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The success of any scaffold assisted regenerative therapy relies on two major factors; a conducive scaffold
material and versatile, viable stem cells. In our study, we suggest chitosan (CS)/carboxymethylcellulose (CMC)
scaffold functionalized with wollastonite (WS) (CaSiO,) particles as a conducive scaffold material which
mimics the porous structure of the bone and promotes osteogenesis. We have paired this scaffold material
with stem cells derived from dental pulp (DPSCs) which is an ideal cell source with a high percentage of stem
cells and have a natural inclination toward forming hard calcified tissues. In our experiments, the cells isolated
from human dental pulp produced a cell population with high percentage of cells positive for mesenchymal
markers CD73 and CD90. The DPSCs were able to differentiate into osteoblasts when induced with media
supplemented with B-glycerophosphate, ascorbic acid, and dexamethasone. Furthermore, physicochemical
analysis of CS/CMC/WS scaffold showed that it formed a highly porous structure conducive to cell growth,
penetration, and nutrient uptake. Furthermore, CS/CMC/WS scaffold promoted osteogenic differentiation of

DPSCs. We propose CS/CMS/WS scaffold paired with DPSCs as an effective system for bone regeneration.

1. INTRODUCTION

Adult stem cells are present in almost all tissues of the human
body, performing the primary function of maintaining and
repairing the tissues in which they are residing. They are known
to inhabit specific niches and has the potential to self-renew and
differentiate into more functional cell types. In the past decade,
an increasing number of studies tried to exploit the abilities of
adult stem cells for regenerative medicine. Mesenchymal stem
cells (MSCs) also known as skeletal stem cells is one of the most
predominantly present stem cells in an adult human body. This
progenitor cell population has the ability to give rise to at least
three of the mesodermal tissue types such as the chondrocytes,
osteoblasts, and adipocytes even in in vitro conditions [1]. MSCs
were first isolated from bone marrow mononuclear cells and later
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found to be present in multiple sites across the human body [2].
Interestingly, the human dental pulp was identified as one of such
sites which possessed niches for MSCs.

Stanley et al. [3] reported cells inside the dental pulp which not only
were able to undergo mitosis but also were able to differentiate into
immature preodontoblasts which later gave rise to odontoblasts. In
the early 21st century, further molecular and cellular level analysis
of' these cells proved their stem cell-like properties. Gronthos et al.
[4] isolated stromal cell population from dental pulp transplants
and were able to differentiate them into adipogenic and neurogenic
lineages. Immunolocalization studies revealed a niche of stromal
antigen 1 (STRO 17) MSCs in the perivascular and perineural
spaces of the dental pulp [5]. Developmentally, dental pulp cells
are derived from ectodermal tissues from the periphery of the
neural tube which migrate to the oral region. For this reason, dental
pulp cells are also termed as “ectomesenchyme” [6]. Dental pulp
stem cells (DPSCs) have a similar immunophenotype compared to
the bone marrow-mesenchymal stem cells, and they are known to
express surface antigens CD44 (homing cell adhesion molecule),
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CD29 (integrin subunit beta 1), CD73 (SNTD, 5'-nucleotidase
ecto), CD146 (melanoma cell adhesion molecule), CD271 (nerve
growth factor), and Strol [7-9]. Apart from the three mesodermal
lineages, DPSCs are also shown to transdifferentiate into other
cell types such as keratocytes of the corneal stroma [10], neuron-
like cells [11]. DPSCs contribute to regeneration not only by
differentiation, they also secrete angiogenic related molecules
such as endostatin, insulin like growth factor binding protein
3, interleukin 8 (IL8) (chemokine ligand §), monocyte chemo-
attractant protein 1 (chemokine ligand 2), tissue inhibitor of
metalloproteinase 1, vascular endothelial growth factor [12], and
beneficial factors such as leptin, fractalkine, neutrophil activating
peptide-2, macrophage inflammatory protein-1b (MIP-1b), and
MIP-3a, as well as a small number of cytokines (IL-6, -7, -8,
and -10), growth factors (granulocyte-colony stimulating factor,
macrophage colony stimulating factor, granulocyte macrophage
colony stimulating factor, stromal derived factor 1, and stem cell
factor) [13]. The use of these adult MSCs in regenerative therapy
of larger defects like bone fracture is facilitated by their ability to
proliferate on a scaffold material which localizes the MSCs on the
site of the defect and may secrete beneficial factors that enhances
their proliferation and differentiation.

Scaffolds are 3D porous materials which act as a template for tissue
formation, and they are usually seeded with cells and occasionally
“doped” with growth or differentiation factors [14]. Efficient
scaffold designing should create appropriate porous structures to
ensure desired mechanical function and mass transport properties.
This along with the material chemistry of the scaffold determines
the maximum functional properties that a scaffold can achieve,
as well as how cells interact with the scaffold [15]. Bone tissue
engineering (BTE) is one of the avenues of regenerative medicine
where scaffolds are widely used to overcome the lack of bone grafts
traditionally used in the treatment of critically sized bone defects.
[16]. The bio-scaffolds used for BTE should be biocompatible,
biodegradable and mimic in vitro extracellular matrix [17].
Chitosan (CS) is a linear cationic polymer which is composed
of partially deacetylated chitin, glycosamine, and N-Acetyl
glycosamine with B linkage [18]. Carboxymethylcellulose (CMC)
is an anionic polymer derived from cellulose which has a similar
structure to CS, and hence establishes a strong ionic cross-
linkage with CS. This results in a polyelectrolytic, hydrophilic,
protein absorbing complex [19]. Wollastonite (WS) is a naturally
occurring mesoporous calcium silicate particle which was
shown to be biodegradable and bioactive [20]. WS enhances the
differentiation of human bone marrow stromal cells to differentiate
toward osteoblasts. This stimulatory effect is caused by the release
of ionic products released from the WS particle into the culture
medium [20]. C3H10T1/2 murine mesenchymal cells treated with
CS + CMC + WS scaffold conditioned medium revealed that CS +
CMC + WS exhibits osteoconductive effect when used along with
an osteogenic medium (OM) [21].

2. MATERIALS AND METHODS

2.1. Dental Pulp Isolation and Primary Culture

Teeth (premolars) that were isolated for orthodontic purposes were
obtained from SRM Dental College, Potheri, Tamil Nadu, India

(Institutional Ethical Clearance Number: 835/IEC/2015). In this
study, we have used cells from two male patients of 28 and 22 years
of'age which were labeled as DPSC 01 and DPSC 02, respectively.
The extracted teeth were immediately immersed in DMEM
(Dulbeccos modified eagle’s medium) Glutamax® media (Gibco)
with 10% foetal bovine serum (Gibco) in a sterile centrifuge tube
and stored at 4°C. The teeth were collected and transported back
to the lab within 24 hours. In the lab, the individual tooth was cut
mechanically using a rotary saw at the cementoenamel junction
and the pulp was extracted. The pulp tissue was minced into chunks
with a sterile scalpel. The tissue chunks were then enzymatically
digested with a solution of collagenase (12 mg/ml) and dispase (16
mg/ml) at 37°C for 1 hour. After digestion, the enzyme + tissue
mixture was centrifuged at 2,000 RPM for 10 minutes at 4°C. The
pellet was re-suspended in DMEM Glutamax® media + 10% FBS
+ 1x antibiotic-antimycotic solution (Sigma-Aldrich) and seeded
in T25 filtered culture flask and incubated at 37°C with 5% CO,.
The media was changed every 3 days until the cells egressed out
of the tissues and formed a confluent monolayer.

2.2. Cytometric Analysis

Confluent DPSC 01 and DPSC 02 were trypsinized with 0.25%
Trypsin + ethylene diamine tetra acetic acid reagent (T4049,
Sigma-Aldrich) and triturated until no clumps are present. The
DPSCs were fixed with 4% paraformaldehyde in phosphate buffer
saline (PBS) for 20 minutes over ice. Primary antibodies CD90
(sc-53116), CD73 (s¢-398260) or CD34 (sc-74499) were used. The
primary stained cells were washed after 1 hour and incubated with
a fluorescent secondary antibody (AlexaFlour 488, ThermoFisher
scientific) for 20 minutes. The stained cells were analyzed in
Cytomics FC-500 (Beckman-Coulter) with CXP software.

2.3. Scaffold Preparation

The CS/CMC/WS scaffold was prepared as previously described
by Saravanan et al. [22]. 1% (W/V) CS was added to 1% (W/V)
CMC solubilized in distilled water. To this, 1% (W/V) WS was
added and stirred continuously to obtain a homogeneous mixture.
This mixture was cast into 24 well plates and lyophilized. The
scaffold material was neutralized with 1 M NaOH and washed
repeatedly with distilled water.

2.4. Physicochemical Characterization of CS/CMC/WS
Scaffolds

The surface morphology of the lyophilized CS/CMC/m-WS
scaffolds were examined and assessed by scanning electron
microscopy (SEM) and transmission electron microscope (TEM).
SEM analysis was performed in a Quanta FEI 250 instrument (FEI,
OR). A small piece of the scaffold was mounted on a “STUB”
and loaded in the sample drawer. High magnification images were
obtained with (low vacuum) condition. The pore size of multiple
pores was measured using the Tecnai® software.

TEM imaging and energy dispersive analysis of X rays were
performed in an FEI Tecnai TEM® machine. The scaffold
powder was placed in a sonic bath and then few drops of the well-
dispersed solution were placed in a “MATRIX DOT” and dried.
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The “MATRIX DOT” was then placed on the sample holder of the
TEM machine.

2.4. Osteogenic Differentiation and Alizarin Red Staining

The DPSC 02 cells were cultured in a 6-well plate until they were
~60% confluent. 1 ml of osteogenic media comprising base media,
10% FBS, 10 mM B-Glycerophosphate, 0.2 mM L-Ascorbic
acid and 100 nM Dexamethasone was added over the cells. For
conditioned osteogenic medium (C-OM), the media described
above was mixed with 5 mg/ml of lyophilized scaffold powder and
incubated at 4°C for 48 hours. The cells were incubated in OM for
a time period of 10 days with media change every 3 days. After
the stipulated time, the cells were fixed with 4% formaldehyde
and stained with Alizarin red stain and incubated for 10 minutes.
The excess stain was washed off with PBS and visualized under a
microscope. For spectrometric quantification, the stain was released
with 10% acetic acid and neutralized with 0.1 M ammonium
hydroxide. The absorbance was measured at 405 nm.

2.5. Confocal Analysis

The differentiated osteoblasts were surface seeded on the pre-
casted scaffold in a 24 well plate. The plates were incubated at
37°C with 5% CO, for a period of 7 days. The scaffold material was
then sliced transversely and the slices were stained with NucBlue®

Live Cell stain (Life Technologies). They were then mounted on
a slide and visualized under confocal microscopy system (SP5,
Leica). The stain retained by the scaffold was negated by masking
with a green channel over the scaffold auto-fluorescence.

3. RESULTS AND DISCUSSION

3.1. The Primary Cells Obtained from Human Dental Pulp
Expressed MSC Markers

The cells which egressed from the enzymatically digested tissue
chunks eventually formed colonies and then developed into a
monolayer (Fig. 1A). The cells showed uniform fibroblastic
morphology and were able to proliferate at a rapid rate. These cells
were expanded and after two passages the cells were subjected to
cytometric analysis for known mesenchymal markers CD90 (Thy-
1) and CD73 (nucleotidase/ ecto-5-nucleotidase) [23,24] and CD34,
a hematopoietic antigen was used as a negative marker. The DPSCs
derived from two different donors had a large population of CD90+
(79.3%, 96.1%) and CD73+ (99.4%, 98.9%) cells (Fig. 1B).

3.2. CS/CMC/WS Scaffold Formed a Highly Porous Surface
Conducive to Cell Growth and Nutrient Absorption

Uniformly sized spherical mesoporous WS particles (Fig. 2A) were
mixed with CS and CMC to form the CS/CMC/WS scaffold. The
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Figure 1: Primary cells from human dental pulp express mesenchymal markers. (A) Representative micro pictographs of cells egressing from enzyme-treated dental
pulp tissue. (B) Fluorescence assisted cytometry of DPSC lines from two different donors showed a high population of CD73+ and CD90+ cells. CD34 was used as a
negative marker.
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Figure 2: Physiochemical characterization of CS/CMC/WS scaffold. (A) TEM
micro pictograph of WS crystals revealed the spherical architecture of the
particles. (B) SEM micro pictograph of CS/CMC/WS scaffold demonstrated
a highly porous structure with average pore size 215 pm. (C) EDX analysis of
CS/CMC/WS scaffold revealed the atomic composition of Ca, Si, Na, C, and O.

surface morphology of the CS/CMC/WS scaffold was dissected
using SEM. The pore size of the lyophilized scaffold ranged
from 160.3 to 314.7 um (Fig. 2B) which was reported optimal
for cell attachment, proliferation, and migration [25]. The energy
dispersive X-ray (EDX) analysis revealed the constituent elements
of the CS/CMC/WS scaffold: carbon (C), oxygen (O), sodium
(Na), silica (Si), and calcium (Ca) (Fig. 2C). Previous studies
indicated that the silanol (Si-OH) group enhanced the attachment
of organic functional groups on its surface [26]. Adding to this, the
mesoporous surface provided an increased surface area with —OH
and Si—OH which facilitated adsorption [27].

3.3. Exudates from the CS/CMC/WS Scaffold Facilitated
Osteogenic Differentiation of DPSCs

The DPSCs were subjected to osteogenic differentiation for a period
of 10 days. After this time period, extracellular calcifications were
observed in the cells that were treated with OM and scaffold C-OM.
These calcifications were visualized by staining with alizarin red.
It was observed that the cells treated with C-OM showed increased
extracellular calcifications compared to the cells treated with
unconditioned OM (Fig. 3A). The spectrophotometric analysis of
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Figure 3: CS/CMC/WS scaffold facilitates osteodifferentiation of DPSCs.
DPSCs were grown in the presence and absence of CS/CMC/WS scaffold
C-OM (CM + OM). (A) The highest calcification was observed in DPSCs
treated with (CM + OM). (B) Quantification plots of calcification control,
OM, CM + OM treated cells. (C) Confocal micro pictographs of osteoblasts
differentiated from DPSCs forming colonies within the scaffold structure.

the alizarin dye released from these samples demonstrated that the
C-OM threated samples absorbed ~1.5 times more alizarin than
the OM treated samples. This indicated that the CS/CMC/WS
scaffold was osteoconductive. These results were congruent with
the studies conducted on mouse MSCs [21,22].

3.4. DPSCs were Able to Penetrate and Colonize the CS/
CMC/WS Scaffold

Osteoblasts were derived from the DPSCs using the above-
mentioned protocol. These osteoblasts were then trypsinized
and seeded over the scaffold surface which was precast in a 24-
well plate. The cells were allowed to grow for a period of 7 days
supplemented with the OM. At the end of this period, the scaffold
material was thinly sliced using a sterile scalpel and mounted on
a glass side and visualized under the confocal microscope. The
transverse sectioning revealed multiple colonies of DPSC derived
osteoblasts localized within the scaffold material. This suggests
that the porosity of the CS/CMC/WS scaffold permitted cell
proliferation and penetration.

4. CONCLUSION

From the results of our experiments, we conclude that a large
percentage of cells isolated from human dental pulp were CD73 and
CD 90 positive MSCs which were capable of differentiating into
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osteoblasts when induced by media supplements. The mesoporous
CS/CMC/WS scaffolds provide a highly porous surface conducive
to cell proliferation, penetration and nutrient absorption. The CS/
CMC/WS scaffold also secretes soluble exudates which enhances
the osteogenic differentiation of the human dental pulp-derived
stem cells. Studies have also proved CS/CMC/WS scaffolds to
be bioactive and non-toxic [21]. Based on these conclusions, we
propose DPSCs seeded on CS/CMC/WS scaffold material as a
viable system for regenerative therapy of bone defects.
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