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Stem cells from human dental pulp have been considered as an alternative source of adult
stem cells in tissue engineering because of their potential to differentiate into multiple cell
lineages. Recently, polysaccharide based hydrogels have become especially attractive
as matrices for the repair and regeneration of a wide variety of tissues and organs.
The incorporation of inorganic minerals as hydroxyapatite nanoparticles can modulate
the performance of the scaffolds with potential applications in tissue engineering. The
aim of this study was to verify the osteogenic and odontogenic differentiation of dental
pulp stem cells (DPSCs) cultured on a carboxymethyl cellulose —hydroxyapatite hybrid
hydrogel. Human DPSCs were seeded on carboxymethyl cellulose —hydroxyapatite
hybrid hydrogel and on carboxymethyl cellulose hydrogel for 1, 3, 5, 7, 14, and 21
days. Cell viability assay and ultramorphological analysis were carried out to evaluate
biocompatibility and cell adhesion. Real Time PCR was carried out to demonstrate the
expression of osteogenic and odontogenic markers. Results showed a good adhesion
and viability in cells cultured on carboxymethyl cellulose —hydroxyapatite hybrid hydrogel,
while a low adhesion and viability was observed in cells cultured on carboxymethyl
cellulose hydrogel. Real Time PCR data demonstrated a temporal up-regulation of
osteogenic and odontogenic markers in dental pulp stem cells cultured on carboxymethyl
cellulose —hydroxyapatite hybrid hydrogel. In conclusion, our in vitro data confirms
the ability of DPSCs to differentiate toward osteogenic and odontogenic lineages in
presence of a carboxymethyl cellulose —hydroxyapatite hybrid hydrogel. Taken together,
our results provide evidence that DPSCs and carboxymethyl cellulose —hydroxyapatite
hybrid hydrogel could be considered promising candidates for dental pulp complex and
periodontal tissue engineering.

Keywords: osteogenic differentiation, odontogenic differentiation, dental pulp stem cells, hydrogel, tissue
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collagen fibers is observed (arrow) (c, cytoplasm; bar: 200 nm).

FIGURE 6 | (A) TEM image of CMC-HA scaffold with DPSCs organized in cluster (arrow) after 1 day of culture (m: hydrogel material; arrowheads: HA crystals; bar:
20um); (B) TEM image of DPSCs cultured on CMC-HA hydrogel for 7 days. Cells appear well-preserved (n, nucleus; ¢, cytoplasm; bar: 10 um); (C) TEM analysis of
DPSCs cultured for 14 days. An initial deposition of the extracellular matrix (em) was observed (n, nucleus; ¢, cytoplasm; arrowhead, HA crystals; bar: 10 um); (D) High
magnification of the fibrillary structures observed in the extracellular matrix of DPSCs cultured on CMC—HA for 14 days (bar: 200 nm); (E) TEM image of DPSCs
grown for 21 days on CMC—HA hydrogel. Cells completely covered hydrogel surface (n, nucleus; c, cytoplasm; em, extracellular matrix; bar: 20 um). (F) High
magnification of fibrillary structures observed in the extracellular matrix of cells culture on CMC—HA hydrogel for 21 days. A banding structure connected with type |

seeded on both materials was initially the same, we concluded
that in CMC samples there was a weaker adhesion of cells to
the scaffold surface and less proliferation during the time of
incubation. These findings reflect one of the common problems
associated with non-human polysaccharide based hydrogels
(carboxymethylcellulose, chitosan, alginates, etc.) utilized for
tissue engineering applications, characterized by a lack of
bioactivity, which usually limits cell adhesion to biomaterials and
further tissue integration (Shin et al., 2004; Jing et al., 2015). One
approach to promote polysaccharide biomaterials interactions
with surrounding tissue has been to tether cell-binding peptides
to the biomaterial, through physical or chemical modification
methods, to provide biological cues to mimic cell-extracellular
matrix protein interactions (Jing et al., 2015).

Polysaccharide based hydrogels, designed for bone
tissue engineering, need stronger mechanical proprieties to
regenerate hard tissues (Pasqui et al., 2014; Mattei et al., 2015;
Michel et al., 2015). To this aim, it has been demonstrated
that the combination of hydroxyapatite with natural or
synthetic hydrogels improves bioactivity, osteoinductivity, and
osteoconductivity (Michel et al., 2015).

A previous investigation reports that the CMC-HA hybrid
hydrogel showed the presence of HA crystal homogenously
distributed inside and on the hydrogel surface, improving
inherent mechanical and adhesive proprieties (Pasqui et al., 2012,
2014).

HR-SEM analysis confirmed a poor adhesion of DPSCs on the
CMC surface. At the end of day 21, no cells were detected on
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FIGURE 7 | (A) Quantitative Real Time PCR analysis of mRNA of RUNX-2, COL1A1, SPARC, and ALP of DPSCs cultured on CMC-HA scaffold for 1, 3, 5, 7, 14, and
21 days. Each individual assay was performed in triplicates and expressed as mean + SD; # represents a significant difference of RUNX-2 expression relative to
control DPSCs (CTR DPSCs), P < 0.05; §represents a significant difference of COL1A1 expression relative to control DPSCs (CTR DPSCs), P < 0.05; © represents a
significant difference of SPARC expression relative to control DPSCs (CTR DPSCs), P < 0.05; *represents a significant difference of ALP expression relative to control
DPSCs (CTR DPSCs), P < 0.05; (B) Quantitative Real Time PCR analysis of mRNA of DMP-1and DSPP of DPSCs cultured on CMC-HA scaffold for 1, 3, 5, 7, 14, and
21 days. Each individual assay was performed in triplicates and expressed as mean + SD; *represents a significant difference of DMP1 expression relative to control
DPSCs (CTR DPSCs), P < 0.05; # represents a significant difference of DSPP expression relative to control DPSCs (CTR DPSCs).
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the hydrogel surface. This result is apparently in contrast with
cell viability data, where at day 7 a peak of cell viability was
observed. We speculate that during the preparation of the sample
for electron microscopy analysis, cells were lost due to a weak
adhesion on the CMC scaffold.

HR-SEM images of the CMC-HA scaffold showed a good
adhesion of cells after 1 day of culture. By the end of
day 21, the cells covered the scaffold surface, showing a
fibroblast-like morphology and several secretory vesicles on the
cellular membrane, suggesting intense protein synthesis mainly
connected with the differentiation process (Venugopal et al,
2010; Teti et al., 2012). TEM images demonstrated the presence
of extracellular matrix fibrils resembling type I collagen protein
at day 14 and 21, in agreement with the commitment of MSCs
toward the osteogenic and odontogenic lineage (Riccio et al.,
2010; Teti et al., 2012).

To fully confirm the osteogenic differentiation of DPSCs
cultured on CMC-HA hydrogel, a Real Time PCR analysis was
carried out to test mRNA expression of osteogenic markers

such as ALP, RUNX2, COL1A1, and SPARC. RUNX2 is a
transcription factor involved in osteoblastic differentiation and
skeletal morphogenesis. It has been shown to affect the expression
of type I collagen and SPARC by binding to the promoters
of these genes. RUNX2 and COLI1AIl are known to be early
markers of osteoblastic differentiation while SPARC is involved
in initiating mineralization and promoting mineral crystal
formation during bone formation. ALP appears to be intimately
related to pre-osseous cellular metabolism and to the elaboration
of a calcifying bone matrix (Siffert, 1951).

The data obtained showed the expected expression profiles
of the osteoblast phenotype. Results showed an up-regulation of
all osteogenic markers after day 14 and 21, compared to control
DPSCs. These data are in agreement with the temporal gene
expression demonstrated during osteogenesis (Kulterer et al.,
2007; Raggatt and Partridge, 2010; Fakhry et al., 2013). An up-
regulation of RUNX2 was evident during the whole period of
differentiation. COL1A1 reached a maximum of expression on
day 21 in agreement with TEM images that showed the presence
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of extracellular fibrillary structures, resembling type I collagen
protein. Also SPARC showed a nearly constant, up-regulated
expression level with a peak on day 21 of differentiation.

To demonstrate odontogenic differentiation, the mRNA
expression of DMP1 and DSPP genes was investigated by Real
Time PCR. DMP1 plays crucial roles in the formation of dentin
mineralized tissues (Ye et al,, 2004). DSPP is a large protein
which subsequently undergoes cleavage to generate two products:
dentin sialoprotein (DSP) and dentin phosphoprotein (DPP)
(Yamakoshi et al., 2006). DPP is thought to play a role during
the nucleation of calcium phosphate while DSP has little or
no effect on mineralization; its real function remains unclear
(Yamakoshi et al., 2006). Our data demonstrated an upregulation
of both odontogenic markers during the process of differentiation
reaching peak levels at D14 and D21, corresponding to the phase
of deposition of extracellular matrix and mineralization (Kulterer
et al., 2007).

In conclusion, our in vitro data demonstrated that the CMC-
HA hybrid hydrogel has suitable proprieties in supporting
DPSCs adhesion, proliferation and osteogenic and odontogenic
differentiation. This novel biomaterial could be a promising
candidate for periodontal and dental pulp tissue engineering.

AUTHOR CONTRIBUTIONS

Each author substantially contributed to experimental
procedures. In particular, Dr. Teti and Prof. Orsini planned

REFERENCES

Barbucci, R., Giardino, R., De Cagna, M., Golinia, L., and Pasqui, D.
(2010). Inter-penetrating hydrogels (IPHs) as a new class of injectable
polysaccharide hydrogels with thixotropic nature and interesting
mechanical and biological properties. Soft Matter. 6, 3524. doi: 10.1039/
c001949f

Conde, M. C., Chisini, L. A., Demarco, F. F., Nor, J. E., Casagrande, L., and
Tarquinio, S. B. (2015). Stem Cell-Based Pulp Tissue Engineering: variables
enrolled in translation from the bench to the bedside, a systematic review of
literature. Int. Endod. J. doi: 10.1111/iej.12489. [Epub ahead of print].

d’Aquino, R., De Rosa, A., Laino, G., Caruso, F., Guida, L., Rullo, R,, et al. (2009a).
Human dental pulp stem cells: from biology to clinical applications. J. Exp. Zool.
B. Mol. Dev. Evol. 312B, 408. doi: 10.1002/jez.b.21263

d’Aquino, R, De Rosa, A., Lanza, V., Tirino, V., Laino, L., Graziano, A., et al.
(2009b). Human mandible bone defect repair by the grafting of dental pulp
stem/progenitor cells and collagen sponge biocomplexes. Eur. Cell Mater. 18,
75-83.

Domingues, R. M., Gomes, M. E., and Reis, R. L. (2014). The potential of cellulose
nanocrystals in tissue engineering strategies. Biomacromolecules 15, 2327. doi:
10.1021/bm500524s

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., et al.
(2006). Minimal criteria for defining multipotent mesenchymal stromal cells
The Inter. Society for Cellular Therapy position statement. Cytotherapy 8,
315-317. doi: 10.1080/14653240600855905

Fakhry, M., Hamade, E., Badran, B., Buchet, R., and Magne, D. (2013). Molecular
mechanisms of mesenchymal stem cell differentiation towards osteoblasts.
World J. Stem. Cells. 5:136. doi: 10.4252/wjsc.v5.i4.136

Falconi, M., Salvatore, V., Teti, G., Focaroli, S., Durante, S., Nicolini, B., et al.
(2013). Gelatin crosslinked with dehydroascorbic acid as a novel scaffold
for tissue regeneration with simultaneous antitumor activity. Biomed. Mater.
8:035011. doi: 10.1088/1748-6041/8/3/035011

the research and experiments. Dr. Mazzotti, Dr. Dicarlo, and
Dr. Durante were responsible for cell culture, differentiation
treatment and hydrogel synthesis. Dott. Salvatore performed
Real Time PCR data. Dott. Focaroli performed TEM analysis;
Dr. Monica Mattioli Belmonte performed SEM observation.
Prof. Orsini oversaw the whole research. All authors equally and
competently contributed to the draft.

FUNDING

This work was supported by Fondazione del Monte di Bologna e
Ravenna.

ACKNOWLEDGMENTS

The authors kindly thank M. Nudi, BSc, MSc for proof reading
the manuscript.

ETHICAL STATEMENT

Human dental pulp cells, utilized in this study, were obtained
from healthy patients subjected to the molar extraction for
orthodontic reasons. This study did not expose the donors to any
risk. In lieu of a written consent form, a verbal authorization was
obtained from all the recruited patients, in accordance with the
Ethical Committee guidelines of the Polytechnic University of
Marche.

Focaroli, S., Teti, G., Salvatore, V., Durante, S., Belmonte, M. M., Giardino, R., et al.
(2014). Chondrogenic differentiation of human adipose mesenchimal stem
cells: influence of a biomimetic gelatin genipin crosslinked porous scaffold.
Microsc. Res. Tech. 77, 928. doi: 10.1002/jemt.22417

Galler, K. M., D’Souza, R. N., Hartgerink, J. D., and Schmalz, G. (2011).
Scaffolds for dental pulp tissue engineering. Adv. Dent. Res. 3, 333. doi:
10.1177/0022034511405326

Geckil, H., Xu, F., Zhang, X., Moon, S., and Demirci, U. (2010). Engineering
hydrogels as extracellular matrix mimics. Nanomedicine 5, 469. doi:
10.2217/nnm.10.12

Giuliani, A., Manescu, A., Langer, M., Rustichelli, F., Desiderio, V., Paino, F., et al.
(2013). Three years after transplants in human mandibles, histological and in-
line holotomography revealed that stem cells regenerated a compact rather than
a spongy bone: biological and clinical implications. Stem. Cells Transl. Med.
2:316. doi: 10.5966/sctm.2012-0136

Graziano, A., d Aquino, R,, Cusella-De Angelis, M. G., De Francesco, F., Giordano,
A, Laino, G., et al. (2008). Scaffold’s surface geometry significantly affects
human stem cell bone tissue engineering. J. Cell Physiol. 214, 166-172. doi:
10.1002/jcp.21175

Gronthos, S., Mankani, M., Brahim, J., Robey, P. G., and Shi, S. (2000). Postnatal
human dental pulp stem cells (DPSCs) in vitro and in vivo. Proc. Natl. Acad. Sci.
U.S.A. 97, 13625-13630. doi: 10.1073/pnas.240309797

Ivanovski, S., Vaquette, C., Gronthos, S., Hutmacher, D. W., and Bartold, P. M.
(2014). Multiphasic scaffolds for periodontal tissue engineering. J. Dent. Res.
93, 1212. doi: 10.1177/0022034514544301

Jing, J., Fournier, A., Szarpak-Jankowska, A., Block, M. R. and Auzély-
Velty, R. (2015). Type, density, and presentation of grafted adhesion
peptides on polysaccharide-based hydrogels control preosteoblast behavior and
differentiation. Biomacromolecules 16:715. doi: 10.1021/bm501613u

Kabir, R., Gupta, M., Aggarwal, A., Sharma, D., Sarin, A., and Kola, M. Z. (2014).
Imperative role of dental pulp stem cells in regenerative therapies: a systematic
review. Niger. J. Surg. 20, 1. doi: 10.4103/1117-6806.127092

Frontiers in Physiology | www.frontiersin.org

October 2015 | Volume 6 | Article 297


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Teti et al.

DPSCs differentiation on CMC-HA hydrogel

Kulterer, B., Friedl, G., Jandrositz, A., Sanchez-Cabo, F., Prokesch, A., Paar, C.,
et al. (2007). Gene expression profiling of human mesenchymal stem cells
derived from bone marrow during expansion and osteoblast differentiation.
BMC Genomics 8:70. doi: 10.1186/1471-2164-8-70

La Noce, M., Paino, F., Spina, A., Naddeo, P., Montella, R., Desiderio, V.,
et al. (2014). Dental pulp stem cells: state of the art and suggestions
for a true translation of research into therapy. J. Dent. 42, 761. doi:
10.1016/j.jdent.2014.02.018

Mattei, G., Ferretti, C., Tirella, A., Ahluwalia, A., and Mattioli-Belmonte, M.
(2015). Decoupling the role of stiffness from other hydroxyapatite signalling
cues in periosteal derived stem cell differentiation. Sci Rep. 5:10778. doi:
10.1038/srep10778

Michel, J., Penna, M., Kochen, J., and Cheung, H. (2015). Recent advances in
hydroxyapatite scaffolds containing mesenchymal stem cells. Stem Cells Int.
2015:305217. doi: 10.1155/2015/305217

Miura, M., Gronthos, S., Zhao, M., Lu, B, Fisher, L. W., Robey, P. G,, et al. (2003).
SHED: Stem cells from human exfoliated deciduous teeth. Proc. Natl. Acad. Sci.
U.S.A. 100, 5807-5812. doi: 10.1073/pnas.0937635100

Morsczeck, C., Gotz, W., Schierholz, J., Zeilhofer, F., Kiithn, U., Méhl, C., et al.
(2005). Isolation of precursor cells (PCs) from human dental follicle of wisdom
teeth. Matrix Biol. 24, 155-165. doi: 10.1016/j.matbio.2004.12.004

Naddeo, P., Laino, L., La Noce, M., Piattelli, A., De Rosa, A., Iezzi, G., et al.
(2015). Surface biocompatibility of differently textured titanium implants with
mesenchymal stem cells. Dent. Mater. 31, 235. doi: 10.1016/j.dental.2014.12.015

Paino, F., La Noce, M., Tirino, V., Naddeo, P., Desiderio, V., Pirozzi, G.,
et al. (2014). Histone deacetylase inhibition with valproic acid downregulates
osteocalcin gene expression in human dental pulp stem cells and osteoblasts:
evidence for HDAC2 involvement. Stem Cells 32, 279. doi: 10.1002/stem.1544

Pasqui, D., De Cagna, M., and Barbucci, R. (2012). Polysaccharide-based
hydrogels: the key role of water in affecting mechanical properties. Polymers
3:1517. doi: 10.3390/polym4031517

Pasqui, D., Torricelli, P., De Cagna, M., Fini, M., and Barbucci, R. (2014).
Carboxymethyl cellulose-hydroxyapatite hybrid hydrogel as a composite
material for bone tissue engineering applications. J. Biomed. Mater. Res. A. 102,
1568-1579. doi: 10.1002/jbm.a.34810

Pisciotta, A., Carnevale, G., Meloni, S., Riccio, M., De Biasi, S., and Gibellini, L.
(2015). Human dental pulp stem cells (hDPSCs): isolation, enrichment and
comparative differentiation of two sub-populations. BMC Dev. Biol. 15:14. doi:
10.1186/512861-015-0065-x

Pisciotta, A., Riccio, M., Carnevale, G., Beretti, F., Gibellini, L., Maraldi, T.,
et al. (2012). Human serum promotes osteogenic differentiation of human
dental pulp stem cells in vitro and in vivo. PLoS ONE 7:¢50542. doi:
10.1371/journal.pone.0050542

Potdar, P. D., and Jethmalani, Y. D. (2015). Human dental pulp stem cells:
applications in future regenerative medicine. World J. Stem Cells 7:839. doi:
10.4252/wjsc.v7.i5.839

Raggatt, L. J., and Partridge, N. C. (2010). Cellular and molecular mechanisms of
bone remodeling. J. Biol. Chem. 285, 25103. doi: 10.1074/jbc.R109.041087

Riccio, M., Resca, E., Maraldi, T., Pisciotta, A., Ferrari, A., and Bruzzesi, G. (2010).
Human dental pulp stem cells produce mineralized matrix in 2D and 3D
cultures. Eur. J. Histochem. 54:¢46. doi: 10.4081/ejh.2010.e46

Seo, B. M., Miura, M., Gronthos, S., Bartold, P. M., Batouli, S., and Brahim,
J. (2004). Investigation of multipotent postnatal stem cells from human
periodontal ligament. Lancet 364, 149-155. doi: 10.1016/S0140-6736(04)
16627-0

Shin, H., Zygourakis, K., Farach-Carson, M. C., Yaszemski, M. J., and Mikos, A.
G. (2004). Modulation of differentiation and mineralization of marrow stromal
cells cultured on biomimetic hydrogels modified with Arg-Gly-Asp containing
peptides. J. Biomed. Mater. Res. A. 69, 535-543. doi: 10.1002/jbm.a.30027

Siffert, R. S. (1951). The role of alkaline phosphatase in osteogenesis. J. Exp. Med.
93, 415-426. doi: 10.1084/jem.93.5.415

Sonoyama, W., Liu, Y., Yamaza, T., Tuan, R. S., Wang, S., Shi, S., et al. (2008).
Characterization of the apical papilla and its residing stem cells from human
immature permanent teeth: a pilot study. J. Endodon. 34, 166-171. doi:
10.1016/j.j0en.2007.11.021

Teti, G., Cavallo, C., Grigolo, B., Giannini, S., Facchini, A., Mazzotti, A., et al.
(2012). Ultrastructural analysis of human bone marrow mesenchymal stem
cells during in vitro osteogenesis and chondrogenesis. Microsc. Res. Tech. 75,
596. doi: 10.1002/jemt.21096

Teti, G., Salvatore, V., Ruggeri, A., Manzoli, L., Gesi, M., and Orsini, G. (2013).
In vitro reparative dentin: a biochemical and morphological study. Eur. J.
Histochem. 57:¢23. doi: 10.4081/ejh.2013.e23

Tirino, V., Paino, F., d’Aquino, R., Desiderio, V., De Rosa, A., and Papaccio,
G. (2011). Methods for the identification, characterization and banking of
human DPSCs: current strategies and perspectives. Stem Cell Rev. 7, 608. doi:
10.1007/s12015-011-9235-9

Varma, D. M., Gold, G. T., Taub, P. J,, and Nicoll, S. B. (2014). Injectable
carboxymethylcellulose hydrogels for soft tissue filler applications. Acta
Biomater. 10, 4996. doi: 10.1016/j.actbio.2014.08.013

Vashist, A., Ahmad, S. (2015). Hydrogels in tissue engineering: scope
and  applications.  Curr.  Pharm.  Biotechnol. 16, 606-620. doi:
10.2174/138920101607150427111651

Venugopal, J., Prabhakaran, M. P., Zhang, Y., Low, S., Choon, A. T., and
Ramakrishna, S. (2010). Biomimetic hydroxyapatite-containing composite
nanofibrous substrates for bone tissue engineering. Philos. Trans. A. Math. Phys.
Eng. Sci. 368, 2065-2081. doi: 10.1098/rsta.2010.0012

Verma, K., Bains, R,, Bains, V. K., Rawtiya, M., Loomba, K., and Srivastava, S. C.
(2014). Therapeutic potential of dental pulp stem cells in regenerative medicine:
an overview. Dent. Res. J. 11, 302-308.

Yamakoshi, Y., Hu, J. C., Iwata, T., Kobayashi, K., Fukae, M., and Simmer,
J. P. (2006). Dentin sialophosphoprotein is processed by MMP2 and
MMP20 in vitro and in vivo. ]J. Biol. Chem. 281, 38235-38243. doi:
10.1074/jbc.M607767200

Ye, L., MacDougall, M., Zhang, S., Xie, Y., Zhang, J., Li, Z., et al. (2004). Deletion
of dentin matrix protein-1 leads to a partial failure of maturation of predentin
into dentin, hypomineralization, and expanded cavities of pulp and root canal
during postnatal tooth development. J. Biol. Chem. 279, 19141-19148. doi:
10.1074/jbc.m400490200

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Teti, Salvatore, Focaroli, Durante, Mazzotti, Dicarlo, Mattioli-
Belmonte and Orsini. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

10

October 2015 | Volume 6 | Article 297


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive



