73-PE-conjugated antibody IgG1K. All fluo-
rochromes were supplied by Beckman Coulter Ltd., and the
analysis was performed with the FC500 flow cytometer
(Beckman Coulter Ltd.).

For the multilineage differentiation potential of UC-
MSCs, third passage cells were plated at a cell density of
1 · 104 cells/cm2 in complete growth medium in 12-well
culture plates (CoStar�; Corning, Inc.). When cells reached
near confluency, the culture medium was replaced with
osteogenic or adipogenic basal medium (StemPro�; Gibco)
supplemented with 10% osteogenic or adipogenic supple-
ments, respectively (StemPro; Gibco), and 1% antibiotic/
antimycotic, according to the manufacturer’s recommenda-
tions. The media were replaced every 2–3 days and Alizarin
Red-S and Oil-Red-O staining was carried out after 21 days
to determine cell osteogenic and adipogenic differentiation,
respectively.

To confirm their chondrogenic differentiation, a modified
high-density cell micropellet culture protocol was fol-
lowed.24 Briefly, 5 · 105 cells/15 mL-polypropylene tube
(Sarstedt Ltd, Leicester, United Kingdom) were centrifuged
at 400 g for 5 min, followed by a second centrifugation step
at 200 g for 5 min in 0.5 mL of either chondrogenic differ-
entiating medium [chondrogenic basal medium (StemPro;
Gibco) completed with 10% chondrogenic supplements
(StemPro; Gibco) and 1% antibiotic/antimycotic or chon-
drogenic control medium [chondrogenic basal medium
(StemPro; Gibco)] and 1% antibiotic/antimycotic. The pel-
lets obtained were incubated at 37�C and 5% CO2 and left
undisturbed for 48 h. Subsequently, the media were care-
fully replaced every 3 days for a total of 3 weeks.

Finally, the pellets were harvested, fixed, and processed
using a method previously described.25 Paraffin-embedded
sections were cleared, hydrated, and then stained with 1%
Alcian Blue dye solution (Sigma, St Louis, MO) to detect
glycosaminoglycan components of the cartilage within the
pellets, indicative of functional chondrocytes. The nuclei
were counterstained with 0.1% nuclear fast red solution
(Sigma). Brightfield images were taken at random in each
well using an inverted light microscope (Leica DMi1; Leica
Microsystems) coupled with a 5-megapixel digital camera
(Leica MC170-HD; Leica Microsystems). All the images
were acquired and processed with the Leica Application
Suite (LAS V4.9; Leica Microsystems) software.

Extraction of dEMCs

Noncarious human teeth were collected from patients
presented for tooth extraction at the Oral and Maxillofacial
Surgery Department, University Medical Center Groningen.
All samples were collected after patients’ informed consent,

considered waste material, and their use approved for
research purposes by the Institutional Review Board of
the University Medical Center Groningen, The Nether-
lands. dEMCs were isolated from powdered human dentin
based on the EDTA-demineralization protocol previously
established.20

Cell viability

Cells were seeded onto flat-bottomed multiwell plates
(Corning� CoStar� 96-well cell culture plates; Sigma-
Aldrich) at cell densities of 2 · 103 cells/well (72-h assay) or
1 · 103 cells/well (144-h assay) and incubated with 150mL
culture medium supplemented with dEMCs (5, 1, and
0.1 mg/mL) in a humidified incubator at 37�C with 5% CO2.

Cells cultured in plain culture medium served as controls.
For the 144-h assay, the media were refreshed once at 72 h.
At the endpoints of each assay, an MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Sigma-Aldrich, Amsterdam, The Netherlands) was per-
formed. Briefly, 0.5 mg/mL MTT was added to the wells and
the plates were incubated for 4 h in a humidified incubator at
37�C with 5% CO2. Subsequently, the media were decanted
and 150mL of DMSO (dimethyl sulfoxide) (Sigma-Aldrich,
Amsterdam, The Netherlands) was added to each well.

Absorbance was measured at a wavelength of 570 nm
(with a reference filter of 650 nm) with a Benchmark mi-
croplate reader (Bio-Rad Laboratories, Hercules, CA). The
assay was repeated three independent times (cell cultures)
with triplicate samples for each group.

Proliferation capacity

Cells were cultured as described previously for the cell
viability assay at cell densities of 2 · 103 cells/well. After
72 h, immunocytochemical staining of the human Ki-67
proliferation marker was performed. Briefly, following a 30-
min fixation in 2% PFA in PBS, the cells were washed with
PBS and permeabilized with 0.5% Triton X-100 (Sigma-
Aldrich) in PBS for 10 min. Next, they were incubated with
10% goat serum in PBS for 30 min to prevent nonspecific
binding of primary antibodies. This was followed by incu-
bation at room temperature for 90 min with the anti-human
Ki-67 rabbit monoclonal antibody (Abcam, The Nether-
lands), diluted 1:250 in PBS containing 10% donkey serum
and 1 mg/mL 4¢,6-diamidino-2-phenylindole (DAPI). Sub-
sequently, samples were washed with 0.05% Tween-20 in
PBS and incubated in dark conditions at room temperature
for 30 min with the donkey anti-rabbit IgG (H+L) cross-
adsorbed Alexa Fluor 594-conjugated secondary antibody
(Invitrogen), diluted 1:500 in 2% normal human serum in
PBS.

Finally, after thorough washing steps with 0.05% Tween-
20 in PBS, the TissueFAXS microscopy system (TissueG-
nostics GmbH, Vienna, Austria) was used to fully scan each
well with the DAPI and Texas Red filters at 10 · magnifi-
cation sequentially. Analysis of the captured images was
carried out with Tissue Quest 4.01.0127 software (Tis-
sueGnostics GmbH, Vienna, Austria). Results were ex-
pressed as % of Ki-67 positively stained cells (presence of
nuclear red staining) to the total of DAPI-stained cells (blue
nuclear staining). The assay was repeated three independent
times (cell cultures) with triplicate samples for each group.
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In vitro mineralization assay

Cells were seeded onto clear flat-bottomed black multiwell
plates at a cell density of 5 · 103 cells/well and incubated with
150mL culture medium in a humidified incubator at 37�C
with 5% CO2 for 24 h. Next day, 150mL of either plain
culture media or osteogenic media was added to each well, all
supplemented with dEMCs (1 and 0.1 mg/mL). Cells cultured
in above media, but without the addition of dEMCs, served as
negative and positive mineralization controls. Media were
refreshed every 3 days and cells were cultured for 21 days.

Mineralization was assessed with the fluorogenic Osteo-
Image Mineralization Assay kit (Lonza, Walkersville, MD),
which specifically binds to the hydroxyapatite portion of the
mineralized depositions. The staining was performed ac-
cording to the manufacturer’s instructions. In addition, 1mg/
mL DAPI was also added to the OsteoImage staining re-
agent as a counterstain of the cells’ nuclei. Overlay pictures
(DAPI and GFP channels) were captured with the EVOS FL
Cell Imaging System (Thermo Fisher Scientific) and quan-
tification of the fluorogenic staining was performed using a
FLUOstar Omega Plate Reader (BMG LABTECH, Thermo
Fisher Scientific) (excitation 492 nm/emission 520 nm for
OsteoImage and excitation 358 nm/emission 461 nm for
DAPI). The relative fluorescence intensity units (RFI) of the
green fluorescent staining (proportional to the amount of
hydroxyapatite) were normalized to the RFI of the blue
DAPI staining (cell-normalized hydroxyapatite formation).
The assay was repeated three independent times (cell cul-
tures) with triplicate samples for each group.

In addition, Alizarin Red-S (AR-S) staining was per-
formed after the 21-day osteogenic induction of the cells as
an extra screening validation of the extracellular mineral
deposition. Images were captured with an inverted light
microscope (Leica Microsystems DM IL).

Microstructural analysis of mineralized deposits
(scanning electron microscopy and energy dispersive
X-ray spectrometry)

Cells were seeded onto Thermanox coverslips (Nalge
Nunc Int., Rochester, NY) in 24-well plates at a cell density
of 2 · 104 cells/coverslip and incubated with culture me-
dium. On reaching confluency, culture and osteogenic me-
dia, without and with dEMCs (1 and 0.1 mg/mL) were added
and samples were cultured for 21 days. Samples were fixed
in 2% glutaraldehyde/2% PFA in 0.1 M sodium cacodylate
buffer (Na-caco) for 60 min, followed by one-time washing
with Na-caco. Subsequently, they were postfixed in 1%
osmium tetroxide (OsO4) in 0.1 M Na-caco at room tem-
perature for 60 min and washed three more times with ul-
trapure water. Next, samples were dehydrated in 15-min
baths with a graded ethanol series (30%, 50%, and 70%),
followed by three 30-min baths with 100% ethanol and
critical point-dried using CO2 in a Bal-Tec 030 CPD (Bal-
zers, Liechtenstein).

Coverslips were attached to stubs using conductive
double-side carbon adhesive tapes and cultures were finally
sputter coated with 5 nm palladium/gold (Leica EM SCD
050). Imaging was performed in a Zeiss Supra55 SEM.
Secondary electron detection was done using the Everhart/
Thornley detector at 3 kV, 30mm aperture, at 4.1 mm working
distance. All images were recorded at 3072 · 2304 pixels.

Contrast and brightness were adjusted based on a live his-
togram. SEM-EDX detection was performed with X-Max
150 detector (Oxford Instruments) at 15 kV, 60 mm aperture,
beam current 4.5 nA, and at 4.1 mm working distance. Ac-
quisition was performed at 1024 pixels, with 2048 eV
channels, a pixel dwell time of 50ms, and a total of 20 frame
acquisition.

Statistical analysis

Statistical analysis was performed using SPSS 22.00 pack-
age (SPSS, Inc.). All data are expressed as mean – standard
deviation (SD). Normality of data distribution was assessed
with the Shapiro–Wilk test. One-way analysis of variance
(ANOVA) with a Tukey’s HSD post-hoc test was per-
formed to assess the effect of dEMCs on cell viability and
proliferation within each MSC type. Two-way ANOVA
was performed to assess the effect of dEMCs and MSC
type (independent variables) on the cell-normalized hy-
droxyapatite formation (outcome measure), as measured
with the fluorogenic-based OsteoImage assay. Differences
were considered to be statistically significant at p-values
£0.05.

Results

Multilineage differentiation capacity
and immunophenotypical analysis of cell surface
markers of human MSCs

The osteogenic and adipogenic differentiation of DPSCs,
UCMSCs, and ASCs was verified by AR-S and Oil-Red-O
staining, respectively; smooth muscle differentiation of
DPSCs and ASCs was verified by phalloidin-FITC staining;
chondrogenic differentiation of UC-MSCs was verified by
Alcian Blue staining of paraffin-embedded sections of cell
micropellets (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/tea). Further-
more, immunophenotypical analysis of CD surface markers
for DPSCs and ASCs revealed high positivity for those as-
sociated with MSC phenotypes (CD-29, -44, -90, and -105)
and extremely low positivity for those associated with en-
dothelial (CD31) and hematopoietic (CD45) cells; for UC-
MSCs, the MSC surface markers CD-29, -44, -73, -90, and
105 were highly expressed, whereas the hematopoietic
markers CD34 and CD45 were barely detected (Supple-
mentary Fig. S2).

dEMCs evoke a dose-dependent reduction in viable
cell number

DPSCs and UC-MSCs showed a significant dose-dependent
reduction of cell viability on exposure to increasing con-
centrations of dEMCs, both at 72 h (Fig. 1A) and 144 h
(Fig. 1B). In the higher dEMC concentrations (5 and 1 mg/
mL), a number of viable cells remained depressed through-
out the exposure period, with the 5 mg/mL resulting in al-
most complete loss of viable cells after 144 h (Fig. 1B).
Cells exposed to the lower concentration (0.1 mg/mL)
showed a gradual low increase in cell viable numbers over
time.

ASCs exhibited a less abrupt viable cell number decrease
compared with the DPSCs and UC-MSCs. ASCs exposed to
1 mg/mL dEMCs for 72 h showed increased viability
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compared with ASCs exposed to other dEMC concentra-
tions (Fig. 1B). After 144 h, the increased viable cell number
in ASC cultures treated with 0.1 mg/mL dEMCs was re-
corded compared with the higher dEMC concentrations
(Fig. 1B). Again, the 5 mg/mL resulted in almost complete
loss of viable cells after 144 h (Fig. 1B).

dEMCs reduce the proliferation of DPSCs and UC-
MSCs, but not ASCs, in a dose-dependent manner

The effect of dEMCs on cell proliferation was further
investigated using the proliferation marker Ki-67 (Fig. 2A).
An inverse relationship between concentration and prolif-
eration was observed for DPSCs and UC-MSCs. No sig-
nificant effect on ASCs was noted. More specifically,
increased concentrations of dEMCs resulted in decreased
cell proliferation in the DPSCs and UC-MSCs, whereas
exposure of ASCs to the different concentrations yielded
insignificant differences, with an overall high level of pro-
liferation observed (Fig. 2B).

dEMCs elicit different mineralization responses
from osteogenic cultures of stromal cell types

The addition of dEMCs to nonosteogenic (plain) culture
media did not induce any osteogenic differentiation.

Control MSC osteogenic cultures were stained positive for
the OsteoImage green staining (insets, Fig. 3ai–ci) and the
AR-S staining (insets, Fig. 3aii–cii), hence indicating hy-
droxyapatite formation and extracellular calcium deposition,
respectively. However, the addition of 1 mg/mL dEMCs to
osteogenic media abrogated mineralization in the MSC cul-

tures (Fig. 3). Even after 21 days of culture in osteogenic
media, no positive OsteoImage green staining could be de-
tected in 1 mg/mL dEMC-supplemented osteogenic cultures
(Fig. 3Ai–Ci, only the blue DAPI nuclei counterstaining is
visible), thereby indicating the complete lack of hydroxyap-
atite formation. In addition, no positive AR-S staining could
be detected in the 1 mg/mL dEMC-supplemented osteogenic
cultures, thereby indicating the complete lack of extracellular
calcium deposits (Fig. 3Aii–Cii).

In the absence of dEMCs, control osteogenic UC-MSC
cultures (Fig. 4Ci) exhibited the highest level of positive
OsteoImage staining, hence hydroxyapatite formation, fol-
lowed by DPSCs (Fig. 4Bi) and ASCs (Fig. 4Di). Also, the
control DPSC and UC-MSC osteogenic cultures demon-
strated significantly less hydroxyapatite formation, com-
pared with the respective 0.1 mg/mL dEMC-supplemented
osteogenic cultures, while no difference was detected in the
ASCs (Fig. 4A).

Microscopically, the AR-S staining revealed control UC-
MSC osteogenic cultures with highly intense red-stained
areas depicting extracellular calcium depositions, followed
by DPSCs and ASCs. Morphologically, osteogenic UC-
MSC cultures exhibited numerous calcium deposits of high
degree of coalescence (highly intense red-stained nodules)
fused within an extensive network of less intense red-stained
calcium depositions (Fig. 4Cii), osteogenic DPSC cultures
exhibited an extensive network of red-stained calcium de-
positions of similar intensity (Fig. 4Bii), and osteogenic
ASC cultures exhibited big calcium deposits of high degree
of coalescence (highly intense red-stained nodules) dis-
persed within a nonstained cellular substrate (Fig. 4Dii).

FIG. 1. Dose-dependent effect of
dEMCs on MSC viability. Com-
parison of cell viability of human
dEMC-supplemented MSC cul-
tures, as assessed by MTT assay,
(A) after 72 h (one-way ANOVA
test, DPSCs: [F(3, 32) = 2642.758,
p < 0.001]; UC-MSCs: [F(3,
32) = 3802.595, p < 0.001]; ASCs:
[F(3, 32) = 18.099, p < 0.001] and
(B) after 144 h (B) (one-way AN-
OVA test, DPSCs: [F(3, 32) =
10812.758, p < 0.001]; UC-MSCs:
[F(3, 32) = 1386.143, p < 0.001];
ASCs: [F(3, 32) = 452.166,
p < 0.001]. Values are represented
as mean – SD (n = 9 samples per
group). Small letters (a–d) denote
control, 0.1, 1, and 5 mg/mL
dEMCs, respectively. Statistical
significance is indicated by {for
p £ 0.01 and by {for p £ 0.001
( post-hoc Tukey HSD test). ASC,
adipose stromal cell; dEMC, dentin
extracellular matrix component;
DPSC, dental pulp stromal cell;
MSC, mesenchymal stromal cell;
UC-MSC, umbilical cord mesen-
chymal stromal cell.
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Osteogenic media containing 0.1 mg/mL dEMCs en-
hanced hydroxyapatite formation compared with osteogenic
controls, both in the DPSCs and the UC-MSCs, as measured
by the OsteoImage assay (Fig. 4A). In the DPSCs, Osteo-
Image revealed a nodular staining pattern of mineralization
(Fig. 4Biii). AR-S staining demonstrated an extensive
stained mineralized substrate with discrete areas of strongly
stained nodular structures (Fig. 4Biv). In the UC-MSCs,
mineral deposition revealed a different pattern compared
with the DPSCs. OsteoImage staining disclosed areas with
sparse cell density covered with coalescent nodular accre-

tions and some distinct long stained (green) bundles inter-
spersed (Fig. 4Ciii). The mineral conglomerates were also
visible with the AR-S staining (Fig. 4Civ). The presence of
dEMCs did not augment the mineral deposition in ASC
cultures, but rather inhibited it. The reduction in mineral
formation was apparent from both OsteoImage and AR-S
staining (Fig. 4Diii–iv).

The tissue origin of stromal cells dictates
the mineralization pattern

SEM revealed differences in the microarchitecture of the
mineralized cultures. DPSC osteogenic cultures showed a
collagen-like fibril network with randomly orientated fibrils,
on which nodular mineral accretions were deposited
(Fig. 5A). In the dEMC-supplemented DPSC osteogenic
cultures, the collagen mesh appeared denser, onto which
coalesced mineralizing nodules were deposited (Fig. 5B).
Osteogenic ASC cultures revealed a similar fibril-like
mineralization pattern, but in a substantially lower degree
compared with the respective DPSCs (Fig. 5E). The addition
of dEMCs did not augment the accretion of minerals, but
rather suppressed it (Fig. 5F).

Osteogenic UC-MSC cultures revealed a different
structural morphology compared with other stromal cell
populations, with globular structures of different sizes and
degrees of coalescence aggregated on a poorly organized
fibril-like network (Fig. 5C, D). Some fibril network was
present in the control UC-MSC osteogenic cultures
(Fig. 5C), while a very sparse fibril mesh-like arrangement
was observed in the dEMC-supplemented osteogenic cul-
tures, mostly interconnecting some coalesced aggregates
(Fig. 5D). Nodular accretions seemed mainly to bud directly
from the cellular bodies without any intercalating fibrils
both in the control and the dEMC-supplemented osteogenic
UC-MSC cultures. Regions with isolated individual accre-
tions and regions with highly amassed deposits were also
noted.

The elemental analysis of dEMC-supplemented osteo-
genic cultures of DPSCs (Fig. 6A) and UC-MSCs (Fig. 6B)
revealed the presence of basic elements of hydroxyapatite,
namely, calcium (Ca) and phosphorus (P). In addition, the
X-ray maps disclosed the dense accretion of hydroxyapatite-
like structures of varying sizes, comprised primarily of Ca,
P, and O.

Discussion

The main finding of this study was that dEMCs aug-
mented differentiation and mineralization of human MSC
osteogenic cultures in a heterogeneous manner depending
on the stromal cell origin. UC-MSCs exhibited the highest
formation of hydroxyapatite-like structures, followed by the
DPSCs. This was associated with reduction in their prolif-
eration. In contrast, mineral production from ASCs was
inhibited by dEMCs, coinciding with an increase in cell
proliferation. A secondary finding was that the mineral
deposition pattern showed stromal cell origin-dependent
differences.

This is the first study to report on the mineralization po-
tential of human UC-MSCs in combination with dEMCs. The
addition of 0.1 mg/mL dEMCs in UC-MSC osteogenic cul-
tures resulted in a significant increase in the hydroxyapatite

FIG. 2. Dose-dependent effect of dEMCs on DPSC and
UC-MSC proliferation, but no influence on ASCs. (A) Re-
presentative microscopic overview image (TissueFAXS
microscope) from the 72-h control DPSC culture showing
immunocytochemical staining for the proliferative marker
Ki-67 (red nuclear staining) and DAPI (blue stained cell
nuclei). (B) Comparison of proliferation of human dEMC-
supplemented MSC cultures, as assessed by immunocyto-
chemical staining of the human Ki-67 proliferation marker
after 72 h (one-way ANOVA test, DPSCs: [F(2,
24) = 231.244, p < 0.001]; UC-MSCs: [F(2, 24) = 1173.219,
p < 0.001]; ASCs: [F(2, 24) = 1.391, p = 0.268]. Values are
represented as mean – SD (n = 9 samples per group). Small
letters (a-c) denote control, 0.1, and 1 mg/mL dEMCs, re-
spectively. Statistical significance is indicated by {for
p £ 0.001 ( post-hoc Tukey HSD test).

DEMC EFFECT ON MSC MINERALIZATION 1109

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

G
ro

ni
ng

en
 N

et
he

rl
an

ds
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

9/
16

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

https://www.liebertpub.com/action/showImage?doi=10.1089/ten.tea.2018.0192&iName=master.img-001.jpg&w=238&h=367


formation, significantly outperforming the respective yield
of DPSCs and ASCs. This study did not address the
mechanisms underlying these differences, but the involve-
ment of the mitogen-activated protein kinase (MAPK) sig-
naling pathways cannot be excluded. Indeed, the osteogenic
capacity of UC-MSCs has been corroborated, with evidence
pointing to the MAPK family as the regulator of this
in vitro-induced mineralization.26

In addition, the osteogenic/dentinogenic differentiation of
BM-MSCs is augmented in the presence of dEMCs via in-
creased MAPK pathway activation.27 Moreover, MAPK
activation has been shown to mediate the enhanced miner-
alization of DPSCs exposed to a demineralized dentin ma-
trix substrate.28 Therefore, a valid hypothesis accounting for
the increased mineralization observed in dEMC-
supplemented UC-MSCs would involve dEMC-induced
activation of the MAPK signaling pathway. Further inves-
tigation of this hypothesis seems justified.

However, given the abundant presence of TGF-b, FGF-2,
and BMP-2 in demineralized dentin matrix extracts,15,16,29

several molecular mechanisms become relevant. Arguably,
the qualitative and quantitative composition of the dentin
matrix extracts would determine the differentiation cell fate
of UC-MSCs. The FGF-2 and/or BMP-2/MAPK/Runx230–33

or the BMP-2/Dlx5/Runx234 signaling axes could underlie
the increased mineralization noticed, also indicating osteo-

genic differentiation of UC-MSCs.35 On the contrary, TGF-
b1 could engage the Smad-dependent TGF-b1 signaling
axis,36 which consequentially would result in the repression
of the transcriptional activity of Runx237 and favor the den-
tinogenic differentiation of UC-MSCs, as has been demon-
strated for DPSCs.38

Especially with regard to the potential dentinogenic
commitment of UC-MSCs, the increased dEMC-induced
hydroxyapatite formation shown in the present study in the
presence of dEMCs, together with their demonstrated den-
tinogenic differentiation under the influence of deminer-
alized dentin matrix,39 could further support their use for
stromal cell-mediated tooth regeneration/tissue engineering.
Remarkably though, the microarchitecture of the mineral-
ized tissues formed by the UC-MSCs, with the large-sized
globular mineral deposits laid on a poorly organized col-
lagenous substrate, appeared to differ from dentin, where a
calcified collagen network stands.

Finally, it is also possible that the complex bioactive
makeup of the dEMCs could provide UC-MSCs with mul-
tiple signals, thus promoting the generation of hybrid
dentin-/bone-like mineralized structures.40 Further research
is warranted on the phenotype UC-MSCs acquire on expo-
sure to demineralized dentin matrix, as well as on the un-
derlying mechanisms that govern the enhanced dEMC-
induced mineralization noted.

FIG. 3. Abrogation of
mineral deposition on expo-
sure of MSCs to osteogenic
media supplemented with
1 mg/mL dEMCs. Re-
presentative microscopic im-
ages from control MSC
osteogenic cultures stained
positive with the OsteoImage
(insets, ai-ci, green staining)
and AR-S staining (insets, aii-
cii, red staining) and from 1
mg/mL dEMC-supplemented
MSC osteogenic cultures
stained negative with the Os-
teoImage (Ai-Ci) and AR-S
staining (Aii–Cii).
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Notably, UC-MSCs had a higher intrinsic mineralization
capacity than hard tissue-related DPSCs, namely, in the
absence of dEMCs, UC-MSCs showed a significantly higher
hydroxyapatite formation capacity than the DPSCs. The
more immature state of UC-MSCs compared with DPSCs
might drive their higher potency. However, the micro-
architecture of mineralized DPSC cultures resembled more
the typical structure of mineralized collagen matrix-
supported tissues, such as bone and dentin.

Extracted components from human dentin constitute part
of the DPSC niche. The abundant presence of TGF-b1 in
demineralized dentin matrix extracts and its stimulatory
effect on the mineralization capacity of dental pulp cells
have been recently demonstrated.15 TGF-b1 regulates
collagen synthesis in dental pulp cells and collagen pro-
duction has been positively associated with increased con-

centrations of TGF-b1.41 This could account for the
collagen-based hydroxyapatite formation of dEMC-
supplemented DPSC osteogenic cultures. In contrast, high
concentrations of TGF-b1 decrease the expression of col-
lagen and ECM-related genes in UC-MSCs or upregulate
the expression of matrix metalloproteinases,42 which could
explain the formation of dense mineralized aggregations on
a lesser organized fibril network that was observed in the
respective UC-MSC cultures in this study.

In addition, the embryologic origin of the two stromal cell
types could contribute to the differences observed in their
mineralization pattern. DPSCs derive from the neural crest
cells, which are involved in the formation of a majority of
collagen-based mineralized craniofacial structures.43 UC-
MSCs may represent a more primitive stromal cell popu-
lation that exhibits a different sensitivity when exposed to

FIG. 4. dEMCs enhanced the mineralization efficiency of DPSC and UC-MSC osteogenic cultures, but not of ASCs. (A)
Comparison of the hydroxyapatite formation capacity of human MSC osteogenic cultures in the absence and presence of
0.1 mg/mL dEMCs (two-way ANOVA test, statistically significant interaction between the two independent variables, that
is, dEMC and MSC type, [F(2, 48) = 37.285, p < 0.001]). Values are represented as mean – SD (n = 9 samples per group).
Capital letters D, U, and A denote the MSCs used, that is, DPSCs, UC-MSCs, and ASCs, respectively and small letters a
and b denote the control and the 0.1 mg/mL dEMC groups, respectively. Statistical significance is indicated by {for p £ 0.001
(simple main effects analysis). (B–D) Representative microscopic (B,i,iii, C,i,iii, D,i,iii) images from control and (B,ii,iv,
C,ii,iv, D,ii,iv) 0.1 mg/mL dEMC-supplemented MSC osteogenic cultures stained with the OsteoImage fluorogenic and
Alizarin Red staining. Scale bars represent 100mm.
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FIG. 5. Scanning electron mi-
croscopy (SEM) imaging of the
MSC osteogenic cultures revealed
distinct differences in their pattern
of mineral deposition. DPSC os-
teogenic cultures (A) showed a
collagen network (inset a, yellow
circle), on which nodule-like
minerals were deposited (inset a,
white trapezoid). dEMC-
supplemented DPSC osteogenic
cultures (B) exhibited a denser
collagen mesh (inset b, yellow
circle), richer in mineral deposi-
tions of higher coalescence (inset
b, white rectangular), while long
distinct collagen fibrils were fre-
quently noticed (inset b, yellow
rectangular). UC-MSC osteo-
genic cultures (C) exhibited iso-
lated areas packed with collagen
fibrils (inset c, yellow circle), but
no extensive organized collagen
network. Globular mineralized
structures seemed to bud directly
from the cellular bodies with no
intercalating collagen fibrils and
varied in size (inset c, white rect-
angular). dEMC-supplemented
UC-MSC osteogenic cultures (D)
exhibited enhanced mineral de-
position, both in terms of the size
of globular mineral deposits (inset
d, white square) and the degree of
coalescence of smaller mineral
accretions (inset d, white ellipse).
The lack of an organized collag-
enous substrate was a prominent
feature. ASC osteogenic cultures
(E) demonstrated a collagen
fibrin-associated mineralization,
similar to DPSC osteogenic cul-
tures, but with considerably
smaller sized amassing mineral
accretions deposited on the colla-
gen substrate (inset e). dEMC-
supplemented ASC osteogenic
cultures (F) showed a very poor
collagen network (inset f, yellow
circle) and only some randomly
distributed mineral accretions, di-
rectly budding from the cellular
bodies being observed (inset f,
white square).
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mineralization-inductive conditions.44 Therefore, it could be
argued that DPSCs show a propensity for laying down
collagen-based mineralized structures compared with UC-
MSCs.

Osteogenic ASC cultures did not benefit from the addition
of dEMCs. Indeed, mineralization was impaired in the
presence of dEMCs, in contrast to the other stromal cell
types. The reduced mineralization capacity of dEMC-
supplemented rodent-derived ASC cultures compared with
donor-matched BM-MSCs and DPSCs has previously been
demonstrated.18 These results indicate that human ASCs are
not responsive to components contained in the dentin matrix
extract. An altered TGFb-receptor and bone morphogenetic
protein profile have been reported.45 Also, FGF-2 promotes
the adipogenic profile of ASCs46 and inhibits their osteo-
genic differentiation in a dose-dependent manner.47 The
presence of these growth factors in the extracted dEMCs
could account for the observed low level of mineralization
in ASC cultures.13–16

An inverse correlation was noticed between proliferation
and mineralization in the presence of dEMCs. Notably,
higher concentrations of dEMCs had a negative impact on
cell viability, clearly indicating that there is a threshold
above which the presence of DMP is detrimental. None-
theless, the presence of a lower concentration of dEMCs
(0.1 mg/mL) decreased the proliferation activity in UC-MSC
and DPSC cultures, while on the contrary enhanced their
differentiation and mineralization. Induction of differentia-
tion is inherently linked with reduction in cell proliferation.
Therefore, it seems that the continuous presence of a low-
concentration ‘‘reservoir’’ of growth factors changes the
proliferation and differentiation dynamics in favor of the
latter. In addition, it has been shown that even lower con-
centrations of dEMCs are able to increase mineralization of
several MSCs.20,27,48 This indicates that an optimal con-
centration that maximizes mineral formation should exist,
for which further research seems justified.

To summarize, addition of dEMCs to osteogenic cultures
of different human MSCs selectively augmented their dif-

ferentiation and in vitro hydroxyapatite formation. dEMC-
supplemented UC-MSC and DPSC osteogenic cultures
showed significantly increased hydroxyapatite formation
compared with control cultures, with UC-MSCs being
benefited the most by the presence of dEMCs. This was in
contrast to ASCs, where the addition of dEMCs abrogated
hydroxyapatite formation almost completely. However, the
differences observed in the mineralization pattern of the
mineralized stromal cell cultures necessitate further inves-
tigation. The absence of collagen-like fibrils as a matrix on
which mineralization occurs may impact the physico-
mechanical properties of the mineralized tissues, which is
currently not known. The findings of this study suggest that
harnessing UC-MSCs or DPSCs by cues provided by
dEMCs may provide an advantageous stromal cell-based
therapy for mineralized tissue repair and regeneration.
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