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ABSTRACT

AIM: To evaluate and compare the bioactivity, cell adherence and proliferation of

MTA plus, MTA Plus - Chitosan Conjugate and Chitosan Gel on Human Dental

Pulp Stem Cells (hDPCs).

METHODOLOGY: The Dental pulp stem cells (hDPSC) was derived from an

extracted premolar tooth and was differentiated into odontogenic cells. Alkaline

phosphatase assay was done for the odontogenic cells to confirm their

differentiation. Materials used were MTA Plus (Group 1), MTA Plus and chitosan

conjugate (Group 2) and Chitosan (Group 3). After culturing cells at different time

intervals, cells were seeded with the biomaterials for 24, 48 and 72hrs. Cell

adhesion was checked using crystal violet assay. Cell proliferation was evaluated

using 0.04% Tryphan blue. The cells cultured without cement material served as a

control. The cells were counted using Neubauer chamber. The results were

obtained in triplicates to maintain reproducibility. The morphology and cell growth

were checked under inverted light microscope and the results were recorded.

Bioactivity of Group 1 and Group 2 materials were assessed at 7 days and 28 day’s

time intervals using SEM-EDX analysis. Friedman test and Wilcoxon test were

used for statistical analysis. Statistical significance was set at P ≤ 0.05

RESULTS: Group 2 and 3 had greater amount of cell adhesion and proliferation

after 24 and 48 hrs. However, Group 1 showed greater cell proliferation after 72

hrs. The cells were able to adhere on the biomaterial and showed a spindle shaped

morphology which was observed under the inverted light microscope. Group 2 had

a better ability to form apatite crystal on its surface.



XII

CONCLUSION: Chitosan can be used as a vehicle with MTA plus since the

conjugate had greater potential to form apatite crystals on its surface. It does not

have any cytotoxic effect in fact it has shown proliferative properties, so further

studies need to be done.

KEYWORDS: Apatite, Bioactivity, Cell adhesion, Cell proliferation, Chitosan,

Dental pulp stem cells, Mineral Trioxide Aggregate Plus, Scanning electron

microscope
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INTRODUCTION 

 

Caries is an irreversible microbial disease which leads to demineralization of inorganic 

and dissolution of organic component of tooth. Untimely management of leads to 

progression of caries. Thus, deep dentinal caries leads to tooth damage. The natural 

repair process is stimulated in such cases by which new odontoblasts are formed, that 

produce new dentin. This observation suggests the possibility that dental pulp contains 

mesenchymal cells that provides a source of cells facilitate repair[1].  

This observation led to various studies on the mesenchymal cells which can help in 

regeneration of damaged cells. Also, various methods to isolate these cells for the 

experiment purpose was attempted. The isolation of stem cells from extracted teeth 

was first reported by Gronthos, which lead to numerous studies of various materials 

on the dental pulp stem cells.[2] Their attachment and spreading on material surfaces 

are another important aspect that plays a crucial role in dental pulp repair.[3] Higher 

expression of fibroblast growth factor and transforming growth factor β was observed 

in DPSCs when cell proliferation increased. They are released when there is damage 

to dentin and mobilize pulpal stem cells to differentiate into odontoblasts.[4] Cell 

adhesion to bioactive materials is important in stimulating signals that regulate cell 

differentiation, cell migration and survival. [3] Moreover, DPSCs are capable of 

differentiating into other mesenchymal derivatives such as odontoblasts, osteoblasts, 

chondrocytes and adipocytes on stimulation by injury or through interactions with 

biomaterials.[5] 

Dental restorative materials can affect the surrounding structures of teeth that they 

come in contact (enamel, dentin, cementum, bone) either directly or indirectly. Ions 
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are released from the material into the pulp via open dentinal tubules which stimulates 

tissue response either during or after the setting process. For this reason, the 

assessment of restorative materials should be assessed not only for their chemical, 

physical, and mechanical characteristics, but also for their biocompatibility. Any 

assessment of biocompatibility requires an evaluation of cytotoxicity, i.e., the effect 

of a material on cell viability.[6] 

During the procedure the material will be in direct contact with the viable tissue and 

can potentially affect the adhesion and proliferation of pulpal cells. Unfavourable 

outcomes like necrosis or apoptosis leading to cell death can also be encountered. 

Hence, the materials that are biologically non-toxic are preferred for repair purposes. 

[7] 

Bioactivity is another factor to be considered as it means that a bioactive material 

reacts chemically with body fluids to help with the repair processes of the tissue. 

Bioactive materials stimulate a biological response by formation of hydroxyapatite 

layer on surface of materials after immersion in body fluid by release of calcium and 

phosphates. Bioactive materials induce cytological and functional changes within 

pulpal cells, resulting in formation of reparative dentin at surface of exposed dental 

pulp in pulp vital therapy.[8]  

Various materials have been tried and tested over the years for the repair purposes. 

Most commonly and frequently used material in the recent years is Mineral trioxide 

Aggregate (MTA). Mineral Trioxide Aggregate (MTA) is a calcium silicate-based 

material which consists of tricalcium silicate, Dicalcium silicate, tricalcium aluminate, 

bismuth oxide, calcium sulphate and gypsum. It has been widely used in conservative 

and endodontic treatment, including root end filling, direct pulp capping and 

regenerative endodontic procedures. Moreover, the versatile properties of MTA, 
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including biocompatibility, antibacterial, anti- inflammation make it a promising 

candidate for tissue engineering applications. [9] [10] MTA functions due to its release 

of calcium ions, which react with phosphate groups in the interstitial fluid to form 

hydroxyapatite and interact with carbon dioxide to form calcium carbonate 

crystallization surrounded with the fibronectin-enriched network structure, in which 

both of them facilitate the formation of tooth hard tissue barrier. Several studies have 

revealed that MTA can promote cell differentiation by activating some signaling 

pathways in different cell lineages.[11] Unfortunately, it suffers from several 

deficiencies, such as poor workability and prolonged setting time.[12] To overcome 

these deficiencies newer materials have been introduced into market. MTA Plus 

(Prevest Denpro) is a material similar to MTA with finer particle size and better 

handling properties released into market. Another material widely used in medical 

field for various application is Chitosan. 

Chitosan is natural biodegradable polymer produced by deacetylation of chitin. It is 

derived from naturally occurring sources, which is the exoskeleton of insects, 

crustaceans such as crabs, shrimps, prawns, lobsters and cell walls of some fungi such 

as aspergillus and Mucor.[13] Chitosan is an ideal material for biomedical applications 

because of its distinctive biological properties, which include good biodegradability, 

biocompatibility, osteoconductivity and anti-microbial properties. It is also a 

candidate material for hard tissue repair. [14] 

Chitosan as a vehicle has been widely discussed in research paper due to its property 

to coat and protect the molecules of dental materials from degradation It also controls 

the rate of release of ions. It serves as a semi-synthetic extracellular matrix to provide 

an amenable environment for cellular adherence and re-modelling.[15] Recently, Ruan 

et al. employed a chitosan-based hydrogel as a delivery medium for amelogenin with 
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the aim of regenerating the aligned crystal structure. The use of chitosan offers a dual 

effect of protection against secondary caries owing to its antibacterial properties along 

with not influencing enamel crystal orientation. [16]  More research is required to 

explore the further potential of chitosan for enamel regeneration applications.  

Studies must be performed especially on human cells, to ensure that these new 

materials are biocompatible when in close contact with living tissues. The compounds 

in them may either interfere on the healing process or can repair the damaged tissue. 

The incorporation of various particles into each other can, not only improve their 

physico-chemical properties but also the biocompatibility, pH, sealing ability and 

calcium releasing ability.[12] Thus, this study develops a novel approach of using 

chitosan as vehicle to mix MTA Plus. Thus, the aim of the study is to compare and 

evaluate the bioactivity, cell adhesion and proliferation of human dental pulp stem 

cells on MTA Plus, MTA Plus – Chitosan Conjugate and Chitosan by directly 

culturing the cells on the materials. 
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OBJECTIVES 

1. To evaluate cell adhesion and proliferation of human dental pulp stem cells on MTA 

Plus  

2. To evaluate cell adhesion and proliferation of human dental pulp stem cells on MTA 

Plus mixed with Chitosan Gel 

3. To evaluate cell adhesion and proliferation of human dental pulp stem cells on Chitosan 

gel 

4. To evaluate cell adhesion and proliferation of human dental pulp stem cells on growth 

medium (CONTROL GROUP)  

5. To examine bioactivity of MTA Plus and MTA-Chitosan conjugate. 

6. To compare cell adhesion-proliferation of MTA Plus, MTA Plus-Chitosan Conjugate 

and Chitosan gel 
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Review of literature 

Calcium silicate materials have gained acceptance in dentistry and medicine due their 

various indications in the field of repair and regeneration of tooth structure. They have been 

used for various purposes including direct pulp capping and repair of dentin. They have 

good sealing which is correlated to expansion, the ability to set in presence of oral fluids, 

bioactivity and the release of ions acting as epigenetic signals. [17] 

MTA plus is a calcium silicate material that produces calcium hydroxide necessary for 

remineralization of dentin. [17] Chitosan is natural biodegradable polymer produced by 

deacetylation of chitin. It provides a three- dimensional network for developing cells or for 

their use in tissue engineering. They both have shown excellent biocompatibility when 

cultured with human dental pulp stem cells. [18] 

CELL VIABILITY, ADHESION AND PROLIFERATION TESTS 

               This study was done to evaluate the feasibility of mineral trioxide aggregate 

(MTA) powder coated with polydopamine (PDA) in dental and bone tissue regeneration.  

The MTA powder was well suspended in a dopamine solution buffered at a pH of 8.5 using 

tris(hydroxymethyl)aminomethane buffer. The solution was vigorously stirred for 12 hours 

at room temperature. The hDPCs used in this experiment were derived from freshly 

extracted intact human premolars. The pulp tissue was immersed in a phosphate-buffered 

solution and digested in 0.1% collagenase type I for 30 minutes. After being transferred to 

a new plate, the cells were cultured in Dulbecco modified Eagle medium supplemented with 

20% fetal bovine serum and 1% penicillin (10,000 U/mL)/streptomycin (10,000 mg/mL) a 

humidified atmosphere with 5% CO2 at 37ºC. The medium was changed every 3 days. The 

cells were subcultured through successive passaging at a 1:3 ratio until they were used for 
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the experiments. The odontogenic differentiation medium was Dulbecco modified Eagle 

medium supplemented with 10-8 mol/L dexamethasone, 0.05 g/L L-Ascorbic acid and 2.16 

g/L glycerol 2-phosphate disodium salt hydrate. Cell adhesion and proliferation was 

checked by directly seeding cells on PDA covered MTA at a density of 10-4 cells/mL s. cell 

morphology was checked using immunofluorecent staining and a Zeiss Axioscopic 

microscope. Bioactivity of each specimen was checked after immersing the specimen in 

10ml of simulated body fluid at 37ºC for different time periods. The results indicated that 

PDA coated MTA facilitated cell adhesion and proliferation in a dose-dependent manner. 

The odontogenic differentiation in hDPCs cultured on PDA-MTA revealed the highest level 

of ALP activity among all of the groups. The SEM results indicated that the surface of 

cement was covered in honeycomb- like structured precipitated indicating bioactivity and 

remineralization ability of the cement. [12] 

               The aim of this study was to evaluate and compare the in vitro osteogenic, 

odontogenic and angiogenic effects of mineral trioxide aggregate (MTA), calcium 

hydroxide [Ca(OH)2], Biodentine and Emdogain on dental pulp stem cells (DPSCs) and 

examine the tested materials on cell viability.  The cells were obtained from third olars of 

human adult patient. The pulp tissue was separated and digested in a solution of 3 mg/ml 

collagenase type I and 4 mg/ml dispase for 1 h at 37 °C. The cells were gown in α-MEM 

growth medium containing 10% fetal bovine serum (FBS) and 100 U/ml penicillin, 100 

μg/ml streptomycin and incubated at 37 °C in 5% CO2. The odontogenic differentiation was 

done using a medium composed of α-MEM supplemented with 10% FBS, 100 IU/ml 

penicillin, 100 μg/ml streptomycin, 50 μg/ml L-ascorbic acid, 10 mM β -glycerophosphate, 

10 nM calcitriol (1 α,25-dihydroxyvitamin D3) and 10 nM dexamethasone. The 3 cements 

were mixed according to manufacturer instructions and placed at the bottom of 6-well tissue 

culture plates. Emdogain Gel was diluted with alpha-modified Eagle medium (α-MEM) to 
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a final working concentration of 100 μg/ml. Cell viability assay, surface marker expression 

was done using spectrophotometer and flow cytometry. Gene expressions for odontogenic 

differentiation was checked using RT-PCR. The results showed that all materials showed 

variable cytotoxicity against DPSCs compared to control (P value < 0.0001). Osteopontin 

(OPN) and dentin sialophosphoprotein (DSPP) gene expression was increased by all four 

materials. Alkaline phosphatase (ALP) was upregulated by all materials except Emdogain 

suggesting repair capacity of the cement materials. [19] 

             The aim of this study was to evaluate the effects of 3 freshly-mixed hydraulic 

calcium silicate materials on human dental pulp cells (HDPCs). The isolated pulp tissue 

fragments from human molars were were seeded on the surface of 25-cm2 cell-culture flasks 

which was filled with 1ml Dulbecco’s Modified Eagle’s Medium supplemented with 10% 

fetal bovine serum. The HDPCs were cultured in 175-cm2 cell-culture flasks at 37ºC, 5% 

CO2 and 95% humidity. Cells at passage 3–6 were used in this study. Odontogenic 

differentiation was done using differentiation medium. Calcium deposits were detected by 

1% Alizarin red S staining for 10min. 3 cements namely, Biodentine, Next Cem MTA and 

Phosphopullulan were prepared with the aid of a sterile 1-cm3 syringe and applied to the 

bottom of a well of a 12-well plate. Immediately after preparing the disks, 3ml DMEM 

supplemented with 10% FBS were added and left in contact with the medium for 24h at 

37ºC, 5% CO2 and 95% humidity. Cell-cytotoxicity, cell-proliferation assays were 

performed by XTT-colorimetric assay at different time points. The cell-migration ability 

was tested with the wound-healing assay and the odontogenic differentiation capacity was 

tested with RT-PCR. The results showed that all 3 freshly-mixed and setting cements were 

not cytotoxic toward HDPCs and stimulated proliferation, migration and odontogenic 

differentiation of HDPCs. [20] 
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            The aim of the study was to evaluate the effects of the capping materials mineral 

trioxide aggregate (MTA), calcium hydroxide (CH) and Biodentine (BD) on stem cells from 

human exfoliated deciduous teeth (SHED) in vitro. SHED, isolated and characterized, were 

maintained in alpha-MEM medium supplemented with 10% fetal bovine serum and 1% 

penicillin and streptomycin solution. Cells were maintained at 37°C and 5% CO2 and split 

at a ratio of 1:3 when they reached 80% confluence. The medium was changed every two 

days. For all experiments, SHED at passages 4 to 8 were used. BD, CH and MTA were 

prepared according to the manufacturer’s instructions. BD, MTA and CH were applied to 

cultures as “conditioned media”, to avoid direct contact with cells. For stimulation, SHED 

were seeded into 96-well plates and allowed to attach overnight. The medium was 

completely replaced by MTA, CH or BD conditioned media at 37°C, for 1, 3, 5 and 7 days. 

Regular culture medium (without conditioning) and culture medium supplemented with 

20% FBS were used as negative and positive controls, respectively. Cell viability was 

checked using MTT assay and cell proliferation was checked using SRB assay. Gene 

expression profiling was done using RT-PCR. The results showed that MTA, CH and BD 

conditioned media allowed maximum cell proliferation and viability, with CH conditioned 

medium causing the highest positive effect on proliferation at the end of the treatment 

period. DMP-1 gene was expressed maximum in MTA group compared with the other 

groups from day 7 up to day 21 indicating biocompatibility with SHED. [21] 

            The aim of this study was to investigate the effect of accelerated-set mineral trioxide 

aggregate (MTA) on the proliferation and odontoblastic differentiation of human dental pulp 

cell niches (DPSC). Cells isolated and characterized, were maintained in alpha-MEM 

medium supplemented with 10% fetal bovine serum and 1% penicillin and 100 mg/mL 

streptomycin. After 10–15 days of incubation at 37°C in a humidified atmosphere of 5% 

CO2 in the incubator, the cells reached confluence and cells were trypsinized. ProRoot MTA 
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was mixed with various additives, which included distilled water, 2.5% disodium hydrogen 

phosphate and 5% calcium chloride. The mixed materials were inserted into the 24-well 

plates and set for 24 h at 37°C. The dental pulp cells were seeded directly onto the surface 

of MTA at a concentration of 5000 cells/well in 24-well plates in odonto-induction medium 

containing DMEM, 10 mmol/L b-glycerophosphate, 0.2 mmol/L ascorbic acid and 100 

nmol/L, dexamethasone. Cells cultured without test materials were used as a control. Cell 

viability was evaluated by MTS assay. Cell growth and expression of odontoblastic 

differentiation markers (dentine sialophosphoprotein (DSPP) and collagen type 1 (COL1)) 

were determined using Real-Time Polymerase Chain Reaction analysis. Osteo-/odontogenic 

differentiation was evaluated by measurement of alkaline phosphatase activity (ALP). 

Calcium deposition was assessed using von Kossa staining.  The results showed that MTA 

mixed with 5% CaCl2 and 2.5% Na2HPO4 exhibited optimal cell viability and increased 

ALP activity compared to MTA mixed with distilled water, indicating mineralization nodule 

formation. MTA mixed with 5% CaCl2 and 2.5% Na2HPO4 also enhanced the mRNA 

expression level of the osteogenic/odontogenic markers compared with MTA mixed with 

distilled water. [22] 

            This study aimed to evaluate and compare the effect of MTA and Biodentine on 

proliferation and differentiation of dental pulp stem cell (DPSCs). DPSCs were isolated and 

cultured into a T-25 flask containing DMEM supplemented with 10% fetal bovine serum 

(FBS), 100 U/ml penicillin, 100 µg/ml streptomycin and 1% Fungizone at 37°C and 5% 

CO2. The cells were passaged using Trypsin/EDTA once the cells reached 70%-80% 

confluence. Colony formation was checked using 0.1% toluidine blue. Cells were then 

differentiated into osteoblasts and adipogenic cells using definite culture medium. RT-PCR 

amplifications were performed to analyze the mRNA level of these genes. RT-PCR 

amplifications were performed to analyses the mRNA level of these genes.  Under aseptic 
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conditions, Biodentine and MTA (Anguls) were mixed according to the manufacturer’s 

instructions. Cylinder blocks of each material were formed and were allowed to set for 24 

hours at 37ºC in 100% humidity. Then, the cylinder blocks were placed in 6-well plates 

containing cultured cells from the fourth passage at a density 1 x 104. All the wells were 

labelled by the date & its group. Cells in all groups were cultured for 14 days and media 

were changed every three days without discard the cylinder blocks of the experimental 

groups. The two experimental groups showed initially marked decrease followed by 

increased rate of proliferation and viability. The expression of differential genes was also 

increased in both the experimental group with Biodentine showing greater results than MTA 

group indicating increased biocompatibility of the two materials. [23] 

            This study aimed to evaluate the biological effects in vitro of MTA Angelus, MTA 

Repair HP and NeoMTA Plus on human dental pulp stem cells (hDPSCs).  Cells were 

isolated under aseptic conditions and were seeded in 75cm2 culture flasks containing alpha 

minimum essential ( -MEM) medium supplemented with 100 U/mL penicillin and 

streptomycin; and 10% foetal bovine serum (FBS) in an incubator at 37 °C and 5% CO2. 

hDPSCs from the passage 4 of culture was used for this study. MTA -HP, NeoMTA-P and 

MTA-Ang were mixed according to the manufacturers’ instructions. Discs of each material 

were formed under aseptic conditions in sterile cylindrical rubber moulds 5 mm in diameter 

and a 2 mm high, and sterilized using ultraviolet irradiation for 15 min before storing in an 

incubator at 37°C for 48 hours to achieve complete setting. For the extraction of the eluates, 

the materials were stored in the culture medium for 24 h at 37°C in a humid atmosphere 

containing 5% CO2. The materials seeded with DPSCs were checked for cell viability was 

using MTT assay. Cell morphology was checked using confocal microscopy and phase 

contrast microscope was used to check cell migration of cells seeded on eluates. The 

chemical composition of the materials was determined by energy dispersive X -ray (EDX). 
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Undiluted MTA -Ang, MTA -HP and NeoMTA -P displayed a significant increase in cell 

viability greater than that obtained using control. MTA - Ang, MTA -HP and NeoMTA -P 

had similar cell migration rates after incubation when compared with the control group. In 

addition, stretched cytoskeletal F -actin fibres were detected in the cells treated with the 

three material extracts. SEM studies revealed a high degree of cell proliferation and 

attachment on all three materials. EDX analysis showed similar weight percentage of 

Carbon, Oxygen, Aluminium, Silica, Sulphur and Calcium in all three materials indicating 

favourable biological effects of these pulp capping materials. [24] 

              This study was to investigate the effects of tricalcium silicate (Ca3SiO5) on 

proliferation and odontogenic differentiation of human dental pulp cells (hDPCs) in vitro. 

Pulp tissue was isolated and rinsed in PBS buffer supplemented with 100 IU/mL penicillin 

and 100 g/mL streptomycin. Cell were incubated in Dulbecco modified Eagle medium 

(DMEM) supplemented with 2 mmol/L glutamine, 100 IU/mL penicillin, 100 g/mL 

streptomycin, 0.25 mg/mL amphotericin B and 20% fetal bovine serum at 37ºC in a 

humidified atmosphere of 5% CO2 and 95% air. Cells were trypsinized (0.2% trypsin and 

0.02% ethylenediaminetetraacetic acid) and DPCs from the third to fifth passages were used 

for this study. Ca3SiO5 powders were prepared by sol-gel method. The extracts of Ca3SiO5 

and Ca (OH)2 powder were respectively mixed in serum-free DMEM at a ratio of powder to 

medium (200 mg/mL) and incubated at 37ºC in humidified atmosphere of 5% CO2 and 95% 

air for 24 hours without agitation. After the mixture was centrifuged for 10 minutes, the 

supernatant was sterilized through a 0.22-mm filter and stored at 4ºC for further use. Cell 

proliferation was checked using methyl-thiazol-tetrazolium (MTT) assay. Real-time 

polymerase chain reaction was used to check odontogenic differentiation markers which 

were verified by ALP activity assessment, mineralization assay, and immunocytochemistry 

staining. Cell proliferation and odontogenic markers like Alkaline phosphatase and Dentin 



Review of literature 

13 
 

sialoprotein were more significant with Ca3SiO5 extract as compared with Ca (OH)2 extract 

indicating that Ca3SiO5 enhanced mineralization and expression of odontogenic genes. [25] 

                The purpose of this study was to compare the effects of two fast-setting pulp-

capping materials, Biodentine (BD) and iRoot Fast Set (FS) root repair material, on the 

attachment, viability, migration, and differentiation of human dental pulp stem cells 

(hDPSCs). hDPSCs were isolated, centrifuged and incubated in a flask with DMEM, 

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in 5% 

CO2. hDPSCs at passage 6 were identified by flow cytometry and were used for the study. 

BD and iRoot FS were prepared according to the manufacturer’s instructions under sterile 

conditions and placed into a sterile custom-made plastic cylindrical mold (1-mm thickness 

and 10-mm diameter) at 37 °C under 100% humidity until it was completely solidified. The 

disks were briefly placed in 24-well tissue culture polystyrene (TCPS) plates and immersed 

in Dulbecco phosphate-buffered saline (DPBS) for 2 weeks. Before cell seeding, the disks 

were immersed in Dulbecco modified Eagle medium (DMEM) for 1 day. A live/dead assay 

was used to assess the cell viability. Transwell assay was performed to study cell migration. 

The osteogenic differentiation-related genes, alkaline phosphatise (ALP), collagen type I 

(COL1), and osteocalcin (OCN), were analysed. Cells seeded with materials were induced 

with osteogenic medium consisting of the growth medium plus 100 nM of dexamethasone, 

10 mM of β-glycerophosphate, and 0.28 mM of ascorbic acid. Osteogenic differentiation 

was determined by quantitative real-time polymerase chain reaction (qRT-PCR) for the 

analysis of alkaline phosphatase (ALP), collagen type I (COL1) and osteocalcin (OCN). 

SEM images indicated that hDPSCs showed a well spread, spindle shaped morphology on 

both BD and FS disks. FS significantly increased the proliferation and migration of hDPSCs 

on day 7. Osteogenic genes were not expressed by both the groups during the observation 
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period. BD and FS both were beneficial to hDPSC attachment. FS performed better than BD 

on hDPSCs proliferation and migration. [26] 

               The aim of this study was to evaluate the effects of an experiment pulp-capping 

material (Exp) composed of an antibacterial resin monomer (MAE-DB) and Portland 

cement (PC) on the viability, adhesion, migration, and differentiation of human dental pulp 

stem cells (hDPSCs). Minced Dental pulp tissues were separated and digested with a 

solution of 3mg/mL type I collagenase with 4mg/mL dispase for 45–60min at 37 °C. 

Incubation of the single cell suspension was carried out in α-MEM medium supplemented 

with 20% FBS, 100 units/mL penicillin G, 100 mg/mL streptomycin, and 50mg/mL ascorbic 

acid at 37 °C in 5% CO2. Characterization of the cells were done using Flow cytometry. The 

cells between the third and fifth passages were used in the study. A synthesised resin matrix 

containing HEMA-BisGMA-TEGDMA (mass ratio, 4:3:1) with MAE-DB at 5 wt% was 

mixed with white PC at a PC: HEMA-BisGMA-TEGDMA resin mass ratio of 2:1. The 

resins were photo-cured for 60 s on each side with a light activation unit in a 24-well plate. 

A cured resin matrix without PC was fabricated for the cell viability assay. White ProRoot 

MTA was prepared according to manufacturer’s instructions on the bottom of a 24-well 

plate and left to set for 48h at 37 °C in a humidified 5% CO2, 95% air atmosphere. The 

sample elutes were used for the cell adhesion assay and cell migration assay. After 

incubation at 37 °C for 24h, the resulting supernatant was sterilised using a 0.22-μm filter 

before use with the cell cultures and was changed every three days. Based on a Cell Counting 

Kit-8 assay, hDPSCs exposed to Exp extracts (MAE-DB and PC) showed limited viability 

at 24 and 48h, but displayed comparable viability to the control at 72h. Exp treated hDPSC 

treatment showed enhanced cellular adhesion and migration according to in vitro scratch 

wound healing and Transwell migration assays. Exp significantly upregulated the 

expression of osteogenesis-related genes with higher ALP activity and calcium deposition 
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in vitro compared with the control group indicating that it is a potential alternative to 

conventional materials for direct pulp capping. [27] 

 

BIOACTIVITY TESTS 

           The aim of this study was to evaluate the bioactivity of MTA Plus after immersion 

in simulated body fluid (SBF).  3 cements namely, MTA Plus and ProRoot MTA and Dycal 

were mixed according to manufacturer’s instructions. Freshly mixed pastes were compacted 

into polyvinyl chloride molds (8 ± 0.1 mm diameter x 1.6 ± 0.1 mm) and the excess was 

removed. The freshly prepared cement pastes were placed vertically in 20 mL Hank’s 

Balanced Salt Solution and were allowed to age for 1,7 and 28 days. HBSS was replaced 

weekly. The samples were examined ‘‘wet’’ using an environmental scanning electron 

microscope connected to an energy dispersive x-ray analysis for formation of calcium 

carbonate. The results showed the presence of uniform precipitate after 7 days on MTA 

Plus. The atomic percentage of calcium and phosphorous increased after 28 days. ProRoot 

MTA showed highest Magnesium peak at 7 days and a globular calcium phosphorous 

precipitate at 28 days. Fresh Dycal exhibited a uniform surface with prominent calcium, 

phosphorous, tungsten, titanium, zinc, sulphur, and carbon after 7 days. At 28 days, the layer 

of Ca/P precipitates was insufficient to mask titanium and zinc for Dycal samples. The study 

concluded that all 3 cements were bioactive but both MTA material showed greater 

precipitation of calcium-phosphate on their surface. [28] 

           The aim of this study was to evaluate apatite-forming ability of ProRoot MTA cement 

after immersion in phosphate containing solution (DPBS). The cement was mixed with 

water and placed on a plastic coverslip of 13 mm diameter to obtain standard disks. 

Immediately after preparation, the samples were placed in DPBS (Dulbecco’s Phosphate 



Review of literature 

16 
 

Buffered Saline) at 37ºC. the samples were evaluated for bioactivity at 5hrs, 1 and 7 days 

using Environmental Scanning Electron Microscope connected to Energy Dispersive X-ray 

analysis. ESEM-EDX analysis showed different surface morphologies depending on the 

soaking time. 1-day old samples had amorphous and irregular precipitates with aggregates 

of apatite nanospherulites. 7-day samples showed evenly distributed layer of apatite crystals 

on the entire surface. The study concluded the formation and maturation of carbonated-

apatite phase on the surface of ProRoot MTA indicating its bioactive nature. [29] 

           The aim of this study was to compare the apatite forming ability of a novel and long-

standing calcium silicate cements to that of conventional pulp capping calcium hydroxide. 

The materials were prepared according to the manufacturer’s instructions and were placed 

into PVC molds (8.0±0.1 mm diameter × 1.6±0.1 mm thickness). Material disks were 

immediately immersed vertically in 20 mL of Hank’s Balanced Salt Solution and stored at 

37°C for 1, 7 and 28 days. The medium was renewed weekly with fresh HBSS. The surface 

of each damp sample was examined using an environmental scanning electron microscope 

connected to energy dispersive X-ray analysis. The Ca/P ratio calculated from atomic data 

was obtained. The results showed Ca/P coating composed of spherulites on all calcium 

silicate materials after 28 days. MTA Plus showed the thickest coating with a ratio of 2.62. 

ProRoot showed a ratio of 1.84 however, spherulites were larger in size compared to other 

materials. TheraCal had a finely granular surface with uneven small dense spherulites on 

surface. Thus, the cements showed bioactive properties with high rates of calcium 

deposition, necessary for dentin bridge formation. [30] 

          The study aim was to evaluate the bio-properties (biointeractivity and apatite-forming 

ability) of Biodentine, compared to that of ProRoot MTA.  The materials were mixed 

according to the manufacturer’s instructions. The liquid to powder ratio (L/P) was 0.26 for 

Biodentine and 0.31 for ProRoot MTA.  The surface of each damp sample was examined in 
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wet conditions without any previous preparation using an environmental scanning electron 

microscope connected to a secondary electron detector for energy dispersive X-ray analysis. 

The results showed that Biodentine had a coating composed of denser but smaller 

spherulites in fresh and 28-day aged samples, while ProRoot MTA showed large but less 

dense aggregates of spherulitic deposits indicating greater apatite forming ability of 

Biodentine. [31] 

            This study aimed to analyze the chemical-physical properties, including pH, 

volumetric change, radiopacity, and apatite-forming ability in simulated body fluid, of a 

new tricalcium silicate material MTA Flow. The materials used in the study were MTA 

Flow and MTA Angelus. Samples of all the materials were prepared in accordance with the 

respective manufacturer’s instructions. Molds filled with freshly prepared cement (8 ± 0.1 

mm diameter 1.6 ± 0.1 mm) were vertically immersed in 20 mL Hank’s balanced salt 

solution and stored at 37ºC for 28 days. HBSS was renewed every week. Fresh samples and 

28-day aged samples were examined using elemental analysis by energy-dispersive X-ray 

spectroscopy (EDX) which was used to calculate the surface calcium-phosphorus (Ca/P) 

atomic ratios. Fresh MTA Flow presented a uniform surface. Elongated particles of bismuth 

oxide with variable sizes were evident in the cement matrix. After 28 days, the surface was 

coated with irregularly distributed Ca and P precipitates with no evidence of Bismuth. 

Freshly mixed MTA Angelus and 28-day aged samples displayed an irregular surface with 

evident granules. The component Si decreased in intensity, and no Sulphur or Bismuth was 

detected. The study concluded that MTA Flow showed remarkable alkalinizing capability 

and the ability to form calcium phosphate deposits after being soaked in simulated body 

fluid. [32] 

           This study aimed to analyse the following physicochemical properties like calcium 

release, surface morphology, and apatite-forming ability of MTA Repair HP and MTA 
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Vitalcem. All materials were prepared according to the manufacturer’s instructions. Freshly 

mixed samples (8±0.1 mm diameter × 1.6±0.1 mm) were vertically immersed in 20 mL of 

Hank’s Balanced Salt Solution and stored at 37 °C for 28 days. The HBSS was renewed 

weekly. Fresh samples and 28-day-old samples were examined using an environmental 

scanning electron microscope connected to an energy dispersive x-ray. EDX data were used 

to calculate the surface calcium-phosphorus (Ca/P) atomic ratio. Freshly mixed 

conventional MTA cement showed high calcium and silicon, and traces of aluminum with 

evident elongated particles of bismuth. Following 28 d in HBSS the surface was coated with 

irregularly distributed Ca and P precipitates (Ca/P=2.05), and Bismuth was not detectable. 

Freshly mixed MTA Repair HP showed a uniform surface containing interspersed granules 

of tungsten and displayed Ca and Si. After 28-d soaking in HBSS, the surface was covered 

with globular precipitates, the Si component disappeared and sodium, Magnesium, and P 

elements from HBSS became detectable. Freshly mixed MTA Vitalcem displayed a granular 

surface showing mainly Ca and Si. Al, Zirconia and Sulphur were noted. After 28 d in 

HBSS, the surface was coated with globular precipitates. The study concluded that MTA 

Repair HP and MTA Vitalcem favoured calcium phosphate nucleation. [33] 

             This study aimed to evaluate the surface apatite-forming ability of Protooth, high 

fluoride Protooth and Ultrafast Protooth by immersing in phosphate-buffered saline (PBS).  

The three cements were mixed according to manufacturer’s instructions and were filled into 

molds with 6 mm diameter and 2 mm height. Each sample was immersed individually in a 

closed container with 10 ml PBS at 37ºC in an incubator for 1, 7, 28, and 56 days. PBS was 

refreshed every 7 days to replenish the phosphate ions. Samples were examined using an 

environmental scanning electron microscope connected to an energy dispersive x-ray. After 

day 1, the formation of spherical and globular precipitates with acicular crystallites were 

observed. After 7 days, more globular precipitations homogenously covered the surface of 
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cements. After 28 days, the deposition layer thickened and appeared significantly denser in 

structure with petal-like morphology in Ultrafast Protooth and Protooth and Lathe- like 

formation in high fluoride Protooth. After 56 days, crystals became more compact and 

voluminous. The study showed dense apatite formation on the surface of all Protooth 

compositions after immersing in PBS. [34] 

           This study examined the chemical differences between white MTA and 

BioAggregate in both powder and set forms using XRD. ProRoot MTA with a tooth-colored 

formula and BioAggregate were used. For the powder sample, 1.5 g of each specimen was 

placed into the sample holder and then packed with a sterile glass slide to provide a uniform 

surface. For the set specimen, 0.5 g of powder was mixed with the liquid included in the 

package according to the manufacturer’s instructions. The slurry mixed cement was placed 

onto a glass slide and the upper surface of the specimen was swept with a plastic spatula. 

The samples were set for 3 days at 37°C and 100% humidity in the incubator. Both powder 

and set materials were mounted for XRD analysis.  The chemical compositions of White 

MTA and BioAggregate were similar, but there were some noticeable differences. White 

MTA contained a significant amount of synthetic bismuth oxide (bismite). The major 

components in the BioAggregate group were calcium silicate oxide, tantalum oxide and 

calcium silicate. Peaks for Hydroxyapatite, quartz, calcium phosphate silicate, calcium 

hydroxide and calcite were also observed indicating their apatite forming ability. [35] 

          This study compared the apatite forming ability of three calcium silicate-based 

capping materials: Mineral trioxide aggregate (MTA), Biodentine (BD) and Tech Biosealer 

capping (BS).  Materials were mixed according to manufacturer’s instructions. The 

materials’ cements were placed in Teflon molds (8.0 ± 0.1 mm diameter and 1.6 ± 0.1 mm 

thickness), allowed to set at 37º C and 99% relative humidity for 24 h. The samples were 

removed from the molds and immersed in 20 mL of Hank’s Balanced Salt Solution at 37ºC 
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for 1, 7, and 28 days. The surface of each disc was examined in dried status by an 

Environmental Scanning Electron Microscope that was connected to a secondary electron 

detector for energy dispersive X-ray analysis. Ca/P ratio was calculated from the obtained 

data. On day 1, all materials showed low Si and appearance of Na, Mg, and P. The surfaces 

were covered by globular precipitates on Day 1 for BD sample. For MTA sample, at day 1, 

the surface was covered by aggregating spherulites forming irregular Ca/P deposits that 

increased with time and showed high Calcium, Silica and Magnesium, Bismuth and 

Phosphorous. BS showed a granular surface with Ca, Si, Bi, Cl, S, and Al elements which 

was covered partially at day 1. At day 7, BD showed uniform surface containing interspersed 

granules and displayed Calcium, Silica, sodium and Chlorine reflexes. For MTA sample, at 

day 7, high Calcium and Magnesium peaks, noticeable amounts of Phosphorous, Silica and 

Bismuth were reported. At day 28, BD showed the same surface at day 7. At day 28, MTA 

showed an irregular Ca/P coating at the surface. At 28 days, the surface of BS was 

completely covered by spherulitic Ca/P deposits. Thus, MTA, BD and BS are biointeractive 

bioactive materials that possess the ability to release ions and form calcium phosphate 

deposits. [36] 

          The aim of this study is to assess the mineralization capacity and bioactive response in 

vitro of the bioceramic endodontic cement MTA HP Repair (HP). The in vitro bioactivity 

evaluation was assessed, by soaking the cement disks in 13 mL of simulated body fluid 

(SBF) during 4, 24, 72 and 168 h at 36.5ºC. Previously to the bioactivity assay, the samples 

were sterilized under UV light for 10 min period on each side.  The microstructures were 

studied by field emission gun scanning electron microscopy (FEG-SEM). Energy dispersive 

X-ray (EDX) analysis was carried out at 10 kV with an EDX Bruker XFlash 4010 detector. 

FEG-SEM analysis reveals that HP produces a surface consisting of homogeneous spherical 

phosphate phase aggregates with an average diameter of 0.5-1.0 µm. EDX analysis showed 
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that 24 h and 72 hr SBF treated surfaces of MTA HP Repair revealed phosphate deposition, 

with high phosphorous/silicon element ratio, indicating a very high phosphate phase 

deposition and apatite forming ability for this material. [37] 
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MATERIALS AND METHODOLOGY 

The purpose of this study was to evaluate and compare the bioactivity, cell 

adherence and proliferation of Human Dental Pulp Stem Cells (hDPCs) on MTA 

plus, MTA Plus - Chitosan Conjugate and Chitosan Gel  

This study was conducted at the Central Research Lab in SDM College of Medical 

Sciences and hospital, Dharwad. The study protocol was approved by the 

Institutional Review Board and Ethical Committee of the Institution. In this study, 

the following specimens, materials, instruments and equipment were used. 

Table 1: Materials and equipment used 

MATERIALS/EQUIPMENTS MANUFACTURER 

MTA Plus Prevest DenPro Limited, compounded for 

Avalon Biomed 

2 % Chitosan gel Himedia laboratories Pvt.Ltd 

Simulated tissue fluid Himedia laboratories Pvt.Ltd 

Crystal Violet Sigma Aldrich, India 

Tryphan Blue Sigma Aldrich, India 

24 Well polystyrene culture 

plates 

Tarsons 

Dulbecco’s Modified Eagle 

Media 

HiMedia Laboratories Pvt. Ltd 

10% Fetal Bovine Serum HiMedia Laboratories Pvt. Ltd 

10% antibiotic agent HiMedia Laboratories Pvt.Ltd 

10% antimycotic agent HiMedia Laboratories Pvt.Ltd 

Incubator (37
0
 C,5%CO2) New Brunswick, an Eppendorf company 

Dimethyl sulfoxide Himedia laboratories Pvt.Ltd 

Inverted microscope Motic Microscopes 
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Scanning electron microscope Carl Zeiss 

Biosafety cabinet Thermofischer scientific 

Neubauer chamber Rohem India 

 

METHODOLOGY: 

Collection of Teeth Samples: 

Non carious permanent human premolars were collected. Written informed consent 

were obtained from the patients.  

Sample Processing:  

After the collection of teeth, they were disinfected with 3% sodium hypochlorite 

solution for two minutes and rinsed with phosphate buffer saline (PBS) thrice. The 

teeth were dried using cotton gauze. An incision was made with a straight fissure bur 

(Mani, Inc. USA) around the cemento-enamel junction to decoronate the tooth. The 

pulp was exposed using a sterilized diamond fissure bur (Mani, Inc. USA) which 

was connected to a high-speed hand piece (NSK, USA) under continuous water 

supply. The Sectioned teeth were placed into the transport media (TM) containing 

basic medium Dulbecco modified essential medium- High Glucose (DMEM-HG) 

supplemented with 20% fetal bovine serum (FBS) and 1% Antibiotic antimycotic 

(ABAM) (Hi-Media). Samples were then placed on ice and were transferred to 

Central Research Laboratory, SDM College of Medical Sciences & Hospital, 

Dharwad for subsequent processing and culture.  

Processing and Culture: 

100 mm petri plate (Hi-Media) were set up for processing of each tooth in a 

biohazard laminar flow hood (Thermofischer) under aseptic conditions. Sectioned 

teeth were decanted in a petri plate. Teeth were held with sterile forceps and pulp 
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tissue was gently extirpated using endodontic H-file # 30 (MANI, Inc, USA). Pulp 

tissue was placed in PBS containing 1% antibiotic antimycotic solution (Hi-Media) 

in a petri plate for 10 to 20 minute and was washed thrice with 1X PBS (Hi-Media) 

each for 10 minutes. They were then transferred into a new petri plate containing 

DMEM-HG with 20% FBS and minced into 1- 2mm
3
 using surgical blade. The 

minced fragments were plated in a T-25 flask containing DMEM-HG supplemented 

with 20% FBS, 1% anti-biotic and anti-mycotic, 1mM sodium pyruvate and 2mM L-

glutamine (Hi-Media). Explants were cultured at 37°C in a humidified incubator 

with 5% CO2. Cell colonies were observed daily under inverted microscope (Motic) 

for any contamination or cell growth via migration from explant. Micrographs were 

captured using Motic cam2.0 microscope camera controller at different 

magnifications. 

Passage: 

When cells reached 70 to 80% confluency, they were either used for an assay or 

cryopreserved for later use. Cells were thoroughly washed with PBS twice, 

tryspinized with 0.05% Trypsin-EDTA (Hi Media) for two to five minutes, 

neutralized by adding 10% FBS containing DMEM-HG. Detached cells were 

transferred in a tube, centrifuged at 900 rpm for five minutes. The supernatant was 

carefully decanted so that the cell pellet is not dislodged. Cells were resuspended 

either in growth media for an intended assay or stored using freezing media 

containing 90% FBS and 10% DMSO (Hi-Media) in liquid nitrogen at -196°C for 

later use or long-term storage. 
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Differentiation:  

Dental Pulp Stem Cells were subjected to differentiation by using differentiation 

media (Hi-Media) containing Dexamethasone (DMEH- HG + 10% FBS + 2% 

ABAM, Dexa-40ng/ml). The cells were allowed to differentiate for 10-15 days. The 

morphology was monitored daily. The differentiated cells were used to perform the 

experiment. 

Estimation of Serum Alkaline phosphatase: 
 

Alkaline phosphatase activity was carried out for newly-differentiated odontoblast 

like cells using the ALP assay kit. This test confirmed that the differentiated cells 

were odontoblasts. These cells were used further for bioactivity tests 

PROCEDURE: 4 test tubes were marked as follows- 

 Blank (B), Standard (S), Test (T) and Control (C) 

Table 2: ALP assay 

Reagent (ml) Blank Standard Test Control 

Buffer 1.1 1.1 1.0 1.0 

Substrate − − 1.0 1.0 

Serum − − 0.1 − 

Standard 

(Phenol 1mg/100ml) 

− 1.0 − − 

Water 1.0 − − − 

Incubate at 37
o 

c for 15 minutes 

Sodium hydroxide 0.5 0.5 0.5 0.5 

Serum − − − 0.1 

Sodium bicarbonate 1.2 1.2 1.2 1.2 

Mix thoroughly 

4-amino antipyrine 1.0 1.0 1.0 1.0 

Potassium ferricyanide 1.0 1.0 1.0 1.0 

Alkaline Phosphatase Assay protocol: 

1.Cell were washed with PBS and then homogenised in 200µl buffer. 

2.The cellular debris was separated by centrifuge at 5000 rpm for 5 minutes. 

3.The reaction mixture was prepared in Eppendorf tubes.  



Materials and methodology 

26 

 

4.The colour intensity was measured at 510nm using a multi-well spectrophotometer  

5.The ALP activity was measured by comparing with standard solution.  

6.The results are expressed in IU/L. 

OBSERVATION: Absorbance (A) readings were noted. 

The enzyme activity was expressed in term of IU/L where 7.1 is for conversion of 

KA units to IU/L. 

 

                                      
     

     
 
       

      
     

 

                                                                       
     

     
        

 

AS – Absorbance of Standard sample 

AB – Absorbance of Blank  

AC – Absorbance of Control 

AT- Absorbance of Test 

Sample Preparation: 

MTA Plus powder was mixed with its gel in a Powder /Liquid ratio of 1:1 as 

recommended by the manufacturers using a glass slab and spatula.  

For conjugates each material was mixed with 2% chitosan gel. The materials will be 

grouped as follows. 

GROUP 1– MTA Plus mixed with the proprietary gel 

GROUP 2- MTA Plus mixed with 2% Chitosan gel 

GROUP 3- 2% Chitosan Gel 

GROUP 4- Control Group (Growth Medium) 
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All biomaterials were mixed according to manufacturer’s instructions and were 

condensed into specimen molds (2± 0.1mm diameter x 2± 0.1mm). Then, the 

biomaterial specimens were removed from the molds and incubated in a CO2 

incubator at 37°C and 100% humidified atmosphere for 24h to ensure complete 

setting. The specimens were then sterilized using UV light. 

Cell proliferation and Viability Assay with Tryphan Blue:  

Cells were grown till they reached 60- 65% confluency. Briefly, cells were 

tryspinized and resuspended in complete media. Equal volumes of cell suspension 

and 0.4% trypan blue (Gibco) were mixed and 10μL of prepared sample were loaded 

using micropipettes in chamber of haemocytometer. Viable and nonviable cells were 

counted manually within five minutes of preparing sample. Counting was performed 

in duplicate.  

Calculations for cell proliferation 

 Percentage of viable cells =  

                                                          

 Average of cells/square= 

                                                 

 Dilution Factor = 

                                      

 Concentration of viable cells/ml = 
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Crystal Violet Assay for cell adhesion: 

The crystal violet assay was conducted to check cell adhesion.  

The materials were coated on the 12 well plates. Odontoblastic differentiated cells 

from third and fourth generation were seeded into biomaterial cell culture plates at a 

density of 10
4 

cells and was incubated at 5% CO2 humidified atmosphere at 37
0
C for 

24, 48 and 72 hrs. The images were captured on Motic cam. Simultaneously in other 

plate, cells were stained with 0.2% crystal violet and the viable cells were counted 

manually using haemocytometer. This assay is useful for obtaining quantitative 

information about the relative density of cells adhering to multi-well cluster dishes 

as crystal violet will stain the DNA. 

Protocol for crystal violet adhesion assay: 

 Culture medium was carefully removed from wells after which, 

1. The cells in the plate were washed with PBS thrice. 

2. PBS was aspirated carefully and crystal violet was added. 

3. Cells were incubated for 10 minutes at room temperature. 

4. The cells were then washed with tap water thrice. Precaution was taken to avoid 

cell dislodgement. 

5. The water was removed completely using lint free paper. 

6. The image was captured at 20x magnification on Motic inverted cam 2.0 
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Bioactivity: 

To assess the bioactivity of the materials, one freshly mixed sample from group 1 

and 2 was immersed vertically in centrifuge tubes containing 15ml PBS (HI-Media). 

The tubes were stored at 37°C and PBS renewed every week. Bioactivity of all these 

materials were assessed at 7 days and 28 days’ time interval. One specimen from 

each experimental group was selected and were sterilized under ultraviolet light for 

20 minutes. Then the samples were air dried completely and were coated with gold 

(10nm). They were observed under a scanning electron microscope connected to a 

secondary electron detector for energy dispersive X-ray analysis (EDX; Central 

instrumentation Facility, Manipal, Karnataka) at 5000x magnification.  
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COLOUR PLATE 1: Materials used 

Fig 1.1: Materials for study: Chitosan gel and MTA Plus 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.2: Materials used for culture: A- Micropipettes, B- ABAM, C-DMEM, D- Petri 

dish, E- Tissue culture flasks, F- Tissue well plates 
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COLOUR PLATE 2: Equipment used 

 

Fig 2.1: Biosafety cabinet 

Fig 2.2: Incubator 
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Fig 2.3: Light microscope setup 
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COLOUR PLATE 3: Extraction of pulp tissue 

 

Fig 3.1: Extracted human permanent premolars 

 

Fig 3.2: Decoronated at CEJ for the removal of pulp tissue 

 

Fig 3.3: Pulp tissue minced into fragments with the culture media 
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COLOUR PLATE 4: Cells and Neubauer’s chamber under inverted 

light microscope 

 

Fig 4.1: Pulp tissue seen under inverted microscope 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.2: Dental pulp stem cells (A) and odontoblasts (B) under inverted light microscope 
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Fig 4.3: Neubauer’s chamber 

 

Fig 4.4: Neubauer’s chamber under inverted light microscope 
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COLOR PLATE 5: Manipulation of biomaterials 

                                            

 

 

 

 

 

 

 

 

Fig 5.1: Manipulation of the materials; MTA Plus with proprietary gel (A), MTA Plus 

with Chitosan gel (B) 

 

                                    

                                        

Fig 5.2: Material mixed and placed into molds 
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COLOUR PLATE 6: Seeding and staining of cells with biomaterials 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.1:  Cell seeding into  24 well  tissue culture plates 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.2: Cells with biomaterials before and after adding tryphan blue 
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COLOUR PLATE 7: Unstained and stained groups with cells 

 

 

Fig 7.1: MTA Plus (A) with odontoblast-like cells (B) under light microscope (20X) 

 

Fig 7.2: MTA Plus - Chitosan group (A) with odontoblast-like cells (B)  under light 

microscope (20X) 
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Fig 7.3: Chitosan gel (A) with odontoblast-like cells (B) under light microscope (20X) 

 

 

Fig 7.4: Control medium with odontoblast-like cells under light microscope (20X) 
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Fig 7.5: Light microscopic images (20X) of cell adhesion to biomaterials using crystal 

violet at 24hrs 

   A- MTA Plus, B- MTA Plus – Chitosan, C- Chitosan gel and D- Control medium  

1- Biomaterials  

2- Odontoblast like cells 
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                Fig 7.6: Light microscopic images (20X) of cell adhesion to biomaterials using 

crystal violet at 48hrs 

   A- MTA Plus, B- MTA Plus – Chitosan, C- Chitosan gel and D- Control medium  

1- Biomaterials  

2- Odontoblast like cells 
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               Fig 7.7: Light microscopic images (20X) of cell adhesion to biomaterials using 

crystal violet at 72hrs 

   A- MTA Plus, B- MTA Plus – Chitosan, C- Chitosan gel and D- Control medium  

1- Biomaterials  

2- Odontoblast like cells 
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RESULTS 

HDPSCs were differentiated into odontoblasts using differentiation medium. ALP activity 

was measured using a photometer after cell differentiation. Increased ALP activity 

indicates that cells have differentiated into odontoblasts since they are highly expressed in 

osteo/odontogenic differentiated cells. 

ALP activity assay for differentiation 

Graph 1: Alkaline Phosphatase activity of pulp stem cells (DPSC) and differentiated cells 

(ODBC) 
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Table 3: Statistical analysis of ALP activity 

ALP Activity IU/L 

DPSC Mean ± SD ODBC Mean ± SD 

51.63636 

66.7 ± 14.55 

96.81818 

139.8 ± 37.27 67.77273 161.3636 

80.68182 129.0909 

 

Cell adhesion 

Initial light microscopy investigation of odontoblasts showed a stellate shaped 

homogeneous fibroblast- like appearance and long cytoplasmic processes as shown in fig 

4.2.  The cells formed colonies indicating that they were adherent to each other. Fig 7 

shows affinity of cells towards the material surfaces indicating their anchorage to the 

biomaterials. The cells had no signs of cell death or infection.  

Cell proliferation 

Cell viability was calculated as the number of viable cells in lakhs/ml at different time 

intervals as shown in Table 4,5,6 and 7 for group 1, 2, 3 and 4 respectively. In the present 

study there are 3 paired groups, hence Friedman test is appropriate to use within the 

groups. In order to evaluate if there were any changes in proliferation of viable cells at 24 

hours, 48 hours and 72 hours among different materials, Wilcoxon Sign rank Test was 

used. Statistical significance was set at P ≤ 0.05 
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Table 4: Number of viable cells in lakhs for Group 1 

 

Interpretation: The number of viable cells for MTA Plus showed an increase in cell 

viability at 48 hrs. Significant increase of cell proliferation from 2,72,000 cells/ml to 

4,36,000 cells/ml was noted at 72 hrs as shown in table 4. 

Table 5: Number of viable cells in lakhs for Group 2 

 

Interpretation: Significant increase of cell proliferation from 1,36,000 cells/ml to 3,12,000 

cells/ml was noted at 48 hrs as shown in table 5. However, there was no significant 

increase of cells from 48 to 72hrs. 
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Table 6: Number of viable cells in lakhs for Group 3 

 

Interpretation: There was no significant increase of cell proliferation at 24 and 48hrs for 

group 3 as shown in table 6. However, there was significant increase of cells at 72hrs. 

Table 7: Number of viable cells in lakhs for Group 4 

 

Interpretation 

There was significant increase in cell proliferation from 1,80,000 to 3,64,000 cells/ml after 

48 hrs as shown in table 7. 

Cell death 

The number of dead cells were counted manually for all the 3 groups. The cells showed 

very less signs of apoptosis around the biomaterials indicating their cytocompatibility to 

them.  
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 Graph 2: Bar graph representing percentage of cell viability at 24, 48 and 72hrs 

 

Graph 3: Bar graph representing concentration of viable cells/ml at 24, 48 and 72 hrs 
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Statistical analysis for cell proliferation 

Table 8: Comparison of proliferation of viable cells between 24hrs, 48 hrs and 72 hrs 

within the groups (MTA Plus, MTA Plus- Chitosan conjugate, Chitosan Gel and Control 

groups) 

  

Mean 

Rank 
Χ2 Value P Value 

MTA Plus (Group 1) 

24hrs 1.2 

8.4 0.015* 48hrs 1.8 

72hrs 3 

MTA Plus – Chitosan conjugate 

(Group 2) 

24hrs 1.6 

7.6 0.022* 48hrs 1.4 

72hrs 3 

Chitosan Gel 

(Group 3) 

24hrs 1.6 

7.6 0.022* 48hrs 1.4 

72hrs 3 

Control 

(Group 4) 

24hrs 1.2 

6.4 0.041* 48hrs 2 

72hrs 2.8 

*Statistical significance set at 0.05; Χ2 Value = Chi square value 

Interpretation: 

The Friedman test displayed a statistically significant difference in proliferation of viable 

cells between 24 hours, 48 hours and 72 hours among MTA Plus (χ2 Value=8.4; P=0.015), 

MTA Plus - Chitosan conjugate (χ2 Value=7.6; P=0.0022), Chitosan Gel (χ2 Value=7.6; 

P=0.0022) and Control groups (χ2 Value=6.4; P=0.041) 
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Table 9: Pairwise comparison of proliferation of viable cells between 24hrs, 48 hrs and 72 

hrs among MTA Plus, MTA Plus – Chitosan conjugate, Chitosan Gel and Control groups 

   
N 

Mean 

Rank 

P 

Value 

MTA Plus 

(Group 1) 

48hrs - 24hrs 

Negative Ranks 1 1 

0.08 Positive Ranks 4 3.5 

Ties 0 
 

72hrs - 24hrs 

Negative Ranks 0 0 

0.042* Positive Ranks 5 3 

Ties 0 
 

72hrs - 48hrs 

Negative Ranks 0 0 

0.042* Positive Ranks 5 3 

Ties 0 
 

MTA Plus -

Chitosan 

conjugate 

(Group 2) 

48hrs - 24hrs 

Negative Ranks 1 2.33 

0.892 Positive Ranks 4 4 

Ties 0 
 

72hrs - 24hrs 

Negative Ranks 0 0 

0.042* Positive Ranks 3 3 

Ties 0 
 

72hrs - 48hrs 

Negative Ranks 0 0 

0.039* Positive Ranks 3 3 

Ties 0 
 

Chitosan Gel 

(Group 3) 

48hrs - 24hrs 

Negative Ranks 1 2.33 

0.892 Positive Ranks 4 4 

Ties 0 
 

72hrs - 24hrs 

Negative Ranks 0 0 

0.042* Positive Ranks 3 3 

Ties 0 
 

72hrs - 48hrs 

Negative Ranks 0 0 

0.039* Positive Ranks 3 3 

Ties 0 
 

Control 

(Group 4) 

48hrs - 24hrs 

Negative Ranks 1 4 

0.343 Positive Ranks 4 2.75 

Ties 0 
 

72hrs - 24hrs 

Negative Ranks 0 0 

0.043* Positive Ranks 3 3 

Ties 0 
 

72hrs - 48hrs 

Negative Ranks 0 1 

0.08 Positive Ranks 3 3.5 

Ties 0 
 

*Statistical significance set at 0.05; N: Number of samples 
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Interpretation: 

Statistics displayed a statistically significant increase in cell proliferation from 24 hours to 

72 hours (P=0.042) and 48 hours to 72 hours (P=0.042) among group 1 materials. 

Whereas there is no statistically significant difference in the number of proliferating cells 

from 24hours to 48 hours among group 1 material. (P=0.08). 

Similarly, MTA Plus- Chitosan conjugate (group 2) and Chitosan Gel (group 3) groups 

displayed a statistically significant increase in cell proliferation from 24 hours to 72 hours 

(P=0.042) and 48 hours to 72 hours (P=0.039). Whereas there was no statistically 

significant difference in the number of proliferating cells from 24hours to 48 hours. 

(P=0.892). 

Statistics displayed that the Control group (group 4) exhibited a statistically significant 

increase in cell proliferation from 24 hours to 72 hours (P=0.043) 

Graph 4: Bar graph representing number of viable cells at 24, 48 and 72hrs 
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BIOACTIVITY 

 

EDX analysis of the freshly prepared materials gave the qualitative semiquantitative 

elemental composition on the material surfaces after immersion in PBS for 7 and 28 days. 

Fig 8: SEM image of Group 1 after 7 days 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Element Weight% Atomic% 

        

P K 4.24 5.42 

Ca K 95.76 94.58 

      

Totals 100.00   

Fig 9: EDX analysis of Group 1 after 7 

days 

Table 10: Chemical composition chart 

of Group 1 after 7 days 
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Fig 10: SEM image of Group 1 after 28 days 

 

 

 

 

  

Element Weight% Atomic% 

        

O K 46.12 67.38 

P K 4.70 3.55 

Cl K 5.13 3.38 

Ca K 44.05 25.69 

      

Totals 100.00   

Fig 11: EDX analysis of Group 1 after 28 days Table 11: Chemical composition 

chart of Group 1 after 28 days 
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SEM analysis of group 1 revealed a compact and agglomerate lath-like appearance with 

uniform particle size. The surface shows presence of capillary channels across the mass of 

MTA plus after 28 days which are depicted by arrows in fig 10. The EDX analysis showed 

a higher calcium deposition i.e., 95.76 wt% with small amount of phosphorous (4 wt %) 

after 7 days. After 28 days, chloride ions and oxygen were also visible. The wt % of 

phosphorous was increased slightly whereas calcium wt % was decreased to 44% as shown 

in table 10 and 11. 
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Fig 12: SEM image of Group 2 after 7 days 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Element Weight% Atomic% 

        

O K 54.62 73.06 

Na K 1.60 1.49 

Al K 1.41 1.11 

Si K 7.48 5.70 

Ca K 34.89 18.63 

      

Totals 100.00   

Table 12: Chemical composition 

chart of Group 2 after 7 days 

 

Fig 13: EDX analysis of Group 2 after 7 days 
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Fig 14: SEM image of Group 2 after 28 days 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Element Weight% Atomic% 

        

P K 6.39 8.12 

Ca K 93.61 91.88 

      

Totals 100.00   

Table 13: Chemical composition 

chart of Group 2 after 28 days 

 

Fig 15: EDX analysis of Group 2 after 28 days 
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SEM analysis of group 2 reveals acicular and lath-like appearance of the precipitate on the 

material surface. Capillary channels were noted after 7 days which are depicted using 

arrows. (Fig 12). However, no channels were noted on SEM after 28 days due to presence 

of a thick precipitate of apatite on the material surface. The amount of precipitate gradually 

increased from day 7 to day 28 and became more compact. Petal- like precipitate was also 

observed as shown using arrows in Fig 14. After 7 days, calcium had a 34wt % with other 

elements that included oxygen, silica, aluminium, sodium and negligible amounts of 

phosphorous. After 28 days, there was an increase in both calcium and phosphorous 

concentration (93wt% and 6wt% respectively). Silica, aluminium, bismuth became 

undetectable after 28 days as shown in table 12 and 13. 
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DISCUSSION 

Russian histologist Alexander Maksimov coined the term stem cell in 1909. They are 

clonogenic cells that are capable of both self-renewal and multilineage differentiation. [38] 

They are responsible for tissue generation, maintenance and repair and are present in 

various anatomic locations known as niches.[5] They interact with the growing tissues by 

different integrating signals and mediate a balance between stem cell response and tissue 

development. [39] 

Based on the harvest site in oral cavity, Mesenchymal stem cells (MSCs) are named as 

dental pulp stem cells (DPSCs), periodontal ligament stem cells (PDLSCs), apical papilla 

stem cells (SCAPs), dental follicle stem cells (DFSCs) and gingival tissue stem cells 

(GMSCs). [40] DPSCs are usually present in perivascular area of the pulp. They have the 

ability to regenerate a dentin-pulp-like complex that is composed of mineralized matrix 

with tubules lined with odontoblasts, and fibrous tissue containing blood vessels in an 

arrangement similar to the dentin-pulp complex found in normal human teeth. [41] 

In response to a biomimetic material at the dentine–pulp interface, DPSCs form new 

odontoblasts which differentiate at the site of injury to synthesize an atubular reparative 

dentine. To preserve pulp vitality, this reparative dentine provides a ‘bridge’ of 

mineralized tissue immediately below the extensively damaged tissue. [39,41] Thus, a 

cascade of events is induced by various growth factors that involve migration, proliferation 

and differentiation of these dental pulp stem cells. [42] 

One such biomimetic material is MTA. Mineral Trioxide Aggregate (MTA) cements are 

hydrophilic materials developed for a number of clinical applications in endodontic 

therapy such as pulp capping, pulpotomy, apexification, apexogenesis, repair of furcation 

perforations, root perforations, root-end filling and recently for orthograde canal filling. 
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[43,44] The leaching of calcium and hydroxyl ions allows MTA to promote regeneration and 

remineralization of hard tissues and enhance its sealing ability by deposition of calcium 

and phosphate crystals into voids and potential spaces between dentine thus preserving 

vitality. [45] 

MTA Plus was launched in the market to overcome the drawbacks of MTA such as longer 

setting time and difficulty in handling. MTA Plus has finer particle size and shorter setting 

time. As reported by Camilleri et al, bismuth oxide (Bi2O3) is added to MTA Plus to 

promote hydration of calcium silicates. [46] 

Another material used in this study was Chitosan. Chitin is a component found in the shells 

of marine crustaceans (in particular from crabs and prawns). Deacetylation of this 

component leads to the formation of an indigestible fiber known as chitosan. It is nontoxic, 

biocompatible, bacteriocidal and has the property to form a gel. It has been used for the 

prevention of caries in the field of conservative dentistry. [47,48] 

In spite the versatile properties of MTA Plus, it has limited application in tissue 

engineering. [43] This study has combined the advantages of MTA Plus and Chitosan by 

mixing the two materials in 1:1 ratio. The basic idea behind this concept was to extract the 

biomimetic properties of MTA Plus and Chitosan. Hence, a novel approach of mixing 

MTA Plus with chitosan as vehicle was done with the hypothesis of surface modification 

of the calcium silicate cement (MTA Plus). The biological purpose of surface modification 

is to modulate the cell responses in contact with these biomimetic materials either by 

surface activation or by using it as a vehicle. [12] The scaffold formed by the chitosan will 

enmesh the calcium hydroxyl ions released by the MTA and thus prolong the release of 

these ions into the dentin matrix. [49] Moreover, a hydrogel form of chitosan is used since 

it is easier to mix the MTA powder with it. Hydrogels are hydrophilic polymers associated 



Discussion 

59 
 

physically or chemically to form three-dimensional water-binding networks. Advantages 

of using hydrogels as biomaterials for tissue regeneration also include injectability, exact 

filling of defects and ease of integration of cells and water-soluble bioactive substances, 

including enzymes. [50] Chitosan in this case aided in cell adhesion and proliferation which 

triggered a series of cellular events including release of growth factors, proteins that induce 

new bone formation at the tissue-material interface.  

Extraction, isolation and culture of hDPSCs: 

The method used to extract the pulp tissue from the tooth was explant method. As 

previously mentioned by the authors, this method was chosen because it led to harvest pure 

and homogeneous cells with higher proliferation rates. Also, it has an added advantage of 

less cellular damage and lower cost when compared to other methods. [51,52] Other methods 

that were used previously were enzymatic digestion of cells and cell outgrowth and culture 

method. [53] 

After their isolation, the hDPSCs were cultured in DMEM.  This basal medium was 

supplemented with 10% fetal bovine serum, penicillin and streptomycin to form a 

complete medium. This medium was chosen because it has almost twice the concentration 

of amino acids and four times the amount of vitamins along with ferric nitrate, sodium 

pyruvate, and some supplementary amino acids as compared to other culture medium. The 

limitation of this medium was its utilization of a sodium bicarbonate buffer system (3.7 

g/L) which requires artificial levels of CO2 to maintain the required pH. [54] 

The goal of this study was to differentiate the hDPSCs into odontoblast like-cells since 

they are responsible for forming the reparative dentine at the site of injury. Hence, a 

differentiating medium containing ascorbic acid, β-glycerophosphate (bGP) and 

dexamethasone under well-defined concentrations was used.  Each of the 
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osteo/odontogenic supplement play an important role in the mineralization of extracellular 

matrix. Odontogenic lineages from MSCs are triggered by Dexamethasone in vitro at a 

specific concentration between 10-100nM. The expression of ALP and osteocalcin is 

stimulated by bGP. [54,55] It creates an alkaline environment by disintegrating into 

phosphate ions for mineral deposition. [56] Finally, ascorbic acid is responsible for 

maintaining the cell viability and the production of Collagen type I by osteo/ odontogenic 

cells. [57] A concentration of 40ng/ml (100nM) of dexamethasone was used in the medium 

because studies show a distinct spindle shaped morphology of odontoblast after 7 days of 

culture. Formation of mineralized nodules are seen after 14 days of culture. [58,59] However, 

studies also show that mesenchymal stem cells produce higher ALP when cultured in 

10nM dexamethasone compared to 100nM dexamethasone because of the tendency of 

higher dexamethasone concentrations to stimulate adipogenesis rather than odontogenesis. 

[60] Hence, ALP activity was done to confirm the differentiation of hDPSCs into 

odontoblasts. 

In this study, inverted light microscope was used to visualize the cell samples. They are 

advantageous for viewing transparent living organisms with or without staining. [61] The 

cell specimens can be observed, charted and documented quickly for further review. Hence 

this method was chosen. Other methods can be used to observe the cells like scanning 

electron microscopy. They are used to observe the micro- defects in a more detailed way 

which are usually not visible with optical or inverted light microscopy. Ideally both the 

methods should be combined for detailed inspection as they can provide information in no 

time.[62] Since SEMs have a higher cost, provides grey-scale images and time consuming, 

[63] only inverted light microscope was used to visualize and document the results in this 

study. 
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Cell differentiation 

Fully differentiated odontoblasts reveal a polarized morphology with the nucleus situated 

at the basal third of the cell body and a long odontoblastic process at the apical end. [64] In 

this study, the hDPSCs after differentiation revealed a spindle-shaped morphology with a 

characteristic nucleus situated at the basal third of the body as shown in fig 4B. This 

differentiation was confirmed using Alkaline phosphatase assay wherein the odontoblasts 

showed increased ALP activity after 7 days as shown in graph 1. Alkaline Phosphatase 

(ALP) is also one of the markers of differentiation of DPSCs and plays important role in 

formation of calcified tissue and extracellular matrix. [65] 

Cell adhesion and proliferation 

The cells growing on the culture medium were seeded directly in contact with the 

biomaterials and incubated. This method was chosen it allows the material to leach and 

diffuse the chemicals into this culture medium and contact the cell layer. [66] Reactivity of 

the test sample is indicated by adhesion, degeneration, proliferation or lysis of cells around 

the test material. [66,67] 

To check whether the cells were adhered to the material, wash assay using crystal violet 

was done. Adhesion assays measure the contacts between a cell and extracellular adhesion 

proteins. [68]. Crystal violet is a triarylmethane dye that binds to DNA in nuclei. It is 

basically an indirect quantification of cell death and to determine differences in 

proliferation upon stimulation with various agents like biomimetic materials as in this 

study. [69] The Crystal Violet assay is based on staining cells that are attached to cell culture 

plates. During the assay, dead detached cells are washed away. The remaining attached 

live cells are stained with Crystal violet. The amount of Crystal Violet staining in the assay 

is directly proportional to the cell biomass that is attached to the plate. The Crystal Violet 
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assay assumes that all cells that are attached to the plate are "alive" and that all cells that 

detach are "dead". Crystal violet staining is a quick and versatile assay for screening cell 

viability under diverse stimulation conditions. [70] However, the limitation of this assay is 

that it is potentially compromised by proliferative responses that occur at the same time as 

cell death responses. [69] To confirm adhesion, methods like flow cytometry, 

micropatterning, microfluidics can be used. However, the equipments are expensive, time 

consuming and require special operator skills and hence not used in this study. [3] 

In this study, cells have shown a spreading type of morphology around the biomaterials 

indicating that they are well adhered to each other as well as the material. The morphology 

seen under the light microscope showed a spindle shape with cytoplasmic processes 

extending onto the material surfaces. There was no significant amount of cell death around 

the materials and thus indicating that the all the materials are cytocompatible. Similar 

studies were performed by Abou and Zhu et al where the hDPSCs showed a similar type 

of cell morphology after differentiation. [71,72] 

To check cell proliferation, dye exclusion test using Tryphan blue was used. It is a simple 

and rapid technique for measuring cell proliferation. [73] The total number of cells in a 

suspension is then easily calculated from the counts of cells in the hemocytometer chamber 

under inverted light microscope. It is one of the gold standard methods of cell counting 

since it is versatile, cost-effective and accurate when used for small cell populations. [74] 

The counting depends on addition of Tryphan blue to the cells. Trypan blue is used to 

count dead cells; the dye is excluded from cells with intact membranes so only dead cells 

are stained blue. Manual cell counting has certain limitations that include subjective error, 

volumetric error and time consumption when used for larger cell population. In this study, 

only few cell colonies were counted under optical microscope, hence, this method was 

employed to reduce cost. [75,76] 
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This study showed increase in cell proliferation after 24, 48 and 72 hrs among MTA Plus, 

MTA Plus- Chitosan conjugate, Chitosan Gel and Control groups. Statistics displayed a 

statistically significant increase in cell proliferation from 24 hours to 72 hours (P=0.042) 

and 48 hours to 72 hours (P=0.042) among group 1 materials. Whereas there is no 

statistically significant difference in the number of proliferating cells from 24hours to 48 

hours among group 1 material. (P=0.08). The increase in viable cells in group 1 was 

continuous without any decline as shown in graph 4. After 72hrs, the MTA Plus group 

showed higher rate of cell proliferation when compared to other groups. A study by 

Tamaki showed that hDPSC proliferation on calcium silicate cements increased after day 

6. [77] A similar study by showed increase in cell proliferation with MTA Plus after day 3. 

[78] 

Similarly, MTA Plus- Chitosan conjugate and Chitosan Gel groups displayed a statistically 

significant increase in cell proliferation from 24 hours to 72 hours (P=0.042) and 48 hours 

to 72 hours (P=0.039). Both the groups showed a higher proliferation rate at 48 hrs. This 

can be explained based on the fact that chitosan decreased inflammatory mediators and 

increased cell proliferation of pulpal cells as shown in a study conducted by E.Renard. [79] 

Percot et al. stated that chitosan is mainly composed of amino acids such as aspartic and 

glutamic acids, lysine and histidine. [80] These proteins are responsible for biocompatibility 

of chitosan since they may influence binding/adsorption of other proteins and have 

potential to elicit immunological reactions. Also, External mechanical forces can be 

transmitted across the cell surface and through the cytoskeleton vi adhesion molecules like 

integrin that can influence the cell proliferation on its surface. [81] MTA Plus being a 

calcium silicate cement, induces various growth signaling pathways like ERK, JNK etc 

which are responsible for cell proliferation. [82] When mixed with chitosan, the latter acts 
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as a high strength scaffold that supports hDPSCs attachment and proliferation. As in a 

study conducted by Moreau, after day-1, the stem cells in their study were able to adhere 

and spread on chitosan scaffold, thus, forming cell–cell junctions. After 14 days, their stem 

cells were greatly proliferated. [83] 

 

There is no statistically significant difference in the number of proliferating cells for group 

2 and 3 after 48 hours as compared to group 1 and 4. This can be explained based on studies 

conducted by Mao and Hamilton, who showed that chitosan did not show significant 

fibroblast cell growth on its surface. Chitosan has a high surface energy, so even though 

they show high cell adhesion, the cells began to degrade the surface of chitosan and this 

inhibits further cell migration and proliferation on its surface. [81,84] 

This study concluded that the basic function of chitosan is to act as a vehicle onto which 

the cultured cells can adhere and proliferate when they come in contact with a biomimetic 

material like MTA Plus. The scaffold will support the growth factors which are induced 

by the MTA Plus. The hydrogel form used in this case will preserve the viability of 

incorporated cells. Also, the interconnected porous structure will favor nutrients and 

oxygen diffusion required for cell proliferation. [85] However, the cell proliferation will 

decrease eventually over a period of time.  

Bioactivity 

The chemical characteristics of dental materials used in close contact with periapical 

tissues are predictive factors of their physical, chemical and biological properties. [86] 

Tissue mineralization that occurs when in contact with these dental materials, is considered 

as the last step of dentin remodeling and can be reproduced in vitro by immersing the 

biomaterials in a phosphate containing medium. [20,87] This phenomenon of apatite 
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formation can be better visualized under SEM. SEM provides detailed high-resolution 

images of any sample by inducing a focused electron beam across the surface and detecting 

secondary or backscattered electron signal.  An Energy Dispersive X-Ray Analyzer (EDX 

or EDA) is also used to provide elemental identification and quantitative compositional 

information of the sample. Each element produces its own characteristic set of X-ray lines 

at precisely defined energies. The measurement of these line energies indicates what 

elements are present. [86] 

• SEM Analysis 

This study clearly demonstrated the apatite forming ability of both MTA Plus and the 

experimental group (MTA Plus with Chitosan). The surface morphology was rapidly 

modified when immersed in PBS solution for 7 and 28 days. Both the groups showed a 

uniform deposition of calcium phosphate precipitates which differed in their morphology. 

MTA Plus group showed a compact and agglomerate lath-like appearance with uniform 

particle size. The surface shows presence of capillary channels across the mass of MTA 

plus after 28 days which are depicted by arrows in fig 10. SEM analysis of group 2 reveals 

acicular and lath-like appearance of the precipitate on the material surface. Capillary 

channels were noted after 7 days which are depicted using arrows. (Fig 12). However, no 

channels were noted on SEM after 28 days due to presence of a thick precipitate on the 

material surface. The amount of precipitate gradually increased from day 7 to day 28 and 

became more compact. Petal- like precipitate was also observed as shown using arrows in 

Fig 14.  

The amount of precipitate on the surface of biomaterials can be attributed to their 

bioactivity. The calcium released from the surface is responsible for creating an alkaline 

pH which is required for formation of hydroxyapatite and thus tooth mineralization. [29–31] 
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MTA consists of an anhydrous phase that that dissolves and forms a crystalized phase upon 

maturation. This crystallization can be seen as formation of different types of crystals on 

the surface of this biomaterial. [17,88,89] Upon immersion in phosphate containing medium, 

the crystal morphology changes from cubic crystals to either compact agglomerate (lath-

like), petal- like or spherical with needle like appearance (acicular). [90,91] The occurrence 

of acicular crystallites is the first step of conversion of amorphous calcium phosphate to 

apatite (octa calcium phosphate and hydroxyapatite. These crystals are responsible for 

exchange of elements between them and the surrounding medium, resulting in 

morphologic alterations. [92,93] The compact, lath-like crystals are related to maturation of 

the amorphous calcium phosphate into crystallized apatite. [93,94] This study initially 

showed formation of acicular crystals for group 2 (MTA Plus- Chitosan) which gradually 

changed to compact agglomerate lath-like structures after 28 days indicating the formation 

of crystallized apatite (Fig 12, 14). Few petal-like crystals were also observed as shown in 

Fig 14. Petal- like crystals are related to formation of octa calcium phosphate which is a 

transient phase seen during mineralization. [91,92] Group 1 (MTA Plus) showed the 

formation of matured crystals (lath-like) even after 7 days and showed no change in crystal 

morphology even after 28 days. Similar studies have been performed previously on MTA 

and glass ceramics which showed formation of lath-like crystals on its surface after 

immersing the material in different types of medium. [90,91,94–99] The presence of these 

crystals confirms the bioactivity of both the materials however, group 2 showed a slower 

rate of bioactivity (28 days to complete mineralization) as compared to group 1.  

This study reveals the formation of a calcium compound (Wollastonite) on the surface of 

these calcium silicate materials under SEM-EDX. Wollastonite is a calcium-silica-oxygen 

compound which shows high bioactivity in vitro by forming hydroxyapatite crystals when 

immersed in PBS. The ion (calcium) release from Wollastonite may affect the pH on the 
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surface of the sample and creates the required alkaline environment. Another reason for 

the promoted bioactivity may relate to the Si-OH groups from the Wollastonite crystals 

which gives a negative charge to the compound surface. The negative charged surface 

attracts the positively charged calcium ions from the PBS solution, forming calcium 

compounds like calcium silicate. The positively charged compound attracts the phosphate 

ions in return. After the apatite nucleation, the apatite continues to grow in the PBS 

solution due the alkaline environment. [100] 

Group 1 also revealed the formation of capillary channels on its surface after 28 days (Fig 

10). The presence of capillary structure, observed with SEM, could be an important cause 

of this material’s porosity which can lead to microleakage. [89] However, the formation of 

precipitate on the material will eventually fill these channels with apatite crystals. [95] In 

this case, the amount of precipitate formed is not sufficient to fill the channels which will 

eventually lead to dissolution of material and microleakage. For group 2, the channels were 

noted after 7 days (Fig 12). However, none could be seen after 28 days (Fig 14) indicating 

that the amount of precipitate formation increased eventually and was sufficient to 

crystallize the channels. This confirms that the amount of precipitate containing apatite 

increased for group 2 after 28 days.  

• EDX analysis  

Group 1 showed a higher calcium deposition i.e., 95.76 wt% with small amount of 

phosphorous (4 wt %) after 7 days. The increase of calcium after 7 days is due to the faster 

ability of MTA Plus to form apatite crystals as explained previously under SEM analysis. 

The formation of oxygen and negligible amount of silica confirms the formation of 

Wollastonite compound. After 28 days, chloride ions and oxygen were also visible. The 

wt % of phosphorous was increased slightly whereas calcium wt % was decreased to 44%. 
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Similar study by Gandolfi in 2014 revealed that the levels of calcium and phosphate for 

MTA Plus was decreased after 28 days of immersion in PBS. This can be explained by the 

fact that there was precipitation of the Ca/P crystals on the surface of the samples. [30] 

For group 2, calcium had 34 wt % after 7 days with negligible amount of phosphorous. 

After 28 days, there was an increase in both calcium and phosphorous concentration 

(93wt% and 6wt% respectively). This can be explained by the fact that phosphorylated 

chitosan (P-chi) has a strong affinity to bind to calcium ions and hence induces calcium 

phosphate formation. [49] Other elements included oxygen, silica, aluminium, sodium, 

chlorine after 7 days (Wollastonite compound). Silica, aluminium, bismuth became 

undetectable after 28 days. Aluminium acts as a reactor in the calcium silicate cements 

whereas bismuth is used as a radio-opacifier and affects the precipitation of calcium 

hydroxide in the hydrated paste. [45,46] 

Group 1 released less amount of calcium after 28 days (Table 11) which may be 

insufficient to neutralize the acidic environment caused during pulpal inflammation. Also, 

studies have revealed that acidic surroundings make MTA less cohesive and more porous 

which may lead to microleakage. [90,96–98] The release of more amount of calcium for group 

2 (Table 13) after 28 days creates the necessary alkaline environment to counteract the low 

pH along with formation of Wollastonite compounds. Increased amount of this compound 

is directly related to formation of increased apatite and thus increased bioactivity. [94,100] 

Nonetheless, minor differences in the expected chemical composition reported in 

EDX/EDS analyses can be produced as a result of variances between the equipment used 

and the measurements carried out.  
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Significance of the study 

In a successful endodontic and pulp capping therapies, the key factor of mineralization is 

the ability of calcium to diffuse through the dentinal tubules. They release calcium which 

induces hDPSCs to differentiate into various types of cells like odontoblasts, 

cementoblasts, osteoblasts, periodontal fibroblasts and mesenchymal stem cells. [45] The 

MTA cements have alkaline pH values that accelerate apatite nucleation by decreasing the 

apatite solubility. [17,28–30,99] Also, hydroxide ions stimulate the release of alkaline 

phosphatase and bone morphogenetic protein 2 (BMP), which participate in the 

mineralization process. [82] When these alkaline cements are mixed with a scaffold material 

like chitosan, they form a reticulated network that encourages the spread and attachment 

of the newly formed odontoblast like cells. The organized scaffold provides greater 

chemical stability and thus, supports the regenerated tissue to form its three-dimensional 

network by cell proliferation. Moreover, the chitosan also inhibits calcium fluoride 

formation and thus allowing the material to maintain a constant phase during 

mineralization. [101] 

Thus, this study concluded that MTA Plus- Chitosan conjugate showed a higher 

proliferation rate after 48 hrs and increased bioactivity after 28 days when immersed in 

PBS. However, the cell proliferation rate of odontoblasts on this conjugate group 

decreased after 3 days.  

Limitations of the study 

1. No confirmatory studies were done for differentiation of odontoblasts (gene profiling), 

adhesion (flow cytometry, SEM studies) and proliferation of cells (Optical Density) 
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2. Though the SEM images show thick apatite layer formation on surface of biomaterials, 

apatite thickness was not measured using SEM. 

3. Individual apatite crystal morphology was not visualized under SEM 

Within the limitations of the study, it was noted that the novel, non-toxic, biodegradable 

natural polymer – Chitosan increased cell adhesion and proliferation when was used with 

MTA Plus. Chitosan when conjugated with MTA Plus, also increased the apatite forming 

ability of the calcium silicate cement. Further studies need to be conducted to evaluate 

other properties of Chitosan alone as well as in conjugation with other novel materials. 

 



Conclusion 

71 
 

CONCLUSION 

Within the limitations of this study, it can be concluded that: 

• The MTA Plus, MTA Plus- chitosan conjugate and Chitosan gel showed cell adhesion 

after 24,48 and 72hrs 

• MTA Plus- Chitosan conjugate showed an increase in cell proliferation after 24 and 48 

hrs which was gradually decreased after 72 hrs. 

• MTA Plus showed an increased in cell proliferation from 24 to 72hrs 

• All 3 groups i.e., MTA Plus, MTA Plus-chitosan conjugate and chitosan gel showed no 

cytotoxicity to odontoblast like cells during the experimental period 

• MTA Plus showed lath-like apatite crystals and capillary channels at 7 and 28 days  

• MTA Plus-chitosan conjugate showed acicular, lath-like and petal shaped apatite 

crystals and a greater apatite forming ability after 28 days. 

• Only cell adhesion, proliferation and bioactivity were evaluated in the present study, so 

further studies can be done to evaluate the properties of these biomimetic pulp capping 

materials on pulp stem cells that are of clinical importance. 

 

Thus, the findings opened new opportunities for the use of Chitosan alone or in 

combination to improve bioactivity of dental materials and beyond. 
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SUMMARY 

Enamel, dentin, cementum has their own pattern of structural features and composition 

which makes them unique in nature. Advancements in the field of repairing and 

regenerating mineralized tooth tissues should include convenient clinical application 

procedures and effective biomimetic materials. Along with remineralization and 

biocompatibility, an ideal biomimetic material should have the ability to induce cell 

adhesion and proliferation when placed in contact with the dental pulp. MTA is one of 

the biomimetic materials that has excellent biocompatibility and has been used 

worldwide for variety of clinical applications including apical barriers in teeth with 

immature apices, repair of root perforations, root-end filling, direct pulp capping, and 

pulpotomy. However, the long setting time, high cost, and limited availability of MTA 

have urged material scientists to develop new types of root-end filling and pulp capping 

materials to overcome these drawbacks and thus MTA Plus was introduced with 

advanced properties. Chitosan is another biomaterial which is derived from crustaceans 

and has been used for variety of procedures like wound healing, repair and as a scaffold 

material. It has also been as a delivery vehicle for variety of medical purposes, which 

made the basis of this study to use chitosan as a vehicle. 

Thus, the present study was conducted to evaluate and compare the bioactivity, cell 

adherence and proliferation of MTA plus, MTA Plus - Chitosan Conjugate and Chitosan 

Gel on Human Dental Pulp Stem Cells (HDPCs). 

The Dental pulp stem cells (DPSC) was derived and cultured from an extracted premolar 

tooth and was differentiated into odontogenic cells. Alkaline phosphatase assay was done 

for the odontogenic cells to confirm their differentiation. Materials used were MTA Plus 

(Group 1), MTA Plus and chitosan conjugate (Group 2) and Chitosan (Group 3). After 
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culturing cells at different time intervals, cells were seeded with the biomaterials for 24, 

48 and 72hrs. Cell adhesion was checked using crystal violet assay. Cell proliferation 

was evaluated using 0.04% Tryphan blue. The cells cultured without cement material 

served as a control. The cells were counted using Neubauer chamber. The results were 

obtained in triplicates to maintain reproducibility. The morphology and cell growth were 

checked under inverted light microscope and the results were recorded. Bioactivity of 

Group 1 and Group 2 materials were assessed at 7 days and 28 days’ time interval using 

SEM-EDX analysis after immersing in phosphate buffer solution. SPSS (Statistical 

Package for Social Sciences) version 20. [IBM SPASS statistics (IBM corp. Armonk, 

NY, USA released 2011)] was used to perform the statistical analysis. 

The results showed that Group 2 and 3 had greater amount of cell adhesion and 

proliferation after 24 and 48hrs. However, Group 1 showed greater and continuous cell 

proliferation after 72 hrs. The cells showed a spindle shaped morphology. The cells were 

able to adhere and spread on the biomaterial which was observed under the inverted light 

microscope.  

For Bioactivity, Group 2 showed a SEM analysis of group 2 revealed acicular and lath-

like crystals on the material surface. On day 7, the elements included oxygen, silica, 

aluminium, sodium and calcium with negligible amounts of phosphorous. After 28 days, 

there was an increase in both calcium and phosphorous concentration (93wt% and 6wt% 

respectively). Silica, aluminium, bismuth became undetectable after 28 days. SEM 

analysis of Group 1 showed lath-like crystals with uniform particle size. The EDX 

analysis showed a higher calcium deposition i.e., 95.76 wt% after 7 days. After 28 days, 

chloride ions and oxygen were also visible. The wt % of phosphorous was increased 

slightly whereas calcium wt % was decreased to 44%. Capillary channels were also 

noted after 28 days for group 1. 
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Within the limitations of the present study, it was concluded that Chitosan can be used as 

a vehicle with MTA plus as the conjugate since it has a greater potential to form apatite 

crystals on its surface. It does not have any cytotoxic effect in fact it has shown 

proliferative properties, so further studies need to be done.  
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Format of informed consent form for subjects participating in a clinical study 

Informed consent to participate in study 

TITLE: COMPARATIVE EVALUATION OF BIOACTIVITY, CELL ADHESION AND 

PROLIFERATION OF HUMAN DENTAL PULP STEM CELLS ON ROOT END 

FILLING MATERIALS- AN IN VITRO STUDY 

Study Number 

Subject’s Initials:  

Date of Birth/Age:  Subject’s Name:  

 

 

i. I confirm that I have read and understood the information sheet dated for the above 

study and have had the opportunity to ask questions. [ ] 

ii. I understand that my participation in the study is voluntary and that I am free to 

withdraw at any time, without giving any reason, without my medical care or legal 

rights being affected. [ ] 

iii. I understand that the Sponsor of the clinical study, others working on the Sponsor's 

behalf, the Ethics Committee and the regulatory authorities will not need my 

permission to look at my health records both in respect of the current study and any 

further research that may be conducted in relation to it, even if I withdraw from the 

clinical study. I agree to this access. However, I understand that my identity will not 

be revealed in any information released to third parties or published. [ ] 

iv. I agree not to restrict the use of any data or results that arise from this study provided 

such a use is only for scientific purpose(s) [ ] 

v. I agree to take part in the above study. [ ] 

Signature (or Thumb impression) of the Subject/Legally Acceptable 

 

 

 
Representative   

 

Date: / /  
 

Signatory's Name:  

 
 

Signature of the Investigator: Date: / /  

Study Investigator's Name: Dr. Shreshtha Pramanik 
 
 
 

 
Signature of the Witness  

 
Date / /  

 

Name of the Witness:  
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