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Tricalcium phosphates (TCPs) are of great interest in dental tissue engineering applications. The objective 
of this study was to incorporate magnesium (Mg) at different concentrations of 0.25, 0.50, 1.00, 2.50, and 
5.00 wt.% to TCP and evaluate the effects on phase composition, density, and in vitro interaction with 
human dental pulp stem cells (hDPSCs). Our results showed that adding Mg stabilized the β-TCP crystal 
structure and increased the density of the TCP. Mg addition had no adverse effect on hPDSCs response. 
Although cellular proliferation was slightly less on Mg-TCPs at early time points, it increased significantly 
with time and in a dose-dependent manner. A similar trend was observed for cellular differentiation. 
Together, these data show for the first time that Mg addition at concentrations less than 2.50% 
(preferably at 1.00 or 2.50 wt.%) can be added safely to TCP for enhanced proliferation and differentiation 
of hDPSCs.

EARLY CAREER SCHOLARS IN MATERIALS SCIENCE 2023

Sahar Vahabzadeh

Introduction
The success of calcium phosphates (CaPs) is due to their 
high biocompatibility, controllable biodegradability, osteoin-
ductivity potential, which is the ability to guide new bone 
growth along the material, and their composition similarity 
to the inorganic portion of the bone, which contributes to 

approximately 70% of bone’s structure [1, 2]. As a result, CaPs 
have a wide variety of applications as bone and dental substi-
tutes and are implemented in bone grafts, dental implants, and 
cements [2]. Using different types of CaPs is directly related 
to the phase composition, which is defined by its calcium to 
phosphorous ion ratio and the resulting characteristics like 

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-022-00851-4&domain=pdf


 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
38

  
 I

ss
ue

 1
 

 J
an

ua
ry

 2
02

3 
 w

w
w

.m
rs

.o
rg

/jm
r

Invited Paper

© The Author(s) 2023 229

Invited Paper

crystallinity, bioresorbability, mechanical properties, and bio-
logical responses [1, 2].

Tricalcium phosphate (TCP) has a Ca/P ratio of 1.5 and 
is more osteoinductive and more soluble than hydroxyapatite 
[3]. As a result, TCPs tend to be specifically used for biode-
gradable characteristics to encourage the replacement of the 
implant with new tissue as it deteriorates [4, 5]. Different meth-
ods have been investigated to optimize features like mechanical 
strength, sintering temperature, density, and cellular interaction 
with the material in vitro and in vivo. One of the most popular 
techniques uses a single or a combination of trace elements as 
dopants such as magnesium, strontium, silicon, lithium, and 
iron to substitute calcium with foreign ions in the TCP structure; 
this results in the adaptation of various properties and encour-
ages specific biological responses [3, 6–10]. The current research 
focuses on modifying the TCP composition by ionic substitution 
for potential dental applications.

Magnesium is the fourth most abundant ion in the human 
body, 60% of which can be found in the bone. It is an essential 
element in bone and dental health. Its concentration is 0.2, 1.1, 
and 0.6 wt.% in enamel, dentin, and bone, respectively [3]. Mag-
nesium has diverse functions that vary from enzyme activity, 
support in the bone crystal structure, regulating growth, and 
intercellular pathway communication [11, 12]. It is also critical 
in body interaction with vitamin D, parathyroid hormone secre-
tion, and the regulation of osteoclast and osteoblast activity in 
the absorption and creation of bone [12]. An imbalance due to 
elevated bone absorption and decreased formation of bone can 
cause serious health problems due to fragility and an increased 
risk of injuries such as fractures and possible disability [1, 2, 
13]. This correlation has been deduced from studies that have 
concluded deficiency in magnesium leads to the weakened bone, 
decreased bone mass and growth, and osteoporosis [14]. Mg is 
also a pivotal component in dental health and plays a crucial role 
in tooth apatite formation. Interestingly, the concentration of 
Mg is different at different parts of the tooth; a higher concentra-
tion in dentin (compared to enamel) is associated with dentin’s 
organic compound [15]. In addition, Mg content on the surface 
of enamel is less than in the deeper layers, which is due to the 
mineralization and demineralization process at the surface, as 
opposed to the deeper layer [16]. Studies have shown that high 
concentrations of Mg serum by oral intake decreases the pos-
sibility of attachment loss and probing health, and improves 
teeth lifetime, suggesting effective nutritional role of Mg sup-
plement on overall periodontal health [17]. Lack of access to 
Mg disrupts the intercellular hemostasis and causes significant 
decrease in proliferation, migration, and osteogenic differentia-
tion of human dental pulp stem cells [18]. The purpose of this 
research is to investigate the role of Mg addition at different 
concentrations on physical properties and in vitro interaction 
with human dental pulp stem cells (hDPSCs).

We hypothesize that the presence of magnesium in TCP 
will alter its physical properties and in  vitro interaction 
(attachment, proliferation, and differentiation) with hPDSCs. 
To validate our hypothesis, Mg was added to TCP precur-
sors in several concentrations using the solid-state synthesis 
method, and TCP disk samples were prepared by uniaxial 
pressing. The phase composition and density of the sam-
ples were analyzed using X-ray diffraction and Archimedes’ 
methods, respectively. The hDPSCs interaction with scaffolds 
was examined through SEM, fluorescence microscopy, MTT, 
and ALP assays. The role of Mg in calcium phosphate ceram-
ics on bone turnover has been studied extensively, and we 
have already reported the in vitro and in vivo findings [6–8, 
19–21]; however, the presence and optimum concentration 
of Mg for proliferation and differentiation of hDPSCs are not 
reported.

Materials and methods
Pure and Mg‑doped TCP preparation

Pure and doped TCP powder was fabricated through a solid-
state synthesis method using calcium carbonate  CaCO3 
(≥ 99.0%, Sigma-Aldrich), ammonium phosphate diabasic 
 (NH4)2HPO4 (≥ 98%, Sigma-Aldrich), and magnesium oxide 
MgO (≥ 99.99%, Sigma-Aldrich) as precursors, as explained in 
detail previously [17]. Briefly, 3 mol of  CaCO3 and 2 mol of 
 (NH4)2HPO4 were milled and mixed at powder:milling media 
of 4:1 for 2 h. Powders were then calcinated at 1025 °C for 2.5 h, 
then mixed with ethanol at powder:ethanol:milling media ratio 
of 1:1.5:5 for 6 h, followed by drying at 70 °C for 72 h. Mg-
doped TCP powders with Mg content of 0.25, 0.50, 1.00, 2.50, 
5.00, and 7.50 wt.%, were synthesized by the same method, and 
MgO was added as an Mg precursor while maintaining the 
(Ca + Mg)/P = 1.5. The dried powder was then pressed to disk 
samples of approximately 12 mm diameter and 2.5 mm height 
using a uniaxial press at 25 kN for 2 min, followed by sintering 
at 1200 °C for 2 h.

Phase analysis and density measurement

The phase composition of a calcined powder and sintered sam-
ples was analyzed using a Miniflex Rigaku X-Ray diffraction 
instrument, with a source of Cu Kα radiation at a step size of 
0.05° and a time per step of 1 s. Relative bulk and apparent den-
sities of samples (except for the 7.50 wt.% TCP) were measured 
by Archimedes’ method. The dry weight and dimension of disk 
samples were measured at room temperature. Then each disk 
was submerged individually into boiling deionized water for two 
minutes, room-temperature water, to measure the wet weight. 
The average density of at least six samples was calculated as each 
sample’s density.
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In vitro human dental pulp stem cells (hDPSCs) culture

Human dental pulp stem cells (hDPSCs) which were previously 
characterized [22], were transferred to a flask containing DMEM 
with 4.5 g/L glucose, L-glutamine, and sodium pyruvate (Corn-
ing) supplemented with 10% fetal bovine serum (FBS, Gibco 
Invitrogen) and 1% Antibiotic–antimycotic (HyClone)) and 
incubated at 37 °C with 5% CO2 and 95% humidity. Cells at 
80% confluency were detached using 0.25% trypsin and counted 
using the C-Chip DHC-NO1 hemocytometer (INCYTO, Korea).

Cells at passage 4, were seeded on the sterilized scaffold at 
a concentration of 2.5 ×  105 cells/samples in 100 µl of culture 
medium. After one hour of incubation (to allow cell adhesion), 
samples were immersed in media and incubated at 37 °C and 
5%  CO2 for predetermined times (1, 3, and 7 days). The culture 
medium was changed to a fresh medium every other day during 
the experiment.

Cell attachment, viability, proliferation, and alkaline 
phosphatase assay

Cell adhesion on the scaffolds was investigated qualitatively by 
scanning electron microscopy (SEM). After 7 days, samples were 
removed from culture media, rinsed with PBS, and fixed in the 
Karnovsky’s fixative for 24 h at 4 °C, followed by PBS wash-
ing, and dehydration in a series of increasing concentrations 
of ethanol (30, 50, 70, 90, and 100%v/v). Samples were dried, 
sputter-coated with gold, and observed under the microscope 
(SEM, JEOL-JSM6510, Japan).

The viability of DPSCs seeded on scaffolds was assessed 
using a Live/Dead® viability/cytotoxicity kit (Invitrogen). After 
24 h of cell seeding, samples were rinsed with PBS and incu-
bated in a mixture of 5 µM calcein-AM and 4 µM ethidium 
homodimer-1 (EthD-1) in PBS for 15 min at room temperature. 
After washing again with PBS, live (green) and dead (red) cells 
were imaged with fluorescence microscopy (Evos Fluorescent, 
life technologies).

Presto Blue assay (Invitrogen, Life Technologies) was used as a 
product directed to measure the proliferation of the samples. After 
washing scaffolds and cells with PBS and Presto Blue solution (1:9 
in DMEM without phenol-red), samples were incubated at 37 °C 
with 95% humidity and 5%  CO2 for 2 h. Once removed, 100 μl of 
each solution was transferred into a 96-well plate compartment 
and analyzed by fluorescence intensity at 540 nm and 590 nm with 
a microplate reader (SYNERGY-HTX, Biotek, USA).

The ALP assay was performed once after the 7th day. Scaf-
fold samples were washed with cold PBS and suspended in 
ALP assay buffer (Abcam, USA). Cells were lysed three times 
through freeze–thaw cycles. The cell lysate was then transferred 
to a new tube and centrifuged at 1000 times gravity for 10 min 
at 4 °C. The lysates were mixed with pNPP (4-nitrophenyl phos-
phate) per the manufacturer’s instructions. The absorbance was 

measured at 405 nm. ALP readings were compared to a standard 
curve, respectively, and the calculated ALP concentration was 
normalized to the protein content for each well. The data were 
plotted after normalizing the nmol pNPP/ug protein.

Statistical analysis

Data for relative bulk density and relative apparent density are 
presented as mean ± standard deviation. Statistical analysis was 
performed using Prism 8.0 Software (GraphPad, CA, USA) on 
PrestoBlue and ALP assay results with a one-way analysis of var-
iance (ANOVA) followed by Tukey’s post hoc test’.P values < 0.05 
were considered statistically significant.

Results
Phase analysis

Figures 1(a) and (b) show the XRD spectra of pure and Mg-
doped TCP at 1025 °C and 1200 °C, respectively. The addition of 
Mg to TCP and calcination at 1025 °C does not affect the phase 
composition and all samples contain β-TCP. Sintering the pure 
TCP at 1200 °C results in the formation of α-TCP as the minor 
phase, while Mg-doped samples include Mg substituted TCP, 
magnesium whitlockite ((Ca, Mg)3(PO4)2), as the only phase. As 
noted in Fig. 1(b), increasing the concentration of Mg slightly 
shifts the peaks to higher angles.

Density

Relative bulk and apparent densities of pure and Mg-substituted 
TCP are presented in Table 1. The addition of Mg increases the 
relative bulk density of samples. Incorporation of 0.25 wt.% Mg 
increases the relative bulk density of samples from 58.7 ± 0.6% 
to 73.1 ± 0.6%. The highest relative bulk density is measured for 
5.00 wt.% Mg-TCP with the value of 80.6 ± 0.9%. Relative appar-
ent density for all samples is higher than the bulk density and in 
the range of 91–96%.

In vitro hDPSCs attachment, viability, proliferation, 
and differentiation

To understand the cell-material interaction, the morphology of 
the cells and their viability were evaluated by SEM and a fluo-
rescence microscope, respectively. Figure 2 shows the morphol-
ogy of the cells after 24 h of culture. Cells have been attached 
to all samples regardless of the composition, and the filopodia 
extensions are visible. Fluorescence microscopy images in Fig. 3 
confirm the results by SEM, where several live cells and a few 
dead/damaged cells were present on all samples. No significant 
difference was observed in hDPSCs population density between 
different compositions.
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To quantify the cell proliferation, a PrestoBlue assay 
was used on days 1, 3, and 7 (Fig. 4). On days 1 and 3, the 
pure sample had the highest cell density. The addition of Mg 
resulted in a significant reduction of cell proliferation in sam-
ples compared to the pure sample except for 1.00 wt.% Mg that 

didn’t show a significant difference with the control group on 
days 1 and 3 (p > 0.05). While maintaining the same trend, all 
the Mg-doped samples showed an increase in cell proliferation 
with time, and the highest cell density was on day 7, which 
was significantly higher than on day 3. Among all samples, 

Figure 1:  XRD spectra of pure and Mg-doped TCP samples after (a) calcination at 1025 °C and (b) sintering at 1200 °C. All peaks except the one labeled 
with * belong to β-TCP.
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1.0 Mg-TCP had the highest cell density at all time points as 
compared to the other Mg-doped samples, although it wasn’t 
significant (p > 0.05). On day 7, 1.0 Mg-TCP showed a sig-
nificantly higher cell proliferation as compared to the other 
Mg-doped samples (except for 0.5 Mg and 2.5 Mg) and even 
in comparison to the control group (p < 0.05).

The differentiation of the hDPSCs in the presence of pure 
and Mg-doped samples after 7 days of culture was evaluated 
by ALP assay and the results are presented in Fig. 5. The pres-
ence of Mg enhances the ALP activity in a dose-dependent 
manner. Although the difference between the control group, 
0.25 Mg-TCP, and 5.0 Mg-TCP was not statistically signifi-
cant (p > 0.05), adding 0.5, 1.00, and 2.50 wt.% Mg enhances 
the ALP expression significantly (p < 0.05). The highest ALP 
expression was in 1.0 Mg-TCP, which was similar to 0.5 and 
2.5 Mg-TCP (p > 0.05). However, a higher concentration of 
5.00 wt.% decreases the activity to a similar level to that of 
the pure sample.

Disscussion
Current results show that the presence of Mg and its concentra-
tion alter the phase composition, density, and in vitro interac-
tions with hDPSCs. Adding Mg at the lowest concentration of 
0.25 wt.% stabilizes the β-TCP crystal structure and prevents 
its transformation to α-TCP, which happens at temperatures 
between 1125 and 1430 °C. Along with the disappearance of 
α-TCP, a slight shift in the peaks with the addition of Mg proves 
successful substitution of the divalent ion, Mg, in TCP crystal 
structure [23]. Mg with the ionic radius of 0.69 Å, is signifi-
cantly smaller than  Ca2+ (ionic radius of 0.99 Å), causes shrink-
age in TCP crystal structure and atomic planes, and shifts the 
XRD peaks to higher angles, according to Bragg’s equation [24]. 
The magnesium-substituted TCP phase, known as magnesium 
whitlockite ((Ca, Mg)3(PO4)2), becomes the dominant phase 
with increased Mg amounts. However, Mg-substitution results 
in lattice shrinkage up to ~ 14 mol% substitution and further 
does not change it [25]; this is in line with our current results, 
where increased Mg concentrations up to 2.50 wt.% result in 
peak shifts, and no significant change is observed in 5.0 and 
7.5 Mg-TCPs. Instead, new peaks at 2theta of ~ 23 and 23.75 
may be attributed to the formation of the new phase; stanfieldite 
 (Ca4Mg5(PO4)6); due to saturation of Mg substitution in TCP 
crystal structure.

The relative bulk density of all Mg-substituted TCP 
samples is significantly higher than the pure sample, which 
is attributed to the decrease in unit cell volume. Previous 
studies showed that adding Mg increases the TCP density 
after sintering temperatures lower than 1300  °C [6, 14]. 
Though the bulk density of samples with Mg concentration 
up to 2.50 wt.% is not significantly different, the addition of 

TABLE 1:  Relative bulk and density of pure and Mg-doped TCP samples 
after sintering at 1200 °C.

Composition Relative bulk density (%)
Relative appar-
ent density (%)

Pure TCP 58.7 ± 0.6 86.6 ± 2.9

0.25 Mg-TCP 73.1 ± 0.6 96.0 ± 0.8

0.5 Mg-TCP 67.5 ± 0.9 97.0 ± 2.6

1.0 Mg-TCP 66.4 ± 2.3 93.8 ± 1.1

2.5 Mg-TCP 70.0 ± 1.8 95.8 ± 1.2

5.0 Mg-TCP 80.6 ± 0.9 91.6 ± 2.4

7.5 Mg-TCP Cannot be measured due to significant 
liquid phase formation and deforma-

tion

Figure 2:  Morphology of the cells on pure and Mg-doped TCP samples after 24 h.
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5.00 wt.% Mg increases the density significantly. This can 
be due to the formation of the stanfieldite with a density of 
3.10 g/cm3, which is higher than that of the β-TCP. However, 
the addition of Mg does not change the density in a regular 

manner. This non-uniform change in density is attributed to 
two counteracting phenomena: 1—formation of magnesium-
substituted calcium phosphate that increases the density due 
to a higher molecular weight of Mg than Ca and decrease in 

Figure 3:  Fluorescence imaging of live/dead cells on pure and Mg-doped TCP samples after 24 h. Green and red indicate live and dead cells, 
respectively (scale bar length is 400 µm).

Figure 4:  hDPSC proliferation on pure and Mg-doped TCP samples after 1, 3, and 7 days of culture. *p < 0.05, ns non-significant. hDPSC human dental 
pulp stem cells.
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structural volume, and 2—liquid phase formation with the 
addition of Mg that reduces the density of the structure [26]. 
The exclusion of the 7.5 Mg-TCP from density measurement 
was due to partial melting of the sintered samples. Addition 
of Mg around 16 mol.% results in the formation of a liquid 
phase in the system [24]. In the current work, the appear-
ance of the liquid phase was initiated at a 5.00 wt.% Mg-TCP 
sample without a noticeable geometrical change, while the 
addition of 7.50 wt.%Mg showed a significant distortion, 
which is in line with the Rietveld refinement method [27]. 
The relative apparent density of all of the samples is signifi-
cantly higher than the bulk density, which shows the pres-
ence of open porosity in the samples. The highest and lowest 
open porosity in pure and 5.0 Mg-TCP samples, respectively, 
representing the effective role of Mg in densifying tricalcium 
phosphate.

Mg-substituted CaPs have been widely used in bone tis-
sue engineering applications. Several studies have shown the 
effectiveness of Mg on bone cell proliferation, differentia-
tion, maturation, and overall turnover [6, 8, 14]. However, 
the role of Mg on dental health and dental pulp stem cell evo-
lution is an ongoing investigation. The goal of this research 
was to find, for the first time, the optimal magnesium con-
centration to promote proliferation and differentiation of 
hDPSCs without compromising the physical properties for 
potential dental tissue engineering applications. The results 
from the cell viability, cell attachments, and cellular prolif-
eration suggested that all the Mg-TCP compositions were 
biocompatible with the initial conditions of the scaffold after 
24 h. The fluorescence microscopy images demonstrated a 

dense population of cells with minimal dead or damaged 
cells, indicating that initial conditions for the in vitro testing 
were ideal for supporting cells for a longer time frame. SEM 
images show long extended lamellipodia were attached to the 
surface, implying strong cell adhesions. Evidence of the cells 
fully spreading into the substrate suggested that the cells did 
not have difficulty in integrating with the scaffold samples 
or with the neighboring cells. Cellular proliferation is the 
highest on pure TCP at the early time-point of day 1, with 
no significant change during the 7 days of study. Although 
Mg presence does not enhance the early cellular prolifera-
tion, all Mg-doped samples show increased proliferation of 
hDPSCs with time, where the cellular activity on day 7 was 
significantly higher than on days 1 and 3. The proliferation 
of cells, increases with an increase in Mg concentration up 
to 1.00 wt.%, then gradually decreases. Differentiation of 
the hPDSCs was measured by ALP assay. Figure 5 shows 
the dose dependency of ALP expression with regard to the 
Mg concentration; low concentrations of 0.25 and 0.50 wt.% 
increase it, then the maximum activity is in 1.0 wt. % Mg 
with no significant difference from 0.5 and 2.5 Mg-TCP. 
However, a higher concentration of 5.00 wt.%Mg decreases 
the ALP expression significantly to the values similar to that 
of the pure samples. These results are in line with the avail-
able data in the literature. A recent study has shown that cul-
turing human dental pulp stem cells in a medium containing 
different concentrations of  Mg2+ supplement alters cellular 
proliferation and differentiation significantly and in a dose-
dependent manner. While increasing the  Mg2+ concentration 
to 0.5 mM and 1.0 mM enhances cell proliferation, higher 
concentrations of 4 mM and 8 mM decrease the proliferation 
drastically. The addition of 2 mM  Mg2+ upregulates the alka-
line phosphatase activity and dentinogenesis, while 8 mM 
of  Mg2+ decreases the ALP to a lower level than the control 
specimens without any supplement [28]. The effect of Mg 
on the proliferation and differentiation of hDPSCs depends 
on the magnesium precursor. While the previous study used 
magnesium chloride, another study showed that enhanced 
proliferation and differentiation happen only in media con-
taining 0.5 mM of magnesium oxide [29]; this indicates that 
not only the presence and concentration of magnesium but 
also the composition of precursor significantly alters the cel-
lular behavior.

These preliminary results show the effects of magne-
sium as a dopant on the physical properties of TCP, along 
with in vitro human dental pulp stem cell—TCP interaction 
for potential use in dental tissue engineering applications. 
Our findings suggest that the addition of either 1.00 wt.% or 
2.50 wt.% provides optimal cellular proliferation and differen-
tiation without compromising the physical properties.

Figure 5:  ALP activity on pure and Mg-doped TCP samples after 7 days 
of culture. *p < 0.05 compared to control group, ns non-significant. ALP 
alkaline phosphatase.
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Conclusion
In the current research, several concentrations of Mg were added 
to TCP to investigate its effects on phase composition, density, 
and in vitro interaction with hDPSCs. Mg addition stabilizes the 
crystal structure of β-TCP, and increasing the concentration of 
Mg results in the formation of Mg-substituted TCP with higher 
density. Liquid phase formation and deformation were observed 
in samples with 7.50 wt.% Mg. The proliferation of hDPSCs was 
not affected at early time points; however, an increase in prolif-
eration was observed in all Mg-doped TCP samples with time. 
The increase in proliferation with the increase in Mg content 
depends on Mg amount; it upregulates up to 1.00 wt.% Mg, fol-
lowed by a decrease with the addition of higher amounts. A 
similar trend was observed for ALP expression. Together, for the 
first time, these results suggest that Mg addition up to 5.00 wt.% 
to TCP has no adverse effect on phase composition, density, and 
human dental pulp stem cell response, and TCP doped with 
1.0 or 2.50 wt.% Mg can be considered dental substitute due to 
enhanced proliferation and differentiation of hDPSCs.
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