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Abstract
Due to a limited ability to achieve self-repair and regeneration as well as lack of 

effective therapeutic options, degeneration and injury of the pulp-dentin complex may 
result in severe consequences. Magnesium-based biomaterials might provide an 
innovative therapeutic potential to substantially enhance regeneration of dental tissues. 
Magnesium (Mg2+) has been considered for its potential ability to accelerate proliferation 
and differentiation of human osteoblasts. However, to date, magnesium oxide (MgO) 
and its dentinogenic effects on human dental pulp cells (HDPCs) has not been 
investigated. This study was designed to evaluate the stimulatory effect of different 
concentrations of MgO on dentinogenesis of HDPCs. HDPCs were cultured with 0.5 mM, 
1 mM, 2 mM, 4 mM, 8 mM concentrations of supplemental MgO, 0 mM as the negative 
control group, lignin sulfonic acid sodium salt and xanthan gum as the vehicle control 
groups. Cell attachment efficiency was assessed at 16 h. Proliferation rate was evaluated 
at 3, 7, 10, 14 days. Both attachment efficiency and proliferation rate were assessed by 
crystal violet staining. Cell viability was determined by activity of mitochondrial 
dehydrogenase enzyme. Alkaline phosphatase (ALP) activity was assessed using 
fluorometric assay at 7, 10, and 14 days. Mineralization of cultures was measured by 
Alizarin Red staining. Statistical analysis was performed using multi-way ANOVA with 
Wilks’ lambda test. Higher cell attachment efficiency was shown with 0.5 mM at 16 
hours compared to negative control (P<0.001). Cells with 0.5 mM supplemental MgO 
showed significantly higher proliferation rates than negative and vehicle controls at 7, 
10, and 14 days (P<0.001). Higher levels of ALP activity and mineralization were also 
observed in 0.5 mM supplemental MgO at 10, and 14 days (P<0.001). In conclusion, 
optimal MgO (0.5 mM) group significantly upregulated HDPCs attachment, proliferation, 
ALP activity, odontogenic differentiation and mineralization. Magnesium oxide 
containing biomaterials could be a potential novel material for pulp and dentin repair in 
regenerative endodontics.

Keywords: Dentinogenesis; Magnesium; Pulp Capping Materials; Regenerative 
endodontics

Introduction
Regenerative dentistry represents an attractive multidisciplinary therapeutic 

approach that counteracts traditional restorative/surgery techniques and benefits from 
recent advances in materials science, stem cell biology, and molecular biology [1,2]. 
Clinical interventions to treat tooth decay range from simple coronal fillings to invasive 
tooth root canal treatment [3]. Dental pulp capping is the only available clinical option 
to maintain pulp vitality in deep lesions, but irreversible pulp inflammation and 
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reinfection are frequent outcomes from this treatment [4]. 
When affected dental pulp involvement is beyond repair, 
performing endodontic therapy leaves the tooth non-vital 
and brittle [5]. On-going research strategies have failed to 
overcome the limitations of existing dental pulp capping 
materials so that healthy and progressive regeneration of the 
injured tissues is attained [6]. Preserving pulp vitality is crucial 
for tooth homeostasis and durability, and thus, there is a 
critical need for clinical interventions that enable regeneration 
of the dentin-pulp complex to rescue millions of teeth 
annually [7]. Pulp vitality is extremely important for tooth 
viability since it provides nutrition and acts as a biosensor to 
detect pathogenic stimuli. Moreover, secondary dentin 
deposition will continue on the preserved vital pulp [4]. It is 
now accepted that a highly proliferative population of 
progenitor/stem cells reside within dental pulp [8]. The repair 
of pulp-dentin complex after vital pulp therapy (VPT) involves 
the migration and differentiation of dental pulp stem cells 
(DPSCs) to secondary odontoblasts followed by dentinogenesis 
and formation of a dentinal bridge sealed on the exposed 
pulp [9]. In recent years, with the progress of regenerative and 
molecular approaches, repair of pulp-dentin complex after 
VPT might be affected by the biological properties of used 
biomaterials [10-12].

The development of materials with bioregenerative 
properties is critically important for vital dental pulp therapy 
and regenerative endodontic procedures [13]. Introducing 
therapeutic ions with the capacity to induce specific 
interactions within cells, providing the necessary structural 
signals, adhesion molecules, for homing, differentiation, and 
cellular phenotypic conversion, permitting cell-cell and cell-
material interactions to unlock the innate pathway for self-
repair [14]. Magnesium (Mg2+) is considered one of the most 
ideal biomaterials for such treatment. The cell–Mg2+ interface 
is a complex and dynamic microenvironment inducing the 
desired cell functions for dentin regeneration [15]. Several 
studies have demonstrated that divalent cations such as Mg2+, 
Ca2+, and Mn2+ play a critical role in tissue remodeling and 
development [16,17]. The extracellular matrix (ECM) of tissue 
contains certain domains that bind divalent cations. These 
ECM-bound cations modify the integrin affinity to their 
respective ligands [18]. Magnesium (Mg2+) is essential for 
numerous biological processes in the human body and is one 
of the most important ions associated with biological apatites: 
as dentin and bone are composed by 1.11 wt% and 0.47 wt% 
of Mg2+, respectively [19]. Mg2+ is known to stimulate 
osteoblast proliferation, differentiation, migration, and 
mineralization ability [20,21]. Mg2+ is involved in bio-
mineralization of bones and teeth and directly affects 
crystallization and pattern generation of the inorganic mineral 
phase [19,22]. The positive effects of Mg2+ in terms of bone 
and dentin generation are witnessed by their diffused 
presence as dopants in hydroxyapatite and other calcium-
phosphate based systems. [23,24]. Magnesium oxide (MgO), 
another kind of inorganic filler, with enhanced biocompatibility 
and non-toxic biological activity, became a research hotspot 
of polymer modification [25]. It releases Mg2+ ions when 

dissolving, favorable for a variety of enzymes conducive to 
the activation and synthesis of proteins. Moreover, its unique 
biological activity plays an important role in cell viability, 
improving the survival rate of cells as well as the activity of 
composites [26]. Additionally, MgO also performs as an 
alkaline degradable material with excellent biological 
characteristics for tissue regeneration [27]. Several studies 
showed that MgO-modified glass was able to exert a strong 
stimulating effect on cell growth, thus confirming the 
beneficial bioactive effect of Mg2+. MgO-scaffolds also served 
as a source of soluble ions when placed in contact with bone 
marrow mesenchymal stromal cells (BMMSC), promoting cell 
proliferation, differentiation, and providing a desirable 
microenvironment to facilitate bone biomineralization [28].

This is the first research investigating the dentinogenic 
effect of magnesium oxide on normal human dental pulp cells. 
Thus, the objective in the present study was to comprehensively: 
1- investigate the dose-dependent effects of MgO on cell 
attachment, proliferation, differentiation and biomineralization 
on normal human dental pulp cells (HDPCs) in vitro. 2- To 
establish an optimal concentration of MgO that could ultimately 
be used to develop a new dental pulp capping material additive 
which may contribute to a better understanding of the influence 
of MgO on pulp regeneration and its potential application as a 
promising material for clinical pulp regenerative therapy.

Materials and Methods 

Preparation of concentrated magnesium oxide suspension 
Magnesium oxide (Mag Chem 10, Martin Marietta 

Magnesia Specialties, Baltimore, MD, USA) powder milled size 
ranging from 44 to 297 micron. An aqueous magnesium oxide 
suspension was prepared based on the combined weight of 
water, lignin sulfonic acid sodium salt (anti-hydration agent) 
and xanthan gum (suspension aid), providing a highly stable 
concentrated suspension (according to the patent developed 
by Richard Van De Walle 1989) [29]. Five stock solutions were 
prepared at concentrations of 5 mM, 10 mM, 20 mM, 40 mM 
and 80 mM respectively. 

Lignosulfonic acid sodium salt and xanthan gum solvent 
preparation

Lignosulfonic acid sodium salt and xanthan gum (Sigma 
Aldrich, Burlington, MA, USA) dissolved in deionized water 
subsequently filtered under sterile condition in the biological 
hood, kept in a labeled container and stored at room 
temperature, utilized as vehicle controls to be compared to 
the negative control.

Human dental pulp cell (HDPC) culture
Human dental pulp explants were isolated from freshly 

extracted third molar collected from young and systemically 
healthy patients from 15-25 years old patients under Boston 
University IRB approval H-33173. All patients undergoing a 
routine third molar extraction at the oral surgery clinic at 
Boston university. Human dental pulp cells (HDPCs) were 
isolated following a previously published protocol with 
modifications [30]. Teeth were split open with a #7 chandler 
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bi-bevel bone chisel and hammer, and the exposed dental 
pulp explants were transferred immediately into a 25 cm2 
culture flask (Thermo Fisher Scientific, Cambridge, MA, USA). 
Culture medium consisted of 10% fetal bovine serum (FBS) 
(R&D Systems, Minneapolis MN, USA), Penicillin antibiotic 
(100 U/mL), and Streptomycin (100 ug /mL) (Gibco, Waltham, 
MA, USA), Amphotericin B anti-fungal (0.25 ug/ml) in Basal 
Eagle’s Medium (BME), (Gibco, Waltham, MA, USA). All tissues 
were maintained at 37°C, in a standard 5% CO2 and saturated 
humidity incubator and cultured up to the second passage. 
The culture medium was replaced every 3 days until the cells 
reached 80% confluence. The cells were then detached from 
the flask using 0.05% Trypsin-EDTA (Gibco, Waltham, MA, 
USA) and centrifuged (TJ-6 Beckman Centrifuge) for 5 min at 
1000 rpm. The cells collected in the pellet were resuspended, 
counted using a hemocytometer and utilized in the 
experiment. Characterization of dentinogenic phenotype of 
the cells was confirmed by expression of dentinogenic 
markers induced by vitamin D3 stimulation. Human dental 
pulp cells were transferred to 24 well plates (Thermo Fisher 
Scientific, Cambridge, MA,USA) and grown in culture medium 
supplemented with 0mM (control), 0.5 mM, 1 mM, 2 mM, 4 
mM, 8 mM magnesium oxide (MgO) concentration groups, 
and vehicle controls (lignin sulfonic acid sodium salt, and 
xanthan gum) respectively. For differentiation and 
mineralization studies, growth media were replaced with pre-
inductive dentinogenic media for a total of 72 hours before 
each predetermined time intervals: 7, 10, and 14 days. 
Dentinogenic media consisted of the following: 10% charcoal 
stripped fetal bovine serum (FBS) (Life Technologies, Waltham, 
MA,USA), 100 U/ml Penicillin (Gibco, Waltham, MA, USA), 100 
μg/mL streptomycin (Gibco Waltham, MA, USA), 10-8 M 
Menadione (Sigma Aldrich, Burlington, MA, USA), 10 mM 
β-Glycerophosphate (Sigma Aldrich, Burlington, MA, USA), 
0.05 mg/mL L-ascorbic acid (Sigma Aldrich, Burlington, 
MA,USA), 2 mM L-glutamine (Gibco, Waltham, MA, USA). The 
next day, cells were cultured in pre-inductive dentinogenic 
media with the addition of 10 nM Vitamin D3 (172g/mol) 
(Sigma Aldrich, Burlington, MA, USA) for a total of 48 hours 
before the predetermined time intervals. Supernatant fluid 
was collected on days 7, 10, and 14. Alkaline phosphatase 
(ALP) activity was measured in the collected supernatants. 
The remaining fixed cells on the culture plates were used to 
perform the mineralization assay.

Assessment of human dental pulp cells (attachment efficiency) 
and proliferation rates

Cell attachment efficiency was assessed at 16 h. HDPCs 
were seeded in 24-well plates (Thermo Fisher Scientific, 
Cambridge, MA, USA). at a density of two hundred thousand 
(2×105) cells per well. The cells were seeded with basal 
medium eagle (BME, Gibco, Waltham, MA, USA). culture 
medium supplemented with 0 mM (control), 0.5 mM, 1 mM, 
2 mM, 4 mM, 8 mM magnesium oxide (MgO) concentration 
groups, and vehicle controls (lignin sulfonic acid sodium 
salt, and xanthan gum) respectively. After 16 hours, the 
medium was discarded, and the wells were washed 3 times 

with phosphate-buffered saline (PBS) (Gibco, Waltham, MA, 
USA). Thereafter, the cells were fixed by adding 500 µL of 
10% neutral buffered formalin (Sigma-Aldrich, Burlington, 
MA, USA) for 1 h at room temperature. The fixed cells were 
then stained by adding 500 µL of 0.2% crystal violet stain 
(Sigma-Aldrich, Burlington, MA, USA) for another hour. 
Afterward, all wells were washed 3 times using PBS to 
remove any unbound stains. The density of the stained cells 
was measured by the spectrophotometer (TECAN, Infinite 
200 Pro) at wavelength 590 nm. Cell proliferation was 
monitored at 16 hours, 7 days, 10 days, and 14 days. The 
cells were seeded in 24-well plates at a density of three 
thousand (3×103) per well. After an optimal attachment was 
achieved in each well and before the first round of 
proliferation, i.e., after 16 h, 100 µL of magnesium oxide 
(MgO) groups, and vehicle controls were added at the same 
concentrations as mentioned above. The culture plates were 
incubated under 37°C, 5% CO2 and growth media were 
changed every 3 days. On each time point, the cells were 
fixed and stained following the same protocol used in the 
attachment experiment. The optical density of each group at 
each point of time was compared to the optical density of 
3×103 cells at 16 h as a baseline to determine the proliferation 
rates. The optical density of the crystal violet stain is directly 
proportional to the attached cell numbers.

Assessment of human dental pulp cells (HDPCS) cell viability
Human Dental Pulp cells (HDPCs) were seeded at a 

density of 300 cells per well in 100 μL of cell culture media in 
a 96-well plate. Cells were incubated for 16 hr at 37° C, 5% 
CO2. Cellular viability was measured via 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT). Ab211091 Cell 
Cytotoxicity Assay Kit (Abcam, Waltham, MA, USA). As in the 
proliferation experiment, after 16 h, 100 μL of cell culture 
media containing supplemental magnesium oxide (MgO) in 
the concentrations 0.5 mM, 1 mM, 2 mM, 4 mM, 8 mM, 0mM 
as negative control, lignin sulfonate and xanthan gum as 
vehicle controls were added to the cells. Culture medium for 
the both the control and experimental groups was changed 
by a fresh one every 3 days. Cell viability was assessed by 
measuring mitochondrial succinic dehydrogenase (SDH) 
activity at 16 hours, 3, 7, 10 and 14 days. At each required 
time point, growth media was removed, 50 μL of serum free 
media and 50μL of 3-[4,5-dimethylthiazole-2-yl]-2,5- 
diphenyltetrazolium bromide (MTT) Reagent was added to 
each well. For background control wells, 50 μL of MTT Reagent 
and 50 μL cell culture media was added. The plates were 
incubated at 37°C for 3 hours. After incubation, the MTT 
Reagent supplemented media was removed. 150 μL of MTT 
solvent was added into each well. The mitochondria in viable 
cells can transform the tetrazolium into a purple-colored 
compound called formazan [31]. The absorbance reading of 
the produced purple formazan of each group was recorded at 
wavelength 590 nm using the microplate reader. The data 
then were plugged into the following equation to calculate 
the percentage of cytotoxicity for each group: % Cytotoxicity 
= 100 × (Control-Sample) /Control 
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Assessment of human dental pulp cells (HDPCS) alkaline 
phosphatase (ALP) differentiation marker activity

Supernatants collected at days 7, 10 and 14 were utilized. An 
alkaline phosphatase (ALP) fluorometric assay kit (Abcam, 
Waltham, MA, USA) was used to measure alkaline phosphatase 
activity in the cell culture supernatants according to the 
manufacturer’s instructions. 100 μL (10x diluted) culture 
supernatants were incubated with 20 μL of the non-fluorescent 
4-methylumbelliferone phosphate disodium salt (MUP substrate) 
in a 96 well black plate with clear bottom (Thermo Fisher 
Scientific, Cambridge, MA, USA). MUP was converted into 
fluorescent 4-Methylumbelliferone (4-MU) when dephospholated 
by ALP. The plates were incubated for 30 minutes and protected 
from light. Thereafter, the reaction was terminated by 20μL stop 
solution, which was added to all wells, except for the blank 
control, followed by gentle shaking of the plate. The emission of 
the fluorescent 4-MU was then measured at 440nm by excitation 
at 360nm on the spectrophotometer. ALP activities were 
calculated by a standard curve and normalized to ALP activity on 
a per million cell bases.

Assessment of human dental pulp cells (HDPCS) mineralization
The attached cells in the 24 well plates at days 7, 10, and 14 

were used. The crystal violet stain was removed from the plates 
by adding Triton-X 1% (v/v) (1.2 mL). The 24 well plates were 
placed on a shaker for 30 min at room temperature. The plates 
were washed cautiously four times with 1 ml deionized water to 
the point where they are colorless. Mineralization was examined 
through measuring the accumulation of calcium deposition. 
1 mL of 40 mM Alizarin Red S staining (Sigma Aldrich, 
Burlington, MA, USA) (pH 4.3) solution, was added to the plates. 
Cells were incubated at room temperature in the dark for 45 min. 
Alizarin Red S staining solution was then carefully aspirated, 
and the plates were washed for four times with 1 ml distilled 
water until clear. Finally, spectrophotometer at a wavelength of 
405 nm was used to measure the absorbance. Each condition 
was normalized to a per million cell bases. 

Statistical analysis
All experiments were performed in six replicates. 

Descriptive statistics is presented in tables (1-9). The means 
and standard deviations (SD) of human dental pulp cell 
attachment efficiency and proliferation rates at 16 hours, 7, 
10, and 14 days were calculated, in addition to levels of 
dentinogenic differentiation marker ALP and mineralization at 
7, 10, and 14 days. Differentiation and mineralization data 
were normalized on a per million cells basis at 7, 10, and 14 
days. Statistical analysis was performed using software JMP 
Pro 13 (ver. 13.1.0). Multi-Way Analysis of Variance (Multi-
Way ANOVA) with Wilks’ lambda test is used for statistical 
analysis between the groups. Differences at P≤0.05 were 
considered statistically significant.

Results
Effect of supplemental MgO on cell attachment efficiency 
of HDPCS at various concentrations

Adherence of HDPCs on culture wells occurred within few 

hours after seeding of 2x106 cells per well on 24-well plates 
containing culture media supplemented with different MgO 
concentrations 0.5 mM, 1 mM, 2 mM, 4 mM, 8 mM and 0 mM 
as the negative control group, and lignin sulfonic acid sodium 
salt and xanthan gum as vehicle control groups. Analysis for 
cell attachment efficiency was performed as a baseline after 16 
hours from cell seeding. Based on the observation results cell 
attachment of MgO on tissue culture plates was significantly 
greater in the 0.5 mM supplemental concentrations compared 
to the other groups and the negative control (P<0.001) after 16 
hours (figure 1) (table 1). Similarly, the data showed a noted 
increase in cell attachment for the vehicle control groups lignin 
sulfonic acid sodium salt and xanthan gum compared to the 
negative control. Regarding, MgO concentrations higher than 
0.5 mM concentration groups cell attachment was significantly 
lower than that of the negative control (P<0.001) (figure 1). It 
was observed that within this time period, 0.5 mM MgO was 
the only tested concentration significantly enhancing cell 
attachment efficiency when compared to the negative control. 
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Figure 1: Bar graph showing Cell Attachment Efficiency at 16 hours of all Magnesium Oxide 
(MgO) Concentrations. 
 
Notes: Normal human dental pulp cells were cultured for 16 hours with media containing 
supplemental magnesium oxide (MgO) concentrations: 0.5 mM, 1 mM, 2 mM, 4mM, 8 mM,0 
mM as the control group, lignin sulfonate and xanthan gum (vehicle controls). 
Different letters indicate a significant difference between groups (P< 0.001) compared to the 
control in each condition at the specified time point. 
Error bars indicate the standard deviations of six replicates. 
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Figure 1: Bar graph showing Cell Attachment Efficiency at 16 hours of all 
Magnesium Oxide (MgO) Concentrations.

Notes: Normal human dental pulp cells were cultured for 16 
hours with media containing supplemental magnesium oxide 
(MgO) concentrations: 0.5 mM, 1 mM, 2 mM, 4 mM, 8 mM, 0 
mM as the control group, lignin sulfonate and xanthan gum 
(vehicle controls). Different letters indicate a significant 
difference between groups (P<0.001) compared to the control 
in each condition at the specified time point. Error bars 
indicate the standard deviations of six replicates.
Table 1: P-Values of Cell Attachment Efficiency of Magnesium Oxide (MgO) 

at 16 hours (P<0.001)
Value Exact F NumDF DenDF Prob>F
8.7991515 37.1520 9 38 <.001*

Effect of Supplemental MgO on Proliferation rate of HDPCs 
at various concentrations

The proliferation rate of HDPCs at 7, 10, and 14 days 
showed a statistically significant increase in the 0.5 mM 
supplemental MgO concentration group compared to the 
negative control group (p<0.001) (figure 2) (table 2). 
Meanwhile, for MgO concentration groups higher than 0.5 
mM the cell proliferation rates decreased significantly 
(p<0.001). Regarding the lignin sulfonic acid sodium salt and 
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xanthan gum vehicle control groups, there were no significant 
differences in their proliferation rate compared to the negative 
control (figure 2). Wilks’ Lambda interaction P- value for MgO 
concentrations and their proliferation rates at these time 
intervals (7, and 10 days) showed a statistically significant 
value (p<0.001) (table 3). The trend of the presented results 
during the whole assay as seen in (figure 2) showed that the 
0.5 mM MgO concentration result was significant at all the 
tested time intervals 7, 10, 14 days. 
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Figure 2: Bar graph showing Proliferation rates of normal human dental pulp cells in media 
with tested supplemental magnesium oxide (MgO) concentrations: 0.5 mM,1 mM, 2 mM, 
4mM, 8 mM, 0 mM as the control group, lignin sulfonate and xanthan gum as the vehicle 
controls for time periods of 7,10, and 14 days.        
 
Notes: Different letters indicate a significant difference between groups (P<0.001) compared 
to the control in each condition at the specified time point.  
Error bars indicate the standard deviations of six replicates. 
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Figure 2: Bar graph showing Proliferation rates of normal human dental 
pulp cells in media with tested supplemental magnesium oxide (MgO) 

concentrations: 0.5 mM, 1 mM, 2 mM, 4 mM, 8 mM, 0 mM as the control 
group, lignin sulfonate and xanthan gum as the vehicle controls for time 

periods of 7, 10, 14 days.

Notes: Different letters indicate a significant difference between 
groups (P<0.001) compared to the control in each condition at 
the specified time point. Error bars indicate the standard 
deviations of six replicates.

Table 2: P-Values of Proliferation Rate within Groups for Multi Way ANOVA 
(MANOVA) of Magnesium Oxide (MgO) Concentrations (P<0.001)

Test Value Exact F Num DF Den DF Prob >F
F Test 86.787207 347.1488 9 36 <.0001*

Table 3: Wilks’ Lambda Interaction P-Values for Magnesium Oxide (MgO) 
Proliferation Rate at Different Time Intervals (P<0.001) 

Test Value Approx. F Num DF Den DF Prob >F
Wilks’ Lambda 0.0192645 6.5100 36 125.4 <.001*

Effect of supplemental MgO on cell viability of HDPCs at 
various concentrations

SDH activity presented 42.46%, and 44.79% at 16 hours, 
77.58 %, and 82% at day 3, 79.00 % and 78.42% at day 7, 
80.56% and 85.79 % at day 10, and 95.65%, 95.82% at day 14 
in vehicle control groups lignin sulfonic acid sodium salt and 
xanthan gum compared to the negative control (p<0.001) 
(figure 3). For the 0.5 mM MgO concentration, the SDH activity 
value showed 44.50% at 16 hours, 73.58 % at day 3, 81.07% at 
day 7, 84.06% at day 10, and 92.98% at day 14. SDH activity 
values showed a statistically significant increase with time 
(p<0.0001) (figure 3) (table 4). However, for the 1 mM, 2 mM, 
4 mm and 8 mM supplemental MgO concentrations, SDH 
activity showed a significant decrease at 16 hours, days 3, 7, 
10, and 14 in comparison with the negative control and 
vehicle controls (p<0.001) (figure 3). Wilks’ Lambda interaction 
P-value for supplemental Mg2+ concentrations and cellular 
activity showed a statistically significant value (p<0.001) 

(Table 5).
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Figure 3: Bar graph showing Cell Viability of normal human dental pulp cells in media 
with tested supplemental magnesium oxide (Mg O) concentrations: 0.5 mM, 1 mM, 2 
mM, 4mM, 8 mM, 0 mM as the control group, lignin sulfonic acid sodium salt and 
xanthan gum vehicle control groups for time periods of 16 hr,3, 7,10, and 14 days.        
 
Notes: Different letters indicate a significant difference between groups (P < 0.001) 
compared to the control in each condition at the specified time point.  
Error bars indicate the standard deviations of six replicates. 
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Figure 3: Bar graph showing Cell Viability of normal human dental pulp 
cells in media with tested supplemental magnesium oxide (Mg O) 

concentrations: 0.5 mM, 1 mM, 2 mM, 4 mM, 8 mM, 0 mM as the control 
group, lignin sulfonic acid sodium salt and xanthan gum vehicle control 

groups for time periods of 16 hours 3, 7, 10, 14 days.

Notes: Different letters indicate a significant difference between 
groups (P<0.001) compared to the control in each condition at 
the specified time point. Error bars indicate the standard 
deviations of six replicates.

Table 4: P- values of Cell Viability within Groups for Multi Way ANOVA 
(MANOVA) of Magnesium Oxide (MgO) Concentrations (P<0.001)

Test Value Exact F Num DF Den DF Prob>F
F Test 395.49121 966.7563 9 22 <.001*

Table 5: Wilks’ Lambda Interaction P-Values for Magnesium Oxide (MgO) 
Cell Viability at Different Time Intervals (P<0.001)

Test Value Approx. F Num DF Den DF Prob>F
Wilks’ Lambda 1.0685e-6 77.4180 36 72.939 <.001*

Effect of MgO on alkaline phosphataseactivity (ALP) of 
HDPCs at various concentrations

Enzymatic activity of alkaline phosphatase on HDPCs was 
analyzed. A significant increase was noted in the 0.5 mM 
supplemental MgO concentration group (P<0.001) at all time 
intervals compared to all control groups (figure 4) (table 6) in 0.5 
mM MgO concentration group, there were also significant time-
dependent increase of ALP activity (P <0.001). For other MgO 
concentration groups higher than 0.5 mM, results of alkaline 
phosphatase (ALP) activity were comparable to the negative 
control with a statistically significant difference (P<0.001). Wilks’ 
Lambda interaction P-value for supplemental MgO concentrations 
and their alkaline phosphatase activity demonstrated a statistically 
significant value (p<0.001) (Table 7).
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Figure 4: Bar graph showing Alkaline phosphatase activity of normal human pulp cells in media 
supplemented with magnesium oxide (MgO) concentrations 0.5 mM, 1 mM, 2 mM, 4 mM, 8 
mM and 0 mM as control group, lignin sulfonate and xanthan gum vehicle controls for time 
periods of 7,10, and 14 days. Alkaline phosphatase activity in supernatants was normalized per 
million cells at each time interval. The control cells were treated with growth media without 
supplemental magnesium oxide. 
 
Notes: Different letters indicate a significant difference between groups (P < 0.001) compared 
to the control in each condition at the specified time point.  
Error bars indicate the standard deviations of six replicates. 
   

0

1

2

3

4

5

6

7

 Day 7  Day  10 Day 14

AL
P 
Ac

tiv
ity

 (m
U/

m
l) 
pe

r M
ill
io
n 
Ce

lls
 

Time (Days)

Control LS XG 0.5 mm 1mm 2mm 4mm 8mm

a b b

c
d d  e  d a  a  a

b

c  c   c  d

a  b   b

c

b b  c   d

Figure 4: Bar graph showing Alkaline phosphatase activity of normal human 
pulp cells in media supplemented with magnesium oxide (MgO) 

concentrations 0.5 mM, 1 mM, 2 mM, 4 mM, 8 mM and 0 mM as control 
group, lignin sulfonate and xanthan gum vehicle controls for time periods 

of 7, 10, 14 days. Alkaline phosphatase activity in supernatants was 
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normalized permillion cells at each time interval. The control cells were 
treated with growth media without supplemental magnesium oxide.

Notes: Different letters indicate a significant difference between 
groups (P<0.001) compared to the control in each condition 
at the specified time point. Error bars indicate the standard 
deviations of six replicates.

Table 6: P-values with in Groups for Multi-way ANOVA (MANOVA) for 
Alkaline Phosphatase (ALP) Activity of Magnesium Oxide (MgO) 

Concentrations (<0.001)
Test Value Exact F Num DF Den DF Prob>F
F Test 112.94043 476.8596 9 38 <.001*

Table 7: Wilks’ Lambda for the interaction P-values of Magnesium Oxide 
Alkaline Phosphatase (ALP) Activity at Different Time Intervals (P<0.001)

Test Value Approx. F Num DF Den DF Prob> F
Wilks’ Lambda 0.0131025 31.8044 18 74 <.001*

Effect of MgO on Mineralization rate of HDPCs at various 
concentrations

Mineralization of differentiating odontoblasts was 
measured by Alizarin Red S staining. At each of all-time-
intervals, the 0.5 mM supplemental MgO concentration group 
showed a statistically higher mineralization rate compared to 
the negative control group and vehicle control groups (p< 
0.001). In 0.5 mM MgO concentration group, there were also 
significant time-dependent increase of mineralization rates 
(P<0.001) (table 8). In comparison to the 0.5 mM MgO 
concentration group, other higher MgO concentration groups 
showed significantly lower mineralization rates (P<0.001) 
(figure 5). MgO concentration groups higher than 0.5 mM 
showed slightly lower mineralization rates at days 10 and 14 
comparable to the negative control and vehicle control 
groups lignin sulfonic acid sodium salt and xanthan gum. 
Wilks’ Lambda interaction P-value for supplemental MgO 
concentrations and their mineralization rates demonstrated a 
statistically significant value (p<0.001) (Table 9).

Table 8: P-Values with in Groups for Multi way- ANOVA (MANOVA) of 
Mineralization Rate of Magnesium Oxide (MgO) Concentrations (P<0.001)

Test Value Exact F Num DF DenDF Prob >F
F Test 337.21238 1559.6072 8 37 <.001*

Table 9: Wilk’s Lambda for the interaction P-values of MagnesiumOxide 
(MgO) Mineralization Rate at Different Time Intervals (P<0.001)

Test Value Approx. F Num DF Den DF Prob>F
Wilks’ Lambda 0.0004423 209.4636 16 72 <.001*
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Figure 5: Bar graph showing mineralization rate of human dental pulp cells in media 
supplemented with magnesium oxide (MgO) concentrations 0.5 mM, 1 mM, 2 mM, 4 mM, 8 
mM and 0 mM as control group, lignin sulfonate and xanthan gum (vehicle controls) for time 
periods of 7,10, and 14 days. Mineralization of fixed cell samples was measured by 
spectroscopic analysis at 405 nm and normalized per million cells at each time interval. The 
control cells were treated with growth media without supplemental magnesium oxide. 
 
Notes: Different letters indicate a significant difference between groups (P < 0.001) compared 
to the control in each condition at the specified time point.  
Error bars indicate the standard deviations of six replicates. 
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Figure 5: Bargraph showing mineralization rate of human dental pulp cells 
in media supplemented with magnesium oxide (MgO) concentrations 0.5 

mM, 1 mM, 2 mM, 4 mM, 8 mM and 0 mM as control group, lignin sulfonate 
and xanthan gum (vehicle controls) for time periods of 7, 10, 14 days. 

Mineralization of fixed cell samples was measured by spectroscopic analysis 

at 405 nm and normalized per million cells at each time interval. The control 
cells were treated with growth media without supplemental magnesium 

oxide.

Notes: Different letters indicate a significant difference between 
groups (P<0.001) compared to the control in each condition 
at the specified time point. Error bars indicate the standard 
deviations of six replicates.

Discussion
Maintenance of vitality of the dental pulp and stimulation 

of the remaining pulp tissue for adequate structural/functional 
healing of the pulp-dentin complex have been the goal for a 
successful long-term restorative dental treatment [32]. 
Progress in dentistry is associated with advancements in 
dental materials and the design of new regenerative therapies. 
Regenerative therapy using human dental pulp stem cells 
(HDPSCs) is currently acquiring interest because of the 
potential of these cells to differentiate into odontoblasts and 
osteoblasts [33], both of which have the ability to replace 
injured bone and dentin pulp tissues with healthy tissue and 
thus restore functionality of the tooth [34]. In the present 
study, human dental pulp cells (HDPCs), with physiological 
properties which are homologous to the primary tissue where 
the endodontic materials come in contact were used. HDPCs 
have other advantages such as a large capacity for 
proliferation, the ability to maintain their cellular phenotype, 
and the sensitivity of response to toxins [35]. For the above-
mentioned reasons, HDPCs can be considered a clinically 
relevant cellular model to evaluate the effect of endodontic 
materials. On the other hand, the choice of the material for 
dental pulp capping in dental treatment is critical in treating 
damaged pulpal tissues with the principal objective of 
promoting regeneration of the dentin bridge through 
dentinogenesis [32]. The fundamental characteristics of these 
dental materials are their biocompatibility, cytocompatibility, 
antibacterial capacity and properties that induce tissue 
healing; and ability to seal the lesion [35]. Some of the 
commonly used materials for dental capping include; calcium 
hydroxide (CaOH2), mineral trioxide aggregate (MTA), calcium 
silicate-based, bioceramics, resin modified calcium silicate, 
adhesive resins, and Growth Factors. Unfortunately, none of 
these materials/products have been able to meet all the 
requirements of an ideal vital pulp therapy with long term 
clinical outcome [36]. It has been shown in the literature that 
therapeutic ions such as lithium, magnesium, strontium and 
zinc enhance osteogenic differentiation of mesenchymal 
stem cells, regulating osteoblast mediated bone formation 
[37]. There is a great hope in employing Mg2+ ions in 
regenerative pulp therapy through their ability to mobilize 
endogenous cells and to regulate the proliferation and 
differentiation of HDPCs. The introduction of bioactive MgO 
as an alternative Mg2+ ion supply might explore the potential 
to overcome challenges of dentinogenesis. Therefore, the 
main target of the present paper was to determine the effects 
of different concentrations of supplemental MgO on HDPCs 
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in terms of cell attachment, proliferation, differentiation, and 
mineralization to establish an optimal concentration to 
develop a novel pulp capping material.

Cell adhesion supports tissue morphogenesis as well as 
tissue repair. Cellular interactions between osteoblasts and the 
biomaterial surface are thought to be mediated primarily by 
membrane-associated adhesion receptors belonging to the 
integrin super family [38,39]. Previous studies found that Mg2+ 
enhanced the chondrogenesis of mesenchymal stem cells 
(MSCs) through integrins [40-45]. A number of studies have also 
shown that binding of integrins to extracellular matrix proteins 
results in the activation of signaling pathways including those 
which result in tyrosine phosphorylation of focal adhesion 
kinase (FAK; pp125FAK) in osteoblasts and other cell types [44,45]. 
In a study by reported significantly enhanced expression of 
various integrin family members β 1-, α 5β1, α 3β1, when human 
bone-derived cells (HBDCs) were grown on MgO modified 
alumina compared with MgO free. Spreading of HBDCs was 
more pronounced with redistribution of α5α1-integrin receptor, 
and maximal localization at points of contact was also noted 
[46]. These findings suggested that the supplemental MgO 
might also deliver its effect on the attachment of HDPCs. In the 
present study, the results showed that the highest attachment 
was noticed in the 0.5 mM MgO concentration. These results 
may be attributed to the possible mechanisms, by which surface 
chemistry modification of MgO triggers HDPCs, suggesting that 
tyrosine phosphorylation of signaling proteins was enhanced 
affecting cellular adhesion. In a study by [47], human dental 
pulp stem cells when placed in contact with chitosan scaffolds 
were not able to attach nor spread on the surface since chitosan 
lacks adhesion motifs. Additionally, [48] investigated the effect 
of magnesium hydroxyapatite whiskers/ poly (D, L-lactide) (Mg- 
HAp-Ws/PDLLA) composite films on the adhesion of osteoblast 
like cells (MC3T3-E1). MC3T3-E1 cells cultured on the Mg-HAp-
Ws/PDLLA films had better adhesion and spreading compared 
with the magnesium free HAp-Ws/PDLLA films. Such 
enhancement on the 1 wt%Mg- HAp-Ws/PDLLA films may 
result from the Mg2+ ions produced by Mg- HAp-Ws/PDLLA) 
films. As the Mg2+ ion substitution was increased to 5wt%, cell 
spreading on the corresponding Mg-HAp-Ws/PDLLA composite 
films decreased. These findings are in agreement with the data 
of the present study showing the beneficial effect of Mg2+ ion of 
a low MgO concentration on HDPCs. However, higher 
concentrations of MgO had lower effect on attachment 
compared to the optimal concentration (0.5 mM). Those results 
confirm with the present data demonstrating the essential role 
of MgO in HDPCs adhesion.

In the present study, proliferation rate of HDPCs was up-
regulated as noticed during the entire experiment time points 
when the supplemented MgO values were 0.5mM. These 
results are in accordance with the reports by [49,50] showing 
an up-regulatory effect on proliferation of an osteoblast -like 
cell line (MG63) in the presence of extracts of soluble 
phosphate glasses (SiO2-CaO-MgO-P2O5) containing MgO, 
also showing that MgO forms a suitable substrate for human 
osteoblast-like cell proliferation and function. [51] proposeda 
MgO-modified silicate bioglass (BGMIX-Mg) which was able 

to exert a strong stimulating effect on osteocyte growth 
(MLO-Y4). Other studies confirmed the accelerated growth of 
MG-63 cells on polysaccharide gelan gum (GG) hydrogel 
containing MgO [52]. Notably, Pallivi et al. [53] reported that 
1mM concentration of MgO, showed an enhancement of cell 
growth of human fetal osteoblasts (hFOB 1.19). These findings 
advocated that proliferation of cells was enhanced by the low 
MgO concentration supplements which is consistent with the 
results of the present study that was performed the first time 
on human dental pulp cells (HDPCs). In this study on HDPCs, 
MgO concertation higher than 0.5-8 mM showed a down 
regulatory effect on cell proliferation rate. These results are in 
agreement with previous studies [49, 53-56], that reported 
inhibiting effects by higher Mg2+ concentrations on the 
proliferation activity of normal human osteoblasts, hFOB 1.19 
cells, MG63 and MC3T3-E1 cell lines. Despite the fact of using 
normal human osteoblasts, various cell lines, and human pulp 
cells, all cell types showed a similar behavior responding to the 
optimal Mg2+ ion concentration. This paper provides the 
evidence implicating the role of Mg2+ ion as an important 
modulator of cell growth on normal human cells suggesting 
that Mg2+ ion actions are tightly regulated. Higher Mg2+ 
concentrations in the culture medium might interfere with the 
ion balance in the plasma membrane, leading to cytotoxicity 
and therefore inhibiting cellular proliferation and differentiation 
activities [57].

Analyzing the role of MgO biomaterials on cell viability of 
HDPCs is essential for elucidating the underlying molecular 
mechanisms. Cytotoxicity tests (MTT assay) can provide an 
initial indication of the biocompatibility of released metal 
cations. In the present study, 0.5 mM MgO concentration 
supplements seemed to have the same metabolic activity as 
the negative control on HDPCs. However, when the 
concentrations of supplement MgO were increased higher 
than 0.5 mM, cell viability decreased significantly. The result 
demonstrated that low MgO supplements had minimal 
cytotoxicity allowing HDPCs to attach and interact with the 
cells in a controlled manner. However, MgO concentrations 
higher than 0.5 mM showed lower SDH activity values 
compared to the negative control. It can be postulated that 
the microenvironment where the cells reside can be affected 
by ions arising from the material dissolution affecting cell 
behavior [58]. Previous studies have shown that an increment 
in Mg2+ ion concentration caused by MgO degradation forms 
a high osmotic pressure, and that the alkaline environment 
caused by released hydroxide ions may leak gradually to the 
culture cells causing severe cytotoxicity. 

The ALP activity data of the present study are in 
accordance with [50], [59,60] whom investigated the 
stimulatory effects of low MgO concentration on MG63 cells 
cultured on bioactive SiO2–CaO–P2O5–MgO glass. A twofold 
increase in ALP activity was observed for the MG63 cells 
grown on the glass surfaces in comparison with that of the 
MgO free glass (control). Similarly, [42] proposed microsphere 
(PMg) prepared from poly (lactide-co-glycolide) (PLGA) co-
embedded with MgO. PMg- microspheres (MgO 1 wt %) 
upregulated osteogenic differentiation and high ALP activity 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polysaccharide
https://www.sciencedirect.com/topics/materials-science/hydrogel
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levels of bone marrow mesenchymal stromal cells (BMMSCs. 
[48], studied osteogenic differentiation of MC3T3-E1 cells 
cultured on magnesium hydroxyapatite whiskers/poly 
(D, L-lactide) (Mg- HAp-Ws/PDLLA) compared with that of 
the HAp-Ws/ PDLLA (control) film. 1 wt % Mg-HAp-Ws/
PDLLA film led to an up-regulation of ALP expression in 
MC3T3-E1 cells. Though a difference in cell type is noted 
among these experimental studies, ALP expression results in 
the present paper similarly coincide to those data at similar 
time point periods as ALP activity increased significantly on all 
the substrates after 7 days of culture, followed by an increase 
in its level between 7 and 14 days. However, the data of the 
present study also showed that the MgO concentrations 
higher than 0.5 mM hindered ALP expression level. These 
results are in agreement with [48,60] whom reported that 
excessive extracellular Mg2+ ion can restrain the differentiation 
ability of MC3T3-E1 and human osteosarcoma (MG-63) cell 
lines respectively. With higher MgO concentration, Mg2+ ions 
created may locally distort the double helix due to covalent 
bonding with DNA and may in turn affect the proliferation 
and differentiation of HDPCs [61]. In this study, it was noticed 
that the results of the assays of ALP activity and mineralization 
revealed a consistent pattern for the same concentrations at 
the same time points in HDPCs.

In the present study, adding an optimal concentration of 
supplemented MgO (0.5 mM) at time intervals of 7, 10 and 14 
days had an upregulating effect on HDPCs, increasing 
mineralization and calcium deposition which are in accordance 
with [42] whom concluded that biodegradable polylactide-co-
glycolide (PMg-III) microspheres containing 1 wt% MgO 
exhibited the strongest promotion of mineral depositions of 
BMSCs. Similarly, in a study by [62] poly (l-lactide) (PLLA) 
matrix, grafted with 1%MgO whiskers (gMgOs) whiskers 
showed a large number of calcium deposition nodules on the 
surfaces of the scaffolds compared to reduced numbers of 
nodules on the neat PLLA scaffold by day 14. These studies 
also found that the presence of gMgOs was more beneficial to 
mouse embryo osteoblast precursor (MC3T3) cells which 
revealed the superior osteogenic differentiation, secretion of 
ALP activity and mineralization ability of scaffold. The above 
forementioned studies proposed that the dissolution of MgO 
provided Mg2+ ion enabling nucleation sites for mineral growth, 
and highlighted that low levels of Mg2+ ion (1wt%) 
concentration upregulated mineralization, clearly denoting 
the MgO concentration-dependent behavior [42,62]. On the 
other hand, in the present study, MgO concentrations higher 
than ≥ 0.5 mM down regulated calcium deposition. These 
results are in agreement with [63,64,65], [54,66], [42], whom 
demonstrated that Mg2+ concentration over 1.3 mM 
significantly suppressed mineralizing capacity of hBMSCs, 
vascular smooth muscle cells (VSMCs) chondrogenic cells 
(ATDC5), U2-OS, SaOS-2cells and human osteoblasts 
respectively. Furthermore, other studies have claimed that 
excessive Mg2+ may result in hypermagnesemia (a serum Mg2+ 
level exceeding 1.1 mM) which has physiological or 
pathological relevance. In this study, it was noticed that the 
results of the assays of ALP activity and mineralization revealed 

a consistent pattern for the same concentrations at the same 
time points in normal HDPCs, a cell type different from all 
other cell types of studies above forementioned studies. 

The vehicle controls (lignin sulfonic acid disodium salt and 
xanthan gum) used in the present study imparted a significant 
role upregulating attachment efficiency, proliferation rates and 
inducing differentiation in HDPCs. Conforming the role of these 
vehicles on different biological activities of HDPCs in vitro 
contradicted the notion of the inert character of these vehicles 
[67]. Reported that the addition of lignin sulfonic acid disodium 
salt to a poly (lactic acid) matrix allowed tailoring of the final 
properties of the composites without inducing any significant 
change in cell metabolic activity compared to poly (lactic acid) 
itself. In vitro studies by [68,69] whom investigated the effect of 
addition of lignin in prepared PLLA/PLA-lignin composites and 
in poly (vinyl alcohol) (PVA)-poly (glycerol sebacate) (PGS) fibers 
respectively on PC12 (rat phaeochromocytoma) cells. The studies 
revealed that the presence of lignin resulted in higher cell 
proliferation values of PC12 cells indicating their potential role in 
nerve tissue engineering. In a study by [70] a thermo-reversible 
hydrogel composed of xanthan gum–konjac glucomannan (at 
different concentrations (1% and 2% w/v) and ratios (50/50 and 
60/40) was developed. They demonstrated the potential of XG/
KGM hydrogels to improve the wound healing process by 
promoting fibroblast migration, adhesion, and proliferation. 
Similarly [71], developed hybrid scaffolds of xanthan and 
magnetite (XCA/mag) whom noted that adhesion rates were 
more pronounced when cells were seeded on XCA/mag than on 
neat XCA or plastic dishes; XCA/mag and XCA hydrogels are 
scaffolds with distinguishable performance for adhesion and 
differentiation of embryonic stem cell (ESCs) into neurons.

The data presented in this study showed the beneficial effect 
of MgO on the various biological properties of HDPCs. By virtue 
of MgO bioactivity, extensive research has been conducted on 
MgO doped bioglass, calcium phosphate cement, in in vivo 
osteogenesis and bone remodeling [72]. Lack of MgO composites 
in dental applications has raised the interest for the present 
study aiming at producing MgO with biologic performance 
tailored for this specific clinical application. Questions have been 
raised regarding the extent and rate of solubility, degradation 
rate, associated structural stability, adequate reactivity, and 
feasibility for clinical use. In the present work enhancing solubility 
of MgO by the combined use oflignin sulfonic acid sodium salt 
and xanthan gum, provided a highly stable suspension 
combining the regenerative potential of MgO with the specific 
biological advantages. In fact, the application of MgO for dental 
tissue engineering is just at the beginning. A great deal of 
research is still needed to develop superior, straight-forward 
effective dopant chemistry modification methods to facilitate 
the full use of biodegradable and improved bio-functional 
material for dental tissue regeneration.

Conclusion
The data presented in this study suggested the beneficial 

effect of 0.5 mM MgO on the various biological properties of 
HDPCs leading to a potential of an improved pulp capping 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nucleation
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material. This is the first report to demonstrate the optimal 
MgO concentration needed to significantly enhance the 
dentinogenic activities of HDPCs.
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