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Abstract: This study was designed to investigate the effect of inorganic phosphate (Pi) at different concentrations on 

odontogenesis of the normal human dental pulp cells (hDPCs). Normal human dental pulp cells derived from extracted pristine 

teeth were cultured in growth medium with supplements of inorganic phosphate (Pi) in 0 ppm, 2 ppm, 4 ppm, 5 ppm and 8 

ppm, for the time intervals of 16 hours, 7, 14, and 21 days. Cell proliferation rates were measured by the optical density of 

crystal violet dye stained cells. ALP activity was measured by fluorometric assay. Expression of Dentin Sialoprotein (DSP) 

was measured by ELISA. The data were presented as the mean of triplicates. Statistical analysis was conducted using JMP Pro 

12 (ver. 12.1.0) in one-way ANOVA and Tukey HSD post-hoc tests. Cell attachment efficiency was reduced significantly by 

additional Pi of 2, 4 and 5 ppm (P<0.05). At 21 days, cultures with 2, 4 and 5 ppm supplemental Pi displayed significantly 

higher cell proliferation rates compared to the control group at day 14 (P<0.05) and at day 21 (P<0.05). At day 7, cultures with 

2, 4, 5 and 8 ppm supplemental Pi yield significantly higher levels of ALP activity (P<0.05) compared to the control group. At 

day 7, cultures with 5 ppm Pi supplement showed significantly higher levels of DSP expression (P<0.05) compared to the 

control group and the rest of the other groups. Supplemental Pi in concentration of 5 ppm could significantly induce 

proliferation and odontogenesis of hDPCs. This is the first report to demonstrate Pi-induced odontogenesis, leading to potential 

development and clinical application of future Pi containing dental pulp capping or root canal filling materials. 
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1. Introduction 

Phosphorus is the second most abundant mineral in the 

human body. It serves the body to build and repair bones and 

teeth, and also helps in muscle contraction and nerve function. 

Phosphorus does not exist by itself in nature, as it exhibits a 

highly reactive characteristics [1]. It is present as phosphates in 

biological systems and occurs in both organic and inorganic 

forms. Organic forms include phospholipids that form the 

main structural components of all cellular membranes and 

various organic esters. The average adult has approximately 

700 g of phosphate [2], which is mainly distributed in the 

skeleton and teeth (85%). It is also found in soft tissue (14%), 

blood (0.3%), and extravascular fluid (0.3%). The inorganic 

form exists either as free inorganic phosphate ions, or 

complexed with calcium, magnesium, or sodium [3, 4]. 

It was shown that a high-phosphate diet would 

significantly improve bone mineralization and play a role in 

formation of secondary ossification centers, but 

hypophosphatemia caused a delay in ossification [5]. 

Conversely, patients who undergo hyperphosphatemia which 

is a common manifestation of advanced chronic kidney 

disease (CKD), are disposed to cardiovascular morbidity and 

mortality due to increased vascular calcifications and are 

susceptible to bone diseases [6, 7]. 

Few studies have been conducted to test the effect of 

inorganic phosphate (Pi) on osteoblasts. In some studies, it 

was shown that Pi added to culture medium acted as a 

specific signal for the induction of osteopontin gene 

expression, and ultimately protein synthesis by osteoblast-

like cells [8-10]. However, most of the reports showed that 

osteoblast apoptosis could be activated when exposed to 

elevated phosphate concentrations, potentially due to 

profound loss of mitochondrial membrane. When exposed to 
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Pi, the osteoblast-like cells from human explants experienced 

a decrease in cell viability in a time- and dose-dependent 

manner [11]. Moreover, it was shown that Ca²⁺ modulated Pi 

induced osteoblast apoptosis [12, 13]. A downregulation of 

osteoblast gene expression was noticed with elevated Pi 

levels in the culture medium [14]. 

To date, no researchers have investigated the effect of Pi on 

hDPCs. Accordingly, the aim of this study was to test the 

effect of Pi at different supplemented concentrations on 

odontogenesis of the normal human dental pulp cells (hDPCs). 

2. Materials and Methods 

2.1. Cell Isolation and Culture 

Human dental pulp cells were isolated following the 

published procedure described by Stanislawski et al., with 

modifications [15]. The technique was employed using two 

third molars from a 19-year old female patient to obtain the 

hDPCs, through proper informed consent before extraction at 

the oral surgery department of Boston University School of 

Dental Medicine. Briefly, teeth were sagitally scored with a 

high-speed hand piece and 330 bur without entering the pulp 

chamber. Using a bi-bevel chisel, teeth were sectioned and 

fresh dental pulp tissue was collected immediately. The pulp 

tissue was then dissected into small pieces and placed into 25 

ml flasks containing culture medium which was subsequently 

maintained in a humidified atmosphere at 37°C with 5% 

CO2. Culture medium consisted of Eagle’s Basal Medium 

(BME) (Gibco), with supplements of 10% fetal bovine serum 

(Atlanta Biologicals), 100 U/mL of penicillin G (Gibco), 100 

mg/mL streptomycin (Gibco), and 2.5 mg/mL amphotericin-

B (Gibco). Culture medium was replaced every three days. 

Upon confluence, the cells were trypsinized (0.05% trypsin, 

Life Technologies) and transferred into 250 ml flasks in 

medium as described above. When cells again reached 

confluence, they were trypsinized and subsequently counted 

with a hemocytometer (Reichert-Jung) under a microscope as 

described by Freshney [16]. Cells were suspended at 3 x 10³ 

per ml and transferred to 24-well plates and cultured. At that 

stage, cells were immediately used for seeding in medium 

containing 0 ppm, 2 ppm, 4 ppm, 5 ppm and 8 ppm of Pi as 

sodium phosphate [Na3PO4], dibasic, anhydrous (Fisher 

Biotech). Under sterile conditions, Na3PO4 was added to the 

culture medium and was sterilized via 0.2 µm filtration. 

2.2. Measurement of Cell Attachment and Proliferation 

Three thousand normal human dental pulp cells were 

seeded in each well of the 24-well plates (Fisher Scientific) 

containing 1 mL medium with different supplemented 

Na3PO4 concentrations as described above. Each condition 

was prepared in triplicate and incubated for 16 hours in an 

incubator (saturated humidity, 37°C, 5% CO2). At 16 hours, 

cell attachment was quantified through direct cell counts of 

floating cells using a hemocytometer (Reichert-Jung) and 

normalized to the initial cell seeding density. 

Cell proliferation studies were determined at 7, 14 and 21 

days. Culture medium was aspirated, plates were rinsed twice 

with 1 X PBS and then cells were fixed with 1 ml 10% 

neutral buffered formalin (Sigma) for one hour at room 

temperature (RT). Fixer solution was then discarded and 

plates were washed twice with 1 X PBS and stained with 1 

ml 0.2% crystal violet stain (Sigma Aldrich) for 1 hour at RT 

[17]. Unbound stain was removed by rinsing plates 

thoroughly with deionized water until the rinse was clear. 

Then, optical density (O.D) value was measured by a 

microplate reader (TECAN, Infinite 200 Pro) at a wavelength 

of 590 nm. Absorbance of crystal violet is directly 

proportional to cell numbers. 

2.3. Screening of Odontoblast Phenotypic Markers 

For differentiation studies, growth medium were replaced 

with pre-odontogenic inductive medium 48-hours before 

each predetermined time point, i.e. days 7, 14 and 21. Pre-

odontogenic medium consists of 10% charcoal stripped fetal 

bovine serum FBS (Gibco), 100 U/mL Penicillin G (Gibco), 

100 mg/mL Streptomycin (Gibco), 10
-8

 M Menadione (Sigma 

Aldrich), 10 mM β-Glycerophosphate (Sigma Aldrich), 1.5 

mg L-ascorbic acid (Sigma Aldrich), and 2 mM L-glutamine 

(Fisher Scientific) in BME medium (Gibco). Again, under 

sterile conditions, Pi was added to the pre-odontogenic 

inductive medium in concentrations of 0 ppm, 2 ppm, 4 ppm, 

5 ppm and 8 ppm of Na3PO4. The medium were then 

sterilized via 0.2 µm filtration. Cell culture plates at 6, 13 and 

20 days, were cultured for an additional 24-hours in fresh 

pre-odontogenic inductive medium to which was added 10 

nM VitD3 (Sigma). The supernatant fluid was collected at 

days 7, 14 and 21. ALP activity and DSP production were 

measured from the collected supernatants. The odontogenesis 

phenotype was confirmed by adding VitD3. 

2.4. Measurement of Alkaline Phosphatase (ALP) Activity 

Alkaline phosphatase activity was measured with ALP 

fluorometric assay kit (Abcam) according to the 

manufacturer’s instructions. Each well of a 96 well black 

plate with clear bottom (Thermo Scientific) received 100 µL 

culture supernatant and 20 µL of the non-fluorescent 4-

methylumbelliferone phosphatase disodium salt (MUP) 

substrate. The plate was subsequently incubated for 30 

minutes at 25°C in the dark. During that time, MUP substrate 

was dephosphorylated to the fluorescent 4-

methymbelliferone by active ALP obtained in supernatants. 

The enzymatic reaction was then stopped with 20 µL stop 

solution. Emissions of the fluorescent substrate were 

measured at 440 nm using a microplate reader (TECAN, 

Infinite 200 Pro). The enzymatic activity was calculated 

according to the standard curve generated. 

2.5. Measurement of Dentin Sialoprotein (DSP) 

Dentin sialoprotein expression levels were determined by 

the competitive Dentin Sialoprotein (BioAssay™) enzyme-

linked immunosorbent assay kit (Human), (US Biologicals) 

in 100 µL supernatants following the manufacturer’s 
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instructions. Cell culture supernatants were centrifuged to 

remove debris. Triplicate samples and standards were 

initially mixed with 100 µL of balance buffer and incubated 

with 50 µL DSP-HRP conjugate for 1 hour at 37°C. Then 

wells were washed five times and incubated with 100 µL 

substrate for HRP enzyme for 15 minutes in the dark at room 

temperature. Finally, 50 µL of stop solution was added, 

which turned the solution color from blue to yellow. The 

intensity of the solution color was measured at 450 nm in a 

microplate reader (TECAN, Infinite 1000 Pro). A standard 

curve was plotted relating the intensity of the color (O.D) to 

the concentrations of the standards. 

2.6. Statistical Analysis 

All experiments were performed in triplicate and the 

differentiation data was normalized on a per million cells 

basis. Statistical analysis was performed using JMP Pro 12 

(ver. 12.1.0) in one-way variance statistical analysis with the 

Tukey multiple comparison post hoc test. Differences were 

considered significant at P ≤ 0.05. 

3. Results 

3.1. Attachment Efficiency Affected by Pi at Various 

Concentrations 

Groups supplemented with 2, 4 and 5 ppm of Pi showed 

significantly lower attachment efficiency (P<0.05) when 

compared to the control group (Figure 1). The 8 ppm Pi 

group displayed no significant difference in comparison to 

the control group. However, the 8 ppm Pi group exhibited 

higher attachment efficiency compared to the 2, 4 and 5 ppm 

Pi groups (P<0.05). 

 

Figure 1. Attachment efficiency of human dental pulp cells in medium supplemented with various concentrations of Pi for 16 hours. (*P≤0.05). 

3.2. Proliferation Rate Affected by Pi at Various 

Concentrations 

The proliferation rates of hDPCs cultured with different 

concentrations of Pi were determined by the crystal violet 

dye technique at days 7, 14 and 21. The starting point of the 

experiment was the 16 hour attachment study. At day 7 

(Figure 2), a significant cell number increase was observed in 

the Pi groups of 4 and 5 ppm (P<0.05) only. However, at 14 

and 21 days, a significant increase in cell number was 

observed in the Pi groups containing 2, 4 and 5 ppm (P<0.05) 

compared to the control group. With highest proliferation 

rates attributed to Pi group of 5 ppm. 

 

Figure 2. Proliferation of human dental pulp cells in medium supplemented with various concentrations of Pi for time intervals of 7, 14 and 21 days. 

(*P≤0.05). 
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3.3. ALP Activity Affected by Pi at Various Concentrations 

Figure 3 shows the ALP activity for cells grown in medium 

supplemented with Pi in various concentrations. At day 7 a 

significant increase in ALP activity for all supplemented 

groups (P<0.05) was observed compared to the control group. 

However, at day 14, the ALP activity in general dropped to 

lower levels. Thus, the 4 ppm supplement group was the only 

group showing significant value compared to the control group 

(P<0.05). At day 21, ALP activity overall dropped even more, 

with no significant differences among all groups. 

 

Figure 3. Alkaline phosphatase activity of human dental pulp cells in medium supplemented with various concentrations of Pi for time intervals of 7, 14 and 

21 days. (*P≤0.05). 

3.4. DSP Production Affected by Pi at Various 

Concentrations 

An ELISA Assay was utilized to measure the secreted 

dentin sialoprotein in the hDPCs cultures. At day 7 the 

highest values of secreted DSP were derived from cells 

exposed to supplemented Pi of 5 ppm compared to the 

control (P<0.05) (Figure 4). Groups of 2 and 4 ppm 

displayed levels comparable to DSP expression in the control 

group. However, the Pi 8 ppm group exhibited significantly 

lower value compared to the control group (P<0.05). As in 

the ALP activity test, at day 14 DSP overall activity dropped 

to lower levels. The groups with 2 and 4 ppm supplements 

were the only groups that displayed significant values 

compared to the control group (P<0.05). At day 21, the DSP 

overall level dropped even more, with no significant 

differences among all groups. 

 

Figure 4. Dentin sialoprotein expression of human dental pulp cells in medium supplemented with various concentrations of Pi for time intervals of 7, 14 and 

21 days. (*P≤0.05). 

4. Discussion 

Inorganic phosphate is an essential nutritional element 

supporting skeletal development, metabolic processes and 

energy production [18]. Moreover, it serves as an important 

component of DNA, RNA, cellular membrane phospholipids 

and cell-signaling intermediate. The aim of the present study 

was to evaluate the odontogenic effect of various 

concentrations of supplemented Pi on normal hDPCs 

cultures. Taking into consideration the 140 ppm of Pi 

supplemented in the BME culture medium, which reflects the 

physiological concentration existing in the human body, any 
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supplementary amount in this study would be in addition to 

what already exists in the culture medium. Genetically, the 

odontoblast and osteoblast cell profiles are almost identical 

[19]. However, there is a clear difference in cellular 

morphology between bone and dentin. 

Until now, there are no reports demonstrating the effect of 

Pi ions on the hDPCs cultures. In this study, cell attachment 

efficiency, proliferation rate, alkaline phosphatase activity 

and dentin sialoprotein expression were investigated on the 

hDPCs cultures. 

Several studies indicated that the surface topography of 

substrata was a key factor effecting cell attachment efficiency 

[20-22]. It has been observed in the current study that within 

the 16 hour time period, no cell doubling occurred. Therefore 

possible cell number changes are solely attributed to the 

ability of hDPCs to attach to culture wells when grown in 

culture medium containing different Pi concentrations. The 

results demonstrated a significant down regulation tendency 

in groups at 2, 4 and 5 ppm, but the exact mechanism and 

precise role of Pi is not clear. 

A report on rat bone marrow cells showed an inhibitory 

effect of Pi on proliferation [23]. In that study, rat bone 

marrow cells were cultured with various bioglasses and 

inhibition of cell proliferation seemed to be related to a high 

phosphate-ion release or phosphorus-rich precipitations. In 

the current study, hDPCs did not behave like the rat cells. 

Instead, a significant upregulation of cells proliferation in all 

groups containing supplemented Pi was observed. This 

indicates that supplemented Pi can be beneficial to the 

growth of hDPCs. An exception manifests itself with the high 

concentration Pi group (8 ppm), which exhibited almost an 

equal proliferation rates compared to the control group. This 

can be explained by the fact that osteoblast apoptosis can be 

activated when cells have been exposed to elevated 

phosphate concentrations, potentially due to the profound 

loss of mitochondrial membrane. Reports showed that when 

exposed to different Pi concentrations, the osteoblast-like 

cells from human explants exhibited reduced cell viability in 

a time- and dose-dependent manner [11]. 

One study examined the effect of concentration of both 

calcium and phosphorous on osteogenesis. UMR 106-01 BSP 

cells were treated with calcium (Ca) for 24 hours with or 

without the addition of Pi supplement [24]. Results of the 

study showed a Ca-dependent increase in mineral formation. 

However, cultures without an additional Pi supplement only 

formed detectable mineral at a relatively high Ca 

concentration. Cultures treated with low Ca and high Pi 

concentrations produced nearly twice as much calcium 

mineral as those exposed to high Ca and low Pi 

concentrations. Moreover, the addition of organophosphates 

(typically β-glycerophosphate) to cultures of primary 

osteoblast cells enhanced the formation of calcium mineral. 

In this case, ALP is required to hydrolyze the 

organophosphates to release Pi which appears to be the actual 

initiator of mineral formation. Therefore, increased Pi seems 

to initiate a mineral formation that afterward is enhanced by 

Ca levels. However, we cannot exclude the possibility that a 

portion of the mineral formed in these cultures might be the 

result of a direct heterogeneous nucleation within the 

established extracellular matrix of the cell layer. 

Pyrophosphate is present in the extracellular matrix of 

most tissues and is a by-product of many intracellular 

metabolic reactions, acting as a mineralization inhibitor in 

bone [25, 26]. Meanwhile, the function of ALP and ATPase 

are also involved in the transport of Pi and Ca by increasing 

the local concentration of Pi while removing the 

pyrophosphate inhibitors of apatite deposition [27]. In our 

study, the presence of supplemental Pi led to increased levels 

of ALP expression in hDPCs cultures. Alkaline phosphatase 

activity was significantly high in all Pi supplemented groups 

and the remarkable peak of ALP expression was reached at 

day 7, but then declined radically at 14 and 21 days. This 

phenomena is elucidated by the inverse relationship between 

proliferation and differentiation [28]. This high ALP activity 

which was reached at day 7, is mostly attributed to the fact 

that ALP occurs in the early stages of differentiation [29]. 

Dentin sialoprotein was significantly higher in the 5 ppm 

supplemented Pi group in the current study. This masks the 

fact that supplemented Pi at 5 ppm has less effect on 

inducing hDPCs differentiation into odontoblast-like cells 

than other groups. Dentin sialophosphoprotein (DSPP) gets 

cleaved into DSP by the terminally differentiated 

odontoblasts to prompt mineralization and dentinogenesis 

[30]. DSP is an important marker for dentin production since 

it is produced only by mature odontoblast cells and has not 

been found in other cells [31, 32]. As with the ALP study, the 

DSP results showed summiting of DSP levels at day 7. 

Subsequently the expression gets noticeably reduced at 14 

and 21 days. To identify the relationship of phosphate and 

mineralization, in a previous in vitro study on rat bone, cell 

cultures were maintained in medium containing ascorbic acid 

after day 7 and lacking the organic phosphate source, β-

glycerophosphosphate (β-GP) [33]. Under accelerated 

mineralizing conditions (with β-GP), osteocalcin mRNA 

synthesis increased steadily beginning at day 15 in parallel 

with Ca accumulation in the cell layer. In contrast, when 

cultures were maintained in the absence of β-GP, Ca did not 

begin to accumulate in the cell layer until day 25. 

Osteocalcin was not detectable until this point. Its low level 

of synthesis reflects the slower rate of mineralization. 

However, the presence or absence of β-GP had no effect on 

the proliferation period or on the onset of ALP expression. 

Taken together, it can be concluded that Pi at 5 ppm 

supplemented concentration would produce the most 

proliferation and differentiation up-regulation. 

5. Conclusion 

This study demonstrated that Pi at 5 ppm could significantly 

induce proliferation and odontogenesis of hDPCs. This is the 

first report to demonstrate the optimal Pi concentration for 

inducing human odontogenesis, which may lead to potential 

development of clinical applications using dental-pulp related 

biomaterials. More importantly, the current study tested 



 International Journal of Materials Science and Applications 2019; 8(3): 40-46 45 

 

normal human dental pulp cells in vitro and has set a landmark 

for future studies. For instance, micro-molecular investigations 

are required to understand the cellular functions of Pi. 

Furthermore, the reported optimal Pi concentration needs to be 

verified using in vivo studies as well with optimal 

concentration of Pi released from implanted material having 

various degradation rates. The generated results of the current 

study are essential when manufacturing Pi-containing 

biomaterials for dental-pulp complex tissue regeneration. 
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