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Abstract Magnesium phosphate (MgP) materials have

been investigated in recent years for tissue engineering

applications, attributed to their biocompatibility and biode-

gradability. This paper describes a novel microwave assisted

approach to produce amorphous magnesium phosphate

(AMP) in a nanospherical form from an aqueous solution

containing Mg2? and HPO4
2-/PO4

3-. Some synthesis

parameters such as pH, Mg/P ratio, solution composition

were studied and the mechanism of AMP precursors was also

demonstrated. The as-produced AMP nanospheres were

characterized and tested in vitro. The results proved these

AMP nanospheres can self-assemble into mature MgP

materials and support cell proliferation. It is expected such

AMP has potential in biomedical applications.

1 Introduction

Calcium containing biomaterials, such as calcium phosphate

(CaP), calcium sulfate (CaSO4) and calcium silicate (CS) are

traditionally researched inorganic biomaterials used for

bone regeneration [1–3]. Being in the same period of the

periodic table with calcium makes magnesium one of the

main substitutes for calcium in biological apatite. It is known

magnesium can influence the bone mineral metabolism,

formation and crystallization processes [4, 5]. Consequently,

doping calcium containing biomaterials with magnesium

has recently become an active topic in biomaterial research.

It was reported that CaP doped with magnesium can be

stabilized, significantly enhancing osteoblast attachment

and growth as compared to pure CaP [6, 7]. Similarly, a

calcium magnesium silicate bioceramic (Akermanite) pro-

moted more osteogenesis, biodegradation, and bone forma-

tion once implanted in rabbit test subjects than b-tricalcium

phosphate (b-TCP) [8]. Additionally, bone cement doped

with magnesium showed controllable degradability and

great mechanical and biological performance as compared to

CaP bone cement (CPC) [9].

Instead of doping calcium based biomaterials with

magnesium, there is a current trend directly using magne-

sium based materials as a potential alternative for ortho-

pedic applications. One such area of research uses

magnesium alloys as implant materials, which are light-

weight, degradable, load bearing, biocompatible, and

possibly biologically active [10]. The deposition of a

magnesium coating on metallic implants to induce the

formation of a uniform bioactive coating has been reported

[11]. Magnesium phosphate (MgP) is another area of recent

focus. MgP is biocompatible and exhibits a faster biodeg-

radation rate compared to CaP [12]. Reported MgP bone

cements (MPC) show all the functions necessary for

potential bone cement applications including injectability,

degradability, biocompatibility, high strength and suitable

setting time for clinical applications [13–16]. Additionally,

MgP nanoparticles have been applied to gene delivery and

in vitro DNA transfection in HeLa cells demonstrating that

MgP nanoparticles show almost 100 % transfection effi-

ciency [17].

The formation of MgP is based on the ionic interac-

tion between Mg2? and PO4
3- in aqueous medium. Gen-

erally, in synthesis processes, different MgP materials

such as MgHPO4�3H2O, Mg3PO4�5H2O, Mg3PO4�8H2O,
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Mg3PO4�22H2O, and Mg2PO4OH�4H2O can be precipi-

tated under conditions such as Mg/P ratio, temperature, and

pH [18, 19]. Alternatively, NH4
? or Ca2? from aqueous

medium can substitute into the MgP lattice, which develops

into a good bone substitute biomaterial [12–14].

A survey of literature shows that kinetic study of MgP

nucleation and precipitation in physicological conditions is

rare. Previously reported research only focuses on the final

precipitated MgP minerals by controlling reaction condi-

tions such as temperature and ionic composition [18, 19]. In

contrast, CaP growth from precursors to mature crystals has

been systematically studied and illustrated [20–22]. The

main problem in studying the kinetics of MgP formation is to

prepare MgP precursors on the nano scale and evaluate their

transformation under certain environments. Unfortunately,

the synthesis of MgP nano precursors is more difficult than

CaP precursors, limited by the high instability of MgP in

aqueous medium. In our previous research source, we

reported a microwave (MW) assisted method to produce

amorphous CaP nano precursors [23]. In the report it is

observed that Mg2? can be incorporated into the CaP lattice

and the weight ratio of Mg increases with its concentration in

aqueous medium. This MW assisted method can be a

potential strategy to prepare MgP nano precursors.

In this study two concepts are evaluated: (1) potential

preparation of Amorphous Magnesium Phosphate (AMP)

precursors on the nano scale using MW irradiation, (2)

MgP growth using prepared AMP precursors in a physio-

logical environment of simulated body fluid (SBF). In

addition, to ensure the synthesized particles from MW

assisted pathways are biocompatible materials suitable for

potential bone tissue engineering applications, selected

MgP precursors are used for bone osteoblast growth.

2 Materials and methods

2.1 Preparation and characterization of AMP

precursors

All reagent grade chemicals were purchased from Fisher

Scientific (NJ, USA) and used without further purification.

The reaction solutions were prepared by mixing

MgCl2
� 6H2O, KH2PO4 and NaHCO3 in 1 L DI water in 3 L

capacity beaker. The reactants were dissolved in DI water

one by one, and added based on the order listed in Table 1.

In addition, 1 M NaOH and 1 M HCl solutions were pre-

pared for adjusting pH of the prepared solutions to the

values as shown in Table 1. The solutions had two different

magnesium concentrations: (1) physiological condition in

human plasma (1.5 mM Mg2?) denoted with L; (2) 109

more concentrated than physiological condition (15 mM

Mg2?) denoted with H. Furthermore, three different Mg/P

molar ratios were applied (3:2, 2:3, 1:1), though Mg/P

molar ratio in human plasma/serum ranged from 3:2 to 2:3

[24, 25]. The one low concentration sample tested is

denoted L1 and the six high concentration samples are

denoted H1–H6 for simplicity. The addition of NaHCO3

mimics human plasma and works as a pH buffer. The pH

value of each solution was measured using a pH meter

(Mettler Toledo, OH, USA).

Sample beakers of 150 mL with 100 mL prepared

solution were then placed onto 10 9 10 9 1 cm alumina

insulating fiberboards and covered with an upside down

250 mL-capacity glass beaker. To proceed with the MW

assisted process, the sample assembles were placed into a

household MW oven (Emerson, max. power 100 W, 2450

MHZ, NJ, USA) for 5 min. At the end of MW heating, the

samples were moved to a cold water bath to cool down.

Finally, the precipitates were collected after centrifuging at

3,0009g rpm for 5 min followed by rinsing using DI water

to remove residual salts. All precipitates were completely

dried in a 37 �C oven overnight.

2.2 Evaluating the activity of AMP nano precursors

in SBF

SBF was prepared following the recipe reported by before

[26, 27], with an ionic composition closely mimicking

Table 1 Compositions of tested solutions

Solution NaHCO3 MgCl2�6H2O KH2PO4 pH Mg/P

L1 0.227 0.2078 0.1361 6.8 1:1

H1 2.27 2.078 1.361 6.8 1:1

H2 2.27 3.116 1.361 6.8 3:2

H3 2.27 1.385 1.361 6.8 2:3

H4 2.27 2.078 1.361 5 1:1

H5 2.27 2.078 1.361 8 1:1

H6 2.27 2.078 1.361 9 1:1

One low concentration sample denoted L1 is tested and six high

concentration samples are tested denoted H1–H6 for simplicity

Table 2 Composition of 1 L test SBF

Order Reagent SBF

1 NaCl 6.5456 g

2 NaHCO3 2.2682 g

3 KCl 0.3727 g

4 Na2HPO4 0.1419 g

5 MgCl2�6H2O 0.3045 g

6 1 M HCL 10 mL

7 CaCl2�2H2O 0.3881 g

8 Na2SO4 0.072 g

9 Tris-Base 6.063 g

10 1 M HCl 33.3 mL
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human body plasma. The composition is shown in Table 2.

The reagents were dissolved in solution one by one in the

order listed in Table 2 and stored at 5 �C when not in use.

Each 0.5 g dried powder was bottled in 40 mL of SBF

separately. All samples were incubated in a 37 �C envi-

ronment for 7 days with SBF replenished every 48 h.

Finally, powders were collected via centrifuge and dried in

an oven for further characterization.

2.3 Characterization

All powders were characterized by X-ray diffraction

(XRD, Ultima III, Rigaku)) with monochromated Cu Ka
radiation operated at a voltage of 40 kV and a current set at

44 mA. The morphological features of precipitates and

incubated powders were visualized using a scanning elec-

tron microscope (SEM, S4800, Hitachi). Energy dispersive

X-ray spectroscopy (EDS) in an SEM was used to analyze

the powders elemental composition and molar ratio. The

inner structure of AMP nanospheres was investigated via

transmission electron microscopy (TEM, HD-2300,

Hitachi) with a 200 kV voltage.

2.4 Preliminary cell culture on AMP

Mouse 7F2 osteoblast cells (CRL-12557, American Type

Culture Collection) were used for the cell culture on

powders from H1. Osteoblast cells were first grown at

37 �C and 5 % CO2 in alpha minimum essential medium

(a-MEM, Thermo Scientific HyClone), augmented by

10 % fetal bovine serum (FBS, Thermo Scientific

HyClone). MgP pellets were prepared by pressing MgP

powders in a die. These pressed pellets were stable in an

aqueous environment. Harvested osteoblasts were seeded

onto sterilized MgP pellets. Osteoblast morphology on

samples after 3 days was examined using SEM. Prior to

SEM, samples underwent a fixation procedure with glu-

taraldehyde, graded dehydration with ethanol, critical point

drying procedure and sputter coating [27, 28].

3 Results

MgP solution at physiological ionic concentration

(19 denoted L) does not form precipitates after 5 min of

MW irradiation. Alternatively, precipitates are observed

from more concentrated MgP solutions (109 denoted H).

However, solutions with a pH of 5 cannot form precipitates

after MW treatment. While a solution with a pH of 9 can

spontaneously start precipitating at room temperature

without any further MW irradiation. All the results are

shown in Table 3.

Table 3 Results of MgP precipitation from different solutions

Solution Precipitation Stability at room

temperature

Mg/P

L1 No Stable N/A

H1 Yes Stable 1.285 ± 0.24

H2 Yes Stable 1.23 ± 0.07

H3 Yes Stable 0.973 ± 0.29

H4 No Stable N/A

H5 Yes Stable 1.292 ± 0.11

H6 Yes Precipitation 1.308 ± 0.21

One low concentration sample denoted L1 is tested and six high

concentration samples are tested denoted H1–H6 for simplicity

Fig. 1 EDS results of MgP precipitates from different solution a H1,

b H5, and c H6
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EDS results indicate the precipitates from MgP solutions

are mainly composed of Mg2? and PO4
3- (Fig. 1). Ionic

concentration, Mg/P molar ratio and pH showed impacts on

the Mg/P molar ratio of resulting precipitates (Table 3).

XRD analysis of the precipitates (Fig. 2) reveals that the

formed materials are amorphous, resulting the formation of

a broad peak with its maximum intensity at 31 degree,

confirming the synthesized MgP precipitates are AMP.

The SEM results of precipitates are listed in Fig. 3.

AMP nanospheres are successfully synthesized via MW

irradiation from H1, H2, H3 and H5. Different Mg/P molar

ratios have no significant impacts on the morphology of

formed nanospheres. A high pH results in more uniform

nanosphere diameters as compared to lower pH values. The

nanospheres from H3 show the minimum diameter nano-

spheres based on the measuring the diameters of spheres in

SEM images. On the other hand, precipitates (H6) forming

by spontaneous precipitation at room temperature due to a

higher pH of 9 are in the shape of plates.

The TEM data in Fig. 4a shows the densely composed

structure of the prepared AMP nanospheres. In Fig. 4b, the

bonding between fused AMP nanospheres is shown.

After 7 days of SBF incubation, there are significant

crystal and structure changes to precipitated AMP mate-

rials. XRD analysis (Fig. 5) shows the transition from

AMP materials to mature Bobierrite (Mg3PO4�8H2O)

[16]. SEM results (Fig. 6) indicate AMP materials

assemble into crystals with a layered structure of ellipses

and cylinders. Precipitates from H6 convert into a plate

structure composed of several crystals with sub-layered

structures again formed from ellipses and cylinders.

Observations of Ca2? ions are seen incorporating into the

MgP lattice structure from EDS (data not included) and

CaP apatites are deposited on MgP precipitate surfaces.

Consequently, both AMP nanospheres and plates can be

converted into mature Mg3PO4�8H2O after 7 days of SBF

incubation.

Cell attachment on an AMP pellet is shown in Fig. 7a,

osteoblasts can be seen proliferating on the AMP sample

surface. This confirms that AMP nanospheres synthesized

from MW irradiation are biocompatible. In addition, the

features of AMP pellets are also characterized. After

3 days of culture medium incubation the AMP nanospheres

are assembled into large particles (Fig. 7b), similar to the

phenomenon in seen after SBF soaking. The surface of

MgP after incubation exhibits a porous structure in some

areas (Fig. 7c) possibly from MgP dissolution.

Fig. 2 XRD results of MgP precipitates from different solutions

Fig. 3 SEM images of MgP precipitates from solutions a H1, b H2, c H3, d H5, and e H6
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4 Discussion

AMP in a nanospherical shape is successfully prepared

using MW irradiation based on the results of XRD, SEM

and EDS. It is a simple, rapid, controllable and repeatable

reaction system for preparing MgP precursors. It is the first

time reporting the synthesis of AMP precursors. Addi-

tionally, prepared AMP precursors show the ability to be

converted into mature MgP materials at physiological

conditions through experimentation.

Formation of amorphous CaP nanospherical precursors

from concentrated SBF by MW irradiation has been illus-

trated by Zhou et al. [23]. In the MW irradiation system,

nanospherical CaP is the most energy efficient structure

because the conversion from precursors to mature CaP is

inhibited by energy barriers. In this new MgP precipitation

application, the mechanism also partially works, attrib-

uted to the similar chemical properties of Mg2? to Ca2?.

In the concentrated MgP solution, AMP is the first phase

to precipitate compared to other MgP materials such

as MgHPO4�3H2O, Mg3PO4�5H2O, Mg3PO4�8H2O, and

Mg3PO4�22H2O. The presence of MgP precursors in

solution and the high reaction temperature caused by MW

irradiation can trigger an irreversible MgP precipitation

phenomenon similar to the reported amorphous CaP pre-

cipitation [23]. However, the conversion from AMP to

other MgP materials is supposed to be a process requiring

extra energy. In contrast, the formation of AMP has no

such energy requirement under MW irradiation, thus more

and more AMP precursors are precipitated from the solu-

tion with high concentrations of Mg2? and PO4
3-/HPO4

2-.

In previous amorphous CaP precipitation experiments

source, it is observed that the obtained CaP precursors are

very active and can only be stabilized by incorporating

Mg2? to the lattice structure [23]. Nevertheless, the pre-

pared MgP nanospherical precursors preserved their shape

in comparison to CaP. This difference can be attributed to

the difference in crystal growth kinetics between CaP and

MgP. Growth of CaP is a process absorbing free Ca2? and

PO4
3-/HPO4

2- ions to form CaP crystals and hydrated ions

from the core of CaP precursors [20]. In contrast, MgP

growth is a process assembling formed AMP precursors

together, Mg2? and PO43-/HPO4
2- in amorphous structure

fused to each other (Fig. 4b). Such assembly phenomenon

also requires extra energy, which is consequently inhibited

in MW irradiation. However, during the period of cooling

down, these nanospheres start fusing to each other.

In addition, both CaP and MgP precipitation under MW

irradiation can be influenced by starting pH, ionic con-

centration, solution composition [23], similar to the con-

ventional precipitation in aqueous medium [19, 29]. At a

low pH 5, no precipitation of MgP can occur, while a high

pH is a factor to accelerate crystal growth, as well as high

ionic concentration. With the continuing precipitation, the

ionic concentration continues decreasing, thus the forma-

tion of smaller MgP nanospheres results. The difference in

the minimum nanosphere diameter observed in Fig. 3a, b,

c, d can therefore be attributed to a combined effect of

Fig. 4 TEM images of MgP nanospheres. a Single nanosphere. b Fused nanospheres

Fig. 5 XRD of MgP precipitates after 7 d SBF incubation, ‘?’

represents Mg3PO4�8H2O
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ionic concentration decrease during reaction, pH difference

and varied Mg/P molar ratio. H3 formed the nanospheres

with the minimum diameter because it has the lowest pH

and ionic concentration.

After 7 days of SBF incubation, the prepared MgP pre-

cursors show a similar structure transition to amorphous MgP

plates (H6), confirming these MgP precursors can be a

potential tool for MgP crystal growth analysis. However, the

mechanism of such structure transition is not clear, possibly

being related to hydrolysis and crystallization. An additional

kinetic study using environmental SEM is necessary in future.

Evaluations via SEM show that AMP nanospheres are

potential candidates for orthopedic applications because

of cell proliferation on synthesized AMP surfaces. The

fusion of AMP nanospheres to MgP particles provides

information on the growth kinetics of MgP. Potential

applications are the study of the MgP cement setting and

kidney stone formation from MgP in the presence of urea.

However, a systematic in vitro study of AMP nanospheres

is necessary in the future to evaluate the biocompatibility

of AMP.

One important difference of MgP behavior in tissue

engineering as compared to CaP is its biodegradability,

CaP due to the presence of Mg2? on the material surface,

thus making the deposited CaP apatite highly amorphous. It

is well known for CaP materials, their dissolution rate is

correlated to their crystallinity [30]. For most biodegrad-

able materials, the stable apatite deposition onto their

surface can significantly delay their dissolution. One clas-

sic example is Brushite, which exhibits high dissolution at

its initial stage, but once apatite formed on its surface its

dissolution is completely stopped [31]. Such phenomenon

will not occur on MgP surface. This fact may be taken

advantage of in bone tissue engineering.

Fig. 6 SEM images of MgP precipitates after 7 d SBF incubation a H1, b H2, c H3, d H5, and e H6

Fig. 7 3d cell culture results. a Cells morphology on MgP pellet. b MgP surface feature. c MgP surface pores
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5 Conclusion

In conclusion, this study shows a novel MW assisted pro-

cess to synthesize AMP precursors in nanospherical forms

from a solution containing Mg2? and HPO4
2-/PO4

3-. The

mechanism behind this approach and related experimental

factors such as pH, Mg/P ratio, solution ionic concentration

have been studied. The as-synthesized AMP precursors

show the ability to convert into other MgP materials, thus

providing a tool for studying the MgP growth kinetic in the

body or in different environments. However, this work is

just a preliminary study of AMP, more systematic studies

are necessary in future to evaluate their biocompatibility

and biodegradablity and prove their potentials in tissue

engineering applications.
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