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Magnesium ions are directly involved in numerous biological mechanisms; for example, they play an
important part in the regulation of ion channels, DNA stabilization, enzyme activation and stimulation
of cell growth and proliferation. This alkaline earth metal has gained great popularity in orthopedic appli-
cations in recent years. Magnesium-based bioceramics include a large group of magnesium containing
compounds such as oxides, phosphates and silicates, that are involved in orthopedic applications like
bone cements, bone scaffolds or implant coatings. This article aims to give a comprehensive review on
different magnesium-based bioceramics, e.g. magnesium phosphates (MgO-P2O5), calcium magnesium
phosphates (CaO-MgO-P2O5), and magnesium glasses (SiO2-MgO) with a strong focus on the chemistry
and properties of magnesium phosphate containing cements as the main application form. In addition,
the processing of magnesium phosphate minerals into macroporous scaffolds for tissue engineering
applications by either using traditional porogens or by additive manufacturing approaches are reflected.
Finally, the biological in vitro and in vivo properties of magnesium phosphates for bone regeneration are
summarized, which show promising results regarding the application as bone replacement material, but
still lack in terms of testing in large animal models, load-bearing application sites and clinical data.

Statement of Significance

Though bone substitutes from calcium phosphates have been investigated for a long time, a new
trend is visible in the biomaterials sector: magnesium based bioceramics from magnesium phosphates
and silicates due to the special biological significance of magnesium ions in enzymatic activation, cell
growth and proliferation, etc. In contrast to pure magnesium implants, such formulations do not
release hydrogen during degradation. As with calcium based bioceramics, magnesium based bioce-
ramics are used for the development of diverse applications such as cements, macroporous scaffolds
and coatings. From this perspective, we present a systematic overview on diverse kinds of magnesium
based bioceramics, their processing regimes for different clinical purposes and their behavior both
in vitro and in vivo.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Although human bones as crucial components of the skeleton
are capable of physiological remodeling and self-healing, they are
unable to cope with the negative effects of extensive defects such
as ‘‘critical-sized defects (CSDs)”. Currently, autografts, allografts
and xenografts are the most common methods of treatment for
orthopedic ailments including CSDs [1,2]. Even though these meth-
ods are reasonably effective in many cases, they are associated
with certain limitations. For instance, providing adequate auto-
grafts is challenging in large defective areas such as in the case
of spinal arthrodesis [3]. Allografts are alternatives in some proce-
dures; however, they are associated with other issues like the
immunologic problems, low osteogenicity and higher rate of
resorption compared to the autogenous bone [4]. The invasive nat-
ure of these methods makes them susceptible to possible infection,
rejection, and disease transmission [3,5]. The high cost of graft sup-
ply and surgery procedures are some of the financial burdens lim-
iting their use in the orthopedic applications [3,6].

A great need for bone substitutes and the aforementioned lim-
itations of already existing materials encourage scientists in their
quest for more reliable bone substitutes with biological and phys-
ical properties comparable to human bones. In general, recently
developed artificial bone substitutes consist of metals, ceramics,
biological and synthetic polymers and their composites, whereas
the majority of commercially available ceramic products is based
on a few calcium phosphate (CaP) phases such as hydroxyapatite
or tricalcium phosphate. In addressing the ‘‘Grand Challenge” in
biomaterials research, three different generations are identified:
bio-inert materials (first generation, e.g. titanium, alumina, poly-
ethylene), bioactive and biodegradable materials (second genera-
tion, e.g. hydroxyapatite or bioactive glasses) and materials
designed to stimulate specific cellular responses at the molecular
level (third generation, e.g. peptide or protein modified, degradable
polymers) [7]. Among bone substitute materials, long-term stable
materials based on sintered calcium phosphates (e.g. hydroxyap-
atite, tricalcium phosphate) are still successfully used in a wide
range of applications. The third-generation materials can open up
newer possibilities of treatments and applications, but they are
not meant to replace materials from previous generations [8].
The basic premise is that ideal materials will be resorbed and
replaced over time by the body’s own regenerated biological tis-
sues [9]. The resorption process is triggered by both passive disso-
lution as well as by osteoclastic cells, whereas the low solubility of
tertiary, sintered calcium phosphates commonly results in a low
resorption kinetics such that those materials often remain over
years at the implantation site. An attempt to overcome this
problem is the use of protonated calcium phosphates such as
brushite or monetite, which should degrade faster by their higher
solubility. However, especially for brushite cements, phase
changes often occur in vivo by a dissolution–reprecipitation reac-
tion, which results in CaP phases with lower solubility, thus slow-
ing down degradation and hence bone regeneration kinetics
[10,11].

Magnesium phosphate (MgP) materials are being currently
investigated as alternatives to the above described calcium phos-
phates. The rationale behind this is the sufficient solubility of
MgP phases under in vivo conditions and the fact that Mg2+ is a
potent inhibitor of hydroxyapatite crystal growth thereby sup-
pressing unwanted crystallization in vivo. In contrast to the
in vivo dissolution of Mg-alloys, which produces large amounts of
hydrogen gas and an alkaline environment [12,13], the dissolution
of magnesium phosphates only results in the release of biocompat-
ible Mg2+ and HPO4

2� ions. A recent article by Ostrowski et al. [14]
reviewed the applications of magnesium phosphates for bone
replacement with a strong focus on cement formulations, their
material and biological properties. Here, we attempt a more com-
prehensive review of Mg-containing bioceramics by including not
only cement formulations in the MgO-P2O5 binary system but also
calcium magnesium phosphates in the CaO-MgO-P2O5 ternary sys-
tem, as well as magnesium silicate glasses in the MgO-SiO2 binary
system. In addition, we highlight the use of these materials in fur-
ther application forms such as 3D printed scaffolds and implant
coatings as well as for drug and gene delivery purpose.
2. Role of magnesium in bone metabolism

In order to emphasize the potential of magnesium containing
ceramics in orthopedic applications, a thorough understanding of
the physiological roles that magnesium plays in bone metabolism
is addressed first. Magnesium ions are the fourth most abundant
cations in mammalians behind sodium, potassium, and calcium,
and also the second most prevalent intracellular cation [15,16].
Magnesium plays multiple essential roles within the mammalian
cells including: regulation of calcium and sodium ion channels, sta-
bilizing DNA, cofactor and catalyzer for many enzymes, and stim-
ulating cell growth and proliferation [16-18].

Adult human bodies contain 1000 mmol [15] or about 24.00 g
[20] of magnesium on the average, with more than half of Mg2+

stored in the bones [13,15,21] (Table 1), although this number
decreases by age [20]. Magnesium content is 0.44 wt% of enamel,
1.24 wt% of dentin and 0.72 wt% of bone in an adult human [22].
The concentration of magnesium in the serum varies. It normally
ranges between 0.75 and 0.95 mmol/L [15]. Inside the cell, magne-



Table 1
Total distribution of magnesium in the human body [19,20].

Location Percent of total Magnesium content* (mg)

Bone 53 12,720
Muscle 27 6480
Soft tissue 19.2 4608
Erythrocyte 0.5 120
Serum 0.3 72
Total 100 24,000

* Data for 70 kg adult humans
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sium cations are mostly found in Mg-ATPase complexes, bound to
the mitochondria and the extracellular membrane, bound to a vari-
ety of proteins and enzymes, in the endoplasmic reticulum, and
even inside the nucleus [18]. Although the concentration of mag-
nesium is not regulated by specific hormones as opposed to cal-
cium and sodium, it is tightly regulated via the gastro-intestinal
tract and the kidneys [23,24]. Magnesium can be released from
bones and muscles, in case of deficiency [21], which might be
due to decreased intake or increased loss via thiazide diuretics
[25].

The deficiency of magnesium in the body leads to numerous
health problems. According to the U.S. Food and Nutrition Board,
the Recommended Dietary Allowance (RDA) for magnesium is
420 mg/day for adult males and 320 mg/day for adult females
[26]. Magnesium deficiency is linked to low bone mass, reduced
bone growth, osteoporosis, and increased skeletal fragility [26].
Studies in humans and rat models demonstrated that magnesium
deficiency can cause three phenomena: 1) low serum parathyroid
hormone (PTH) and calcitriol, the hormonally active form of vita-
min D levels, which may contribute to reduced bone formation;
2) an increase in substance P, a neuropeptide, which in turn stim-
ulates production of cytokines to intensify osteoclastic bone
resorption; 3) a decrease in osteoprotegerin (OPG) and an increase
in receptor activator of nuclear factor kB ligand (RANKL) favoring
an increase in bone resorption [27]. On the contrary, enhanced
bone regeneration was observed around degradable magnesium
alloys [13,28,29] which corresponds to an additional Mg2+ ion sup-
ply. Thus, some in vitro studies explicitly analyzed the effect of
Mg2+ ions on different bone cells to simulate magnesium alloy
degradation [30–32]. This shows another key role of magnesium
in bone which is related to adhesion and growth of osteoblastic
cells [20]. The interactions between osteoblast cells and biomate-
rial surfaces are thought to be mediated primarily by membrane-
associated adhesion receptors belonging to the integrin superfam-
ily, which are transmembrane proteins consisting of non-
covalently associated a- and b-subunits [33]. The extracellular
domain of the a-subunit needs to bond to divalent cations such
as Mg2+ and Ca2+ and the change of extracellular ions can modify
the integrin affinity to their respective ligands [34,35]. Yoshizawa
et al. [30] cultured human bone marrow stromal cells in Mg2+ sup-
plemented medium. At concentrations of 10 mM MgSO4, mineral-
ization of the extracellular matrix (ECM) was enhanced and an
increased expression of the collagen type X protein as well as the
vascular endothelial growth factor (VEGF) and other osteogenic
ECM proteins and transcription factors was evenly observed. At
higher concentrations of >20 mM, Mg2+ ions appeared being cyto-
toxic [30]. This concentration dependency of the metabolic activity
was likewise observed by Wu et al. [32] for human osteoclasts as
cell proliferation and differentiation was increased at low and
decreased at rather high Mg2+ concentrations. They further recog-
nized the significance of the Mg2+ origin (magnesium chloride
solutions v. magnesium extracts) [32]. Using co-cultures of bone
forming and bone resorbing cells, the susceptibility of monocytes
towards high Mg2+ concentrations is eased [31]. Thus, magnesium
is not only an essential element in human body, but its incorpora-
tion in bioceramics can play an important role in the bone-
substitute/bone interaction, leading to de novo tissue development.
3. MgO-P2O5 binary system

As compared to the CaO-P2O5 (Ca-P) binary system, the MgO-
P2O5 (Mg-P) binary system has been studied to a much lesser
extent in biomedical applications, although the compounds of
the Mg-P system have been extensively used in agricultural, envi-
ronmental, and civil engineering fields [36–41]. Unlike their Ca-P
counterpart, Mg-P did not receive their well-deserved attention
in the biomedical fields, perhaps due to the overwhelming atten-
tion given to Ca-P and lesser appreciation of the role of magnesium
in the human body. Consequently, the development of research on
magnesium phosphate cements (MPCs) is also less mature as
opposed to that related to CPCs. A summary of important MgP
compounds including important raw materials for MPC generation
is given in Table 2. It is seen that most compounds in the Mg-P sys-
tem have Mg/P ratios of 1 and 1.5, which correspond to important
compounds of orthopedic significance in the Ca-P system, such as
dicalcium phosphate anhydrous (DCPA, monetite, CaHPO4), dical-
cium phosphate dihydrate (DCPD, brushite, CaHPO4�2H2O), and tri-
calcium phosphate (TCP, Ca3(PO4)2). An important compound in
the Ca-P binary system, hydroxyapatite (HA), with a Ca/P ratio of
1.67, does not occur in the Mg-P binary system. In contrast to
brushite and octacalcium phosphate (OCP, Ca8(HPO4)2(PO4)4�5H2-
O), other Ca-P compounds do not have crystallization water in
their structures [42], whereas most of the magnesium phosphates
are hydrated at low temperature. These compounds (Mg(H2PO4)2-
�xH2O with x = 4, 2, 0; MgHPO4�yH2O with y = 3, 7; and Mg3(PO4)2-
�zH2O with z = 8, 22) can be synthesized via precipitation in
aqueous solutions [43,44]. The complex phase relationship
between these hydrated phases has been reported by Brown
et al. [43], as shown in Fig. 1. This reference is the most compre-
hensive phase diagram and mostly agrees with previous results
from Belposky et al. [45] and Shpunt et al. [46], respectively.

The diagram is drawn according to the convention devised in
the construction of previously complied CaO-P2O5-H2O phase dia-
gram [53]. An important conclusion is that, with the exception of
newberyite (MgHPO4�3H2O), most of the MgPs have incongruent
solubility. The diagram shows six different hydrated MgPs with
different amounts of water of crystallization. The data reveal
greater solubility range for x = 2 as opposed to y = 3, an important
piece of information for the setting reactions in cements. As an
example, the dissolution of cattiite (Mg3(PO4)2�22H2O) yields a
solution saturated with newberyite but unsaturated with cattiite
and hence results in the precipitation of newberyite. The diagram
also proves that incongruent dissolution of bobierrite (Mg3(PO4)2-
�8H2O) to cattiite is not possible.

The high-temperature calcination can convert these materials
into either magnesium pyrophosphate (Mg2P2O7) or magnesium
orthophosphate (Mg3(PO4)2) [54,55]. Like the CaP compounds,
compounds in the MgP system can accept other cations such as
NH4

+, Na+, and K+ to result in new materials with modified physical
properties [54,56–59]. Finally, all of the MgP compounds listed in
Table 2 are resorbable and therefore are very important for ortho-
pedic applications. Newberyite is as reactive as monetite and
brushite, while bobierrite and cattiite have solubility similar to
that of TCP [42,47,48]. Thus, the Mg-P compounds can be as effec-
tive as their Ca-P counterparts and provide additional benefits such
as ability to achieve high strength. Further, the minerals of the Mg-
P system have a superior degradation potential to Ca-P [14]. The
dissolution rates are higher compared to HA [60,61] and their
advantage over brushite are the Mg2+ ions which should avoid



Table 2
MgP compounds, their corresponding chemical formula and solubility product constants and calculated solubilities at 25 �C. The * labeled Mg-P is metastable in water [47-52].

MgP compound Chemical formula Solubility �log(Ksp) Solubility in mg/L Mg/P ratio

Bobierrite (trimagnesium phosphate octahydrate) Mg3(PO4)2�8H2O 25.2 1.46 1.5
Brucite (magnesium hydroxide) Mg(OH)2 11.2 6.79 /
Cattiite (trimagnesium phosphate hydrate) * Mg3(PO4)2�22H2O 23.1 6.20 1.5
Dittmarite NH4MgPO4�H2O Unknown Unknown 1
Farringtonite (trimagnesium phosphate) Mg3(PO4)2 23.4 2.15 1.5
Hannayite (NH4)2Mg3(HPO4)4�8H2O Unknown Unknown 0.75
K-struvite (magnesium potassium phosphate hexahydrate) KMgPO4�6H2O 10.6 78.0 1
Magnesia (magnesium oxide) MgO 25.0 1.27�10�8 /
Newberyite (magnesium phosphate dibasic trihydrate) MgHPO4�3H2O 5.51–5.82 (1.69–2.54)�103 1
Schertelite (NH4)2Mg(HPO4)2�4H2O unknown unknown 0.5
Struvite (magnesium ammonium phosphate hexahydrate) NH4MgPO4�6H2O 9.94–13.4 8.38–119 1

Fig. 1. Ternary System MgO-P2O5-H2O at 25 �C [43]. Copyright (1993), with
permission from Wiley.
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recrystallization into less soluble mineral phases (e.g. apatitic
reprecipitates). This could be confirmed in vivo [11]. Indeed, mag-
nesium salts are added to brushite on purpose to avoid crystalliza-
tion [10,62].
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Fig. 2. Scheme of the correlations between different
Unlike in the CaP system, compounds containing NH4
+ occur in

the MgP system, and their uniqueness has been noted in literature.
Such compounds include dittmarite (dimagnesium ammonium
phosphate monohydrate, MgNH4PO4�6H2O), schertelite (dimagne-
sium ammonium phosphate tetrahydrate, MgNH4PO4�4H2O), stru-
vite (dimagnesium ammonium phosphate hexahydrate,
MgNH4PO4�6H2O) [63] and hannayite ((NH4)2Mg3(HPO4)4�8H2O)
[64]. Some of these phases result in better mechanical properties
e.g., struvite-containing compositions. There is no equivalent
phase in the Ca-P system [57].

Including ammonium containing compounds into the above
mentioned context reveals the following relationships (Fig. 2):
Dittmarite can be found as an early intermediate product of stru-
vite formation or when the reaction is very fast [65,66]. Besides,
Sarkar [67] showed that struvite is unstable at temperatures >55
�C and forms dittmarite at �60 �C in excess water wherein hydra-
tion at room temperature regains struvite [67]. Thus, low amounts
of water as well as the high heat development, followed by dehy-
dration might trigger dittmarite setting [63]. Through precipita-
tion, Frazier et al. [64] obtained schertelite and hannayite.
Schertelite was highly soluble in water and formed struvite. Simi-
lar results were observed after aging in air for several months [64].
Schertelite was further assumed to be an intermediate mineral in
struvite formation [66]. Hannayite would also dissolve in water -
but more steadily compared to schertelite – and form a mixture
of struvite and newberyite. It further represents an intermediate
mineral phase during the formation of schertelite when struvite
(or newberyite) is immersed in saturated (NH4)2HPO4 solution
[64]. Conditions, such as heating struvite in dry air results in the
loss of water of crystallization and ammonia and might lead to
the formation of amorphous MgP (e.g. MgHPO4). This phase can
be rehydrated to form newberyite or struvite which depends on
the remaining ammonium quantity [66,67]. Using a primary
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Mg-P within the MgO-H3PO4-(NH3)-H2O system.
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sodium phosphate as reactant is an alternative approach to gener-
ate amorphous MgP phases as shown by Mestres et al. [68–70].
According to Frazier et al. [64], bobierrite is the product of the slow
transformation from struvite in water via cattiite [64].
4. CaO-MgO-P2O5 ternary system

Important materials in the CaO-MgO-P2O5 system mainly refer
to magnesium doped (substituted) calcium phosphates. In bone
structure, the amount of magnesium associated with apatite min-
erals is higher at the beginning and decreases with increasing cal-
cification [71,72] leading to an increase in crystallinity and
stability. Therefore, it is logical to assume that the more Mg2+ is
contained, the higher is the probability to achieve amorphous or
nanocrystalline structures with lesser stability and greater solubil-
ity. This section simultaneously addresses the effects of Mg2+ sub-
stitution into the lattice of diverse calcium phosphates and their
synthesis via aqueous media which is most common in literature.

In many cases, the substitution with Mg2+ can be disruptive to
the crystalline lattice resulting in amorphous phases. It is believed
that the presence of Mg2+ ions initially retards the nucleation and
growth of HA in the biological mineralization process from its pre-
cursors (amorphous and OCP). This is because the active growth
sides are blocked through the adsorption of Mg2+ ions at the crystal
surface [73–79]. On the other hand, Abbona et al. [80] suggested
that magnesium ions can either be incorporated into amorphous
calcium phosphate clusters and HA pre-nuclei [80].

With excessive magnesium in aqueous Ca2+, Mg2+, and PO4
3-

containing solutions, brushite and whitlockite can also form as
end products of precipitation. Boistelle et al. [81] studied precipita-
tion of calcium phosphates at 37 �C in urine or aqueous solutions
with comparable Ca2+ and Mg2+ concentration. They found that ini-
tially, only an amorphous phase and brushite precipitated,
although the solutions were supersaturated with respect to all cal-
cium phosphates. Later, the amorphous calcium phosphates trans-
form either into whitlockite or apatite depending on the solution
composition [81]. Cheng et al. [82] kept neutral aqueous solutions
(1 or 3 mM CaCl2, 0 to 9 mM MgCl2, 0.1 to 90 mM Na2HPO4 and
300 mM NaCl) at 37 �C for 21 days. In all solutions with 1 mM
Ca2+ ions and 3 mM Ca2+ with<10 mM PO4

3-, heterogeneous nucle-
ation of OCP (Mg/Ca � 1) or brushite (Mg/Ca > 1) was observed;
the former transforming into apatite with time. In contrast, homo-
geneous nucleation of an unstable amorphous calcium magnesium
phosphate occurred in solutions with 3 mM Ca2+ and �10 mM
PO4

3-, transforming into apatite, brushite, whitlockite (and new-
beryite) depending on Mg/Ca and PO4

3� values [82].
In HA, up to 10 at.% of calcium can be substituted with magne-

sium [83,84]. In line with its smaller ionic radius (0.065 nm), Mg2+

substitution causes a reduction of the lattice parameters [85] and
crystallinity of HA [83,84]. Such ionic substitutions also have an
effect on the microscopic structure of the precipitated minerals.
In contrast to pure amorphous magnesium phosphate dense nano-
spheres, calcium magnesium phosphates produced at similar con-
ditions with a Ca2+:Mg2+ ratio of 1:1 are mostly less dense and have
an elongated nanorod morphology, while pure HA forms less dense
nanospheres [86]. Furthermore, it was shown that the ratio of
Mg2+:Ca2+ during mineral precipitation is directing the precipita-
tion of either amorphous or crystalline phases [87].

The total concentration of magnesium can amount to up to
30 at.%, with the excess being stored in the amorphous phase
and/or on the crystal surface [83–85]. Magnesium doped HA dis-
plays increased solubility with respect to stoichiometric HA which
may be related to reduced crystallinity and/or an increased surface
hydration [85,88]. Near-infrared and medium-infrared spectro-
scopic data indicated that the samples enriched with Mg2+ ions
retained more water at their surface [89]. Additionally, the H-
bonding network in defective subsurface layers was also noticeably
modified, indicating that the Mg2+/Ca2+ exchange was not limited
to the surface. After calcination, the magnesium doped HA can be
converted into HA (e.g., Mg < 1 mol% Ca) or biphasic calcium phos-
phate (BCP) phases from both HA and b-TCP (e.g., Mg > 1 mol% Ca).
In the latter case, the b-TCP structure type increased with the
amount of magnesium [90,91]. The doping Mg2+ can either be
incorporated into BCP phases, or segregated as free MgO [90].

The substitution of TCP with Mg2+ can stabilize b-TCP at high
temperature, suppressing the transformation into a-TCP, which is
of interest for the fabrication of dense ß-TCP ceramic monoliths
at temperatures >1125 �C [92,93]. ß-TCP can incorporate up to
14 mol% Mg2+ corresponding to a molar Mg:Ca ratio of 0.16, which
forms whitlockite as a bioceramic with decreased solubility
[94,95]. Magnesium containing b-TCP is formed by sintering or
via precipitation or hydrolysis of monetite in aqueous systems.
Kumta et al. [96] precipitated magnesium doped b-TCP by drop-
wise adding of Ca2+ and Mg2+ containing solutions into acidic
NaH2PO4 at 95–100 �C [96]. The same result was obtained by
hydrolyzing monetite in a stirred Ca2+ and Mg2+ containing solu-
tion under similar conditions [97]. Furthermore, doping with
Mg2+ improved the densification and mechanical behavior of TCP
but reduced its solubility [98].

Magnesium substitution can also stabilize brushite, which is
normally unstable under physiological conditions and converts
into HA over time. As an example, Lee et al. [99] synthesized mag-
nesium doped brushite through the reaction of Na2HPO4, CaCl2,
and MgCl2 in an aqueous solution with different Mg/(Ca + Mg)
ratios (0, 14%, 50%) [99]. However, similar to HA, the substitution
of brushite with magnesium is limited and excessive Mg2+ is likely
to remain in the interstitial sites of the brushite structure. Mg2+

substitution distorts the lattice to be weakly crystalline rather than
exhibiting other phases. It is also possible that an excess of magne-
sium results in the formation of some amorphous phase. In this
case, magnesium would distort the structure considerably and
inhibits the crystallization of the hexagonal shaped brushite plate-
lets, lowering their surface energy and thus intensifying the forma-
tion of nanospherical particles. Additionally, bobierrite appears to
crystallize from the brushite phase during the 12 h aging period.
5. SiO2-MgO binary system

Glasses in the SiO2-MgO binary system are bioactive and a list
of MgO containing silicate glasses was provided by Diba et al.
[20,100]. MgO is reported to have different roles in the glass net-
work such as acting as modifier [101,102], intermediate oxide
[103] or exhibiting of anomalous properties [104]. For example,
MgO is added as an intermediate oxide in the 49.5SiO2–1.1P2O5–
(23.0(1-x))CaO-xMgO-26.4Na2O (mol%) system wherein tetrahe-
dral MgO4 structures formed in case of 0 � � �1 [104]. The
addition of MgO to SiO2–Na2O–CaO–MgO, SiO2–K2O-MgO-BaO or
SiO2-CaO-K2O-MgO system caused a decrease in hardness, elastic
modulus and brittleness and showed an improved fracture tough-
ness with increasing MgO content [105]. In addition, the Mg2+ ions
can create a tighter glass network due to their high Dietzel’s ionic
field strength [20]. MgO containing silicate glasses have lower
transition temperatures which is caused by the formation of Si-
O-Mg instead of Si-O-Si bonds [104]. Further, crystallization is
inhibited with the elevation of crystallization temperatures [106].
Consequently, MgO containing glasses have a larger processing
window which enables processing without crystals formation
[104]. Besides, beneficial effects of Mg2+ addition include a higher
thermal stability, surface reactivity [106], and glass dissolution



Table 3
Examples of MgO containing glasses with potentials in biomedical applications.

Chemical formula Biomedical application of Mg2+ Refs.

MgO-CaO-P2O5-SiO2 Glass degradation rate, apatite formation [108]
MgO-CaO-P2O5-SiO2-Na2O-K2O Higher expression of collagen type I, and alkaline phosphatase in human fibroblasts [106,109]
MgO-CaO-P2O5-SiO2-K2O Glass stability [106]
MgO-CaO-P2O5-SiO2-Na2O-K2O-B2O3 Antibacterial properties [110]
SiO2-CaO-P2O5-MgO-K2O-Na2OAl2O3 Higher expression of collagen type I, II, and V in human osteoblasts [111]
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via disruption of silica glass network [107]. Common magnesium
containing glasses for biomedical applications are listed in Table 3.
6. Application forms of magnesium phosphates

6.1. Cements

Magnesium based cements have a long history as construction
materials in civil engineering [66]. Cement chemistry is based on
the formation of either magnesium carbonate, phosphate,
silicate-hydrate, oxychloride or oxysulfate salts. The chemistry of
such cements was reviewed in detail including relevant material
properties but excluding their application in biomedical engineer-
ing [66]. The latter topic was recently covered for magnesium
phosphate cements (MPCs) by an article by Ostrowski et al. [14]
giving an overview about both the principal setting reactions, the
material properties of the cements including rheology, mechanical
properties, as well as their in vivo performance. In addition to their
high early strength [68], the following characteristics make them
superior (or at least equal) to classic CPCs:

� Detailed in vitro studies proved the ability of Mg2+ ions to stim-
ulate osteoblast differentiation [30,31] and to inhibit osteoclast
formation [31,32] in a dose-dependent manner.
� The products of MPCs have a superior degradation potential to
CPCs [14]. The dissolution rates of hardened MPCs are higher
compared to HA forming CPC [60,61] and their advantage over
brushite forming CPC are the Mg2+ ions which should avoid
recrystallization into less soluble mineral phases (e.g. apatitic
reprecipitates).
� Antibiotics are usually incorporated into CPC to provide them
with antibacterial properties [112]. In contrast, specific sodium
containing MPC formulations were shown to be intrinsically
antimicrobial against variable bacterial strains that are related
to implant infections (e.g. Escherichia coli) [69] or dental plaque
(e.g. Streptococcus sanguinis) [68].
� CPCs are not known for their bonding ability to bone [113]. In
fact, there is only one research article published which deals
with promoting the adhesive potential of brushite CPC via sub-
stitution of orthophosphoric with pyrophosphoric acid [114].
Indeed, MPC were successfully used in vivo as adhesives for
bone-implant interfaces [115] and tendon-to-bone healing
[116]. These results seem quite promising.

6.1.1. Cement formulations and setting principles
So far, most of the raw materials for successful MPC composi-

tions are crystalline, such as, magnesia (magnesium oxide, MgO)
[68–70,117–119] and farringtonite (trimagnesium phosphate,
Mg3(PO4)2) [11,120–123]. More recently, the use of brucite (mag-
nesium hydroxide, Mg(OH)2) has also been reported (see Table 2)
[124,125]. For the first time, Babaie et al. [126] described the only
use of amorphous magnesium phosphate (AMP) raw material in
forming a viable MPC composition [126]. Usually, the crystalline
compounds react via an exothermal acid-base reaction [127] which
is comparable to that of brushite forming CPCs [14]. Diammonium
hydrogen phosphate (DAHP, (NH4)2HPO4) [120–123,128], ammo-
nium dihydrogen phosphate (ADHP, NH4H2PO4) [11,60,68–
70,119,128], sodium dihydrogen phosphate (NDHP, NaH2PO4)
[68–70], potassium dihydrogen phosphate (KDHP, KH2PO4)
[118,129,130] and phosphoric acid (H3PO4) [125] among others
have already been used as possible reactants for MPC in biomedical
applications. The phosphate salts can either be dissolved in the
aqueous phase [11,120–123,128] or supplemented as solids to
the powdery phase [60,68–70,118,119,129].

Wagh and Jeong [131] clarified the acid-base reaction mecha-
nism of MPC with magnesia as raw powder via an intermediate
aquosol and gel formation [131]. The dissolution of the phosphate
salt results in an initial decrease in pH [132]. Thereupon, MgO dis-
solves in the acid aqueous environment to form Mg2+ and OH– ions
[131], in turn, elevating the MPC paste pH value [132]. This disso-
lution step is either proposed as dissociation of an intermediate
brucite mineral as a consequence of the stepwise adsorption of
water molecules (Eqs. (1)–(3)) [127]. Subsequently, the magne-
sium cations interact with water and generate positively charged
aquosols which further react with the dissolved phosphate ions
from the acidic reacting agent to hydrophosphate salts (Eqs. (4)
and (5)) and form a gel. With the progress of the reaction, the gel
gains viscosity and precipitates as a layer of the final hydration
product on the surface of undissolved MgO grains [131] which
was confirmed by Ding et al. [130] through microscopic observa-
tions [130] (Fig. 3). The hydration product introduced via Eq. (5)
is newberyite [14].

MgOþ H2O! MgOHþ þ OH� ð1Þ

MgOHþ þ 2H2O! MgðOHÞ2 þ H3O
þ ð2Þ

MgðOHÞ2 ! Mg2þ þ 2OH� ð3Þ

Mg2þ þ H2O! ½Mg  OH2	2þ ð4Þ

½Mg  OH2	2þ þ HPO2�
4 þ 2H2O! MgHPO4 � 3H2O ð5Þ

The setting mechanism of MPC is not yet completely under-
stood, but most researchers agree with a dissolution and precipita-
tion reaction as described above [127] including the work of
Neiman and Sarma [133]. The mechanical stability of the hardened
cement is provided via mechanical interlocking of the hydration
products [127].

Using an ammonium phosphate salt (DAHP, ADHP), hydrated
ammonium magnesium phosphates such as struvite [11,60,68–70
,119–123,134], dittmarite [134], schertelite [68–70] and more sel-
dom hannayite [128,134] are formed, among which struvite is the
most frequent product [65,127]. Possible reaction routes for the
struvite generation on the basis of either MgO or farringtonite
and DAHP are proposed as follows wherein magnesia causes the
vaporization of ammonia and farringtonite releases phosphoric
acid (Eq. (6) and (7)) [14,137]:

MgOþ ðNH4Þ2HPO4 þ 5H2O
magnesia DAHP

! NH4MgPO4
struvite

�6H2Oþ NH3 "
ammonia

ð6Þ



Fig. 3. Scheme of the acid-base reaction which underlies the setting mechanism of MPC sytems on the basis of MgO and contains intermediate aquosol and gel formation as
proposed by [131].
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2Mg3ðPO4Þ2 þ 3ðNH4Þ2HPO4 þ 36H2O! 6NH4MgPO4
Farringtonite

�6H2Oþ H3PO4
phosphoric acid

ð7Þ
The utilization of the corresponding primary phosphate slightly

alters the above out-pointed stoichiometry [119], whereby with
MgO (Eq. (6)) no ammonia will be formed and with farringtonite
the amount of phosphoric acid (Eq. (7)) will increase. The substitu-
tion of DAHP with the potassium containing equivalent KDHP leads
to the formation of K-struvite (magnesium potassium phosphate
hexahydrate, KMgPO4�6H2O) [118,129,130,136]. While magnesia
based MPC typically show an initial pH drop (phosphate dissolu-
tion) with successive pH increase (OH– release) [132], farringtonite
based cements exhibit a continuous pH decrease because of the
phosphoric acid side product [11].

As already mentioned, struvite is the most frequent setting pro-
duct of MPC [65,127], which has mainly to do with the fact that
struvite – among all possible products within the MgO-H3PO4-
NH3-H2O system has the lowest solubility product constant
[127]. However, (reciprocal) transformations are possible as
already mentioned in Section 3 (Fig. 2).

Ammonium- and potassium-free hydrated products of MPC
comprise mainly of newberyite and to a lesser extent bobierrite.
Both can be found as side products in the MgO-H3PO4-NH3-H2O
system [127,134]. However, a selected precipitation of newberyite
is possible when using phosphoric acid as a reactant with MgO
[131,137] or brucite [125] (Eqs. (8) and (9)) [133,126].

MgOþ H3PO4 þ 2H2O
magnesia phosphoric acid

! MgHPO4 � 3H2O
newberyite

½133	 ð8Þ

MgðOHÞ2
brucite

þH3PO4 ! MgHPO4 � 3H2Oþ H2O ½126	 ð9Þ

Apart from MPC, magnesium oxychloride cements (MOC) – also
called Sorel cements after their discoverer Stanislas Sorel [138] –
were evenly proposed as biomaterial by Tan et al. [139,140] in
2014 [139]. MOC were used in diverse applications like stucco or
flooring, as they have a high strength and resilience when properly
filled [141] and they are considered for niche applications such as
nuclear waste immobilization [66]. Basically, MOC describe all for-
mulations within the MgO-MgCl2-H2O system [138] whereas the
resulting hydrate phase and its properties depend on factors such
as precursor molar ratio [142–145], MgO reactivity
[142,143,146,147] and temperature [138]. Examples of possible
reaction routes are given by Eqs. (10) and (11) [66]. Similar to
the acid-base mechanism described above for MPC the magnesia
raw powder dissolves in an acid �1.5–3.0 M solution of magne-
sium chloride (MgCl2) [66] via neutralization reactions, followed
by hydrolysis of the resulting Mg2+ ions with free OH– and subse-
quent bridging of the as-formed mononuclear to form polynuclear
complexes [Mgx(OH)y-(H2O)z]2x-y with unknown composition. The
resulting amorphous gel consists of polynuclear complexes, Cl�

and water and quantitatively precipitates [148] to form a basic
crystalline hydrated magnesium chloride salt with the general for-
mula xMg(OH)2�yMgCl2�zH2O [66]. The research of Lukens [149] in
1932 for example revealed the formation of the 5-phase (x/y = 5)
precipitate and its gradual transformation into the 3-phase (x/y =
3) modification in MgCl2 solution [149]. Both are considered being
the main reaction products that are responsible for the mechanical
rigidity of hardened MOC [148].

3MgOþMgCl2 þ 11H2O
magnesia magnesium chloride

! 3MgðOHÞ2 �MgCl2 � 8H2O
“3�phase”; 3�1�8

ð10Þ

5MgOþMgCl2 þ 13H2O! 5MgðOHÞ2 �MgCl2 � 8H2O
“5�phase”; 5�1�8

ð11Þ

Because of their poor water resistance, the MOCs experienced
degradation, which is not desirable in construction [66]. However,
this degradability actually makes them interesting for biomedical
applications, as MOCs dissolve to form brucite under moist condi-
tions [139]. Tan et al. [139,140] used a 5-phase forming MOC sys-
tem in combination with phosphoric acid to promote its water
resistance and to have a better control over its degradability
[139,140]. The addition of phosphoric acid decreased the concen-
tration of Mg2+ ions being necessary for a longer-term stable 5-
phase-formation [150] and it stimulated the precipitation of the
less soluble magnesium phosphate hydrate bobierrite on the
cement surfaces after deposition in phosphate buffered saline
(PBS) for 50 d [139,140].

6.1.2. Setting kinetics
MPCs are generally known for their fast setting character which

was the main reason for their use in diverse civil engineering appli-
cations such as rapid repair concretes since the 19700s [66].
Depending on the exact cement formulation, the initial setting
times of MPC with biomedical purpose range between <1 min
and >90 min [14,120,128]. Many factors which concern setting
kinetics are comparable to the findings of CPC research (e.g. parti-
cle size, PLR, setting solution, reacting salt concentration etc.), but
the most crucial parameter seems to be the dissolution step of the
MgO and farringtonite, respectively [14]. The corresponding syn-
thesis routes affect properties like crystal size, surface area and
thus reactivity [66]. For example, MgO can be synthesized by
grinding calcined magnesite (MgCO3) [151,152]. Alternatively, it
can also be synthesized through the precipitation of Mg(OH)2 from
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hydrolyzed limestone (Ca(OH)2) in a MgCl2-rich brine with subse-
quent calcination [66]. For farringtonite as raw material, research-
ers mostly chose the high-temperature solid reaction route of
commercial MgHPO4�3H2O and Mg(OH)2 [11,120–123], but precip-
itation is evenly possible [128]. Corresponding reaction equations
are recapped in Table 4.

With increase in duration [153–155] as well as height of the
temperature treatment [146,153–157] the surface area
[146,154,157] and thus reactivity [154–157] of MgO is decreased,
while crystal size increases [153,155,156]. Hence, magnesia which
has been calcined at comparably low temperatures between 600
and 1300 �C (700–1000 �C) is called reactive or caustic-calcined
(light-burned), respectively. Caustic-calcined magnesia might be
too reactive for its use in MPC, but it is acceptable for MOC, as less
reactive MgO requires lesser amount of water, which alters the
ionic strength of the MgCl2 solution [66]. Bates and Young [143]
showed that a calcination temperature of 800 �C provided the best
results in terms of setting time and mechanical properties in a
MOC system [143]. In case of MPC, calcination at 1500 �C which
is called dead-burning [66] is a current method to decelerate set-
ting [68–70,119] to comply with clinical requirements. In contrast,
farringtonite which is mostly produced via sintering [11,120–123],
is intrinsically less reactive and might be additionally grounded to
regain reactivity and ensure short setting times [158].

As already known for CPC [159–161], an increase in tempera-
ture evenly accelerates the setting of MPC [14,66,127,134]. Accord-
ing to Yang and Wu [134] setting of a MPC at –10 �C was still
possible within <30 min [134] and autogenous heating occurs
due to the exothermic reaction [66]. The heat release might be
reduced by the addition of setting retarding agents [68], but con-
troversial effects were equally observed [120]. For example, Mes-
tres and Ginebra [68] found a temperature decay from 110 to 42
�C using 3 wt% sodium borate decahydrate (borax, Na2B4O7�10H2O)
as a setting retarder [68], while Moseke et al. [120] found the reac-
tion to be more exothermic when adding 1.5 M diammonium
citrate ((NH4)2C6H6O7) [120]. In MPC research with biomedical
purpose, only the as-mentioned compounds were used as setting
retarders, so far [68–70,120]. While citrates are known from CPC
chemistry [162,163], borates and boric acid were frequently used
in MPC of civil engineering applications [134,164].

As opposed to conventional raw materials of magnesia and far-
ringtonite, the use of non-conventional raw materials presents
some interesting scenarios. For example, brucite-derived MPC
compositions do not need to undergo any initial high-
temperature processing [124,125]. However, such formulations
require that retardants such as boric acid and borax need to be
added to the compositions [124]. Even though the mechanism is
not absolutely clear yet, borax and boric acid seem to be very effec-
tive in retarding of MPC setting [66]. Also, AMP-based MPC compo-
sitions have very slow setting kinetics such that promoters need to
be used to develop clinically relevant compositions [126].
Table 4
Reaction equations of possible dry and wet routes for the synthesis of MPC

Magnesia

Dry route

MgCO3 �!630�710
C
MgOþ CO2[152]

Farringtonite

Dry route

2MgHPO4 � 3H2OþMgðOHÞ2 �!>1000
C;>5h
Mg3ðPO4Þ2 þ 7H2Oþ H2
Finally, strategies to alter setting kinetics, which are well-
known from CPC research and have already been positively evalu-
ated in vivo can also be considered. These strategies include param-
eters like raw material particle size [68,122,158], surface area
[118,128], composition [68,122], powder to liquid ratio (PLR)
[11,118,120,122,128] and P/Mg ratio [134]. In these situations,
additives are generally not necessary, but might help in handling
and workability related properties such as injectability [120].
6.1.3. Mechanical properties
MPCs are likewise not suitable for load-bearing applications

due to their brittle mechanical fracture behavior [14]. Some
authors observed that MPC were superior from the perspective of
their mechanical performance when directly compared to CPC
[11,60,68,125]. Indeed, maximum compressive strengths of 85
MPa [165] are reported in the literature on MPCs with biomedical
context. However, the fact which really points out MPC in direct
comparison to CPC is that they are gaining those high values quite
fast after initiating the setting reaction. Mestres and Ginebra [68]
showed that 60% of the final compressive strength of a struvite
forming MPC was already reached after 1 h under physiological
conditions while the final strength of �50 MPa was obtained 1 h
later [68]. Other groups only analyzed the mechanical properties
after 24 h of setting or after longer periods to observe degradation
in an aqueous environment [11,60,118–120,123,125,128,136,165],
but the phenomenon of high early strength is well-known in MPC
research for civil engineering applications [66,134,164] and consti-
tutes one of the main reasons for their use as rapid repair concretes
[127]. The wet compressive strengths after 24 h observed for dif-
ferent MPC and MOC with biomedical purpose is shown in Table 5.

However, it has to be kept in mind that different experimental
approaches were performed to obtain the results of the as-
mentioned examples and that the shown trend is not definite. To
be annotated, most research actually focused on compressive
strength while bending or (diametric) tensile strength of biomedi-
cal MPC were barely explored. The systematic study of Meininger
et al. [166] about the strength reliability of 3D-printed MgP repre-
sents an exception. The compressive strength of MPC can be influ-
enced by different parameters such as P/Mg ratio, particle size, PLR
and curing conditions [127].

In magnesia based cement systems it was found to be beneficial
in concerns of compressive strength when an excess of MgO is
available [127,134,164]. In theory, a 1:1 M ratio from MgO and
ADHP would be sufficient for a quantitative conversion, but from
a practical standpoint, this does not quite work out [127]. On the
one hand, it is known that hydrated MgP precipitate on the sur-
faces of magnesia grains [130,131] which are blocked for further
reaction. An excess of MgO thus provides more reactant for the
present phosphates [66] and residual MgO might serve as a cera-
mic filler in the gaps of the hydrated products [127]. However,
MgO slowly degrades to form Mg(OH)2 on heat release followed
raw powders magnesia and farringtonite.

Wet route

MgCl2 þ CaðOHÞ2�!CaCl2 þMgðOHÞ2[66]

MgðOHÞ2!
T
MgOþ H2O[152]

Wet route

3MgCl2 þ 2Na3PO4 !Mg3ðPO4Þ2 þ 3NaCl2



Table 5
Rating of the wet compressive strengths of different MPC and MOC with selective examples from literature with biomedical purpose. * Bi2O3 is a radiopaque supplement. **High
compressive strengths after 24 h were achieved without phosphoric acid which resulted in cements with low water-resistance and would not be suitable for biomedical
applications. ***No details about hardening conditions were revealed.

Compressive strength after 24 h under moist conditions at 37 �C

Struvite MPC Amorphous MPC MOC Newberyite MPC

Examples from literature with biomedical context
Mestres, 2011: �50 MPa

solid phase: MgO, ADHP, borax
liquid phase: water
PLR: 7.7 g/mL, cylindrical specimens
stored in Ringer’s solution [68]

Mestres, 2011: �50 MPa
solid phase: MgO, NaH2PO4, borax
liquid phase: water
PLR: 7.7 g/mL, cylindrical specimens
stored in Ringer’s solution [68]

Tan, 2014: 20–66** MPa
solid phase: MgO
liquid phase: MgCl2 with or without
H3PO4

PLR: 1.0 g/mL, cylindrical
specimens*** [139]

Zhou, 2013: �30 MPa
solid phase: MgHPO4�3H2O
liquid phase: water
PLR: 2.5 g/mL, cylindrical specimens
stored at 100% humidity [125]

Kanter, 2014: 58–66 MPa
solid phase: Mg3(PO4)2 liquid phase:
ADHP/DAHP
PLR: 2.0–3.0 g/mL, rectangular
specimens stored in PBS [11]

Mestres, 2014: �40 MPa
solid phase: MgO, NaH2PO4, borax,
Bi2O3*
liquid phase: water
PLR: 7.7 g/mL, cylindrical specimens
stored in Ringer’s solution [70]

Tan, 2015: 20–66** MPa
solid phase: MgO
liquid phase: MgCl2 with or without
H3PO4

PLR: 1.0–1.7 g/mL, cylindrical
specimens stored in PBS [140]

Rostami, 2015: �45 MPa
solid phase: MgHPO4�3H2O, borax/boric
acid
liquid phase: water
PLR: 3.0 g/mL (optimum), cylindrical
specimens soaked in SBF [124]

Babaie, 2016: �25 MPa
solid phase: AMP liquid phase: water
(with PVA added)
PLR: 0.5 g/mL, cylindrical specimens
after soaking in SBF [126]

M. Nabiyouni et al. / Acta Biomaterialia 66 (2018) 23–43 31
by crack formation which again deteriorates the mechanical per-
formance [66,127]. This is not the case, when brucite (Mg(OH)2)
is directly used as the raw material, as shown by Rostami [124]
with strength values comparable to some of the struvite based
compositions [124]. On the other hand, an excess of unreacted sol-
uble phosphate would disturb the mechanical integrity of the
hardened cement specimen as well [127]. Yang and Wu [134]
depicted that decreasing the P/Mg ratio from 1:2 (35.5 MPa) to
1:5 (74.4 MPa) more than doubled the resulting compressive
strength after 24 h in a struvite forming MPC [134]. Similar results
were obtained for K-struvite systems with an optimum P/Mg ratio
of 1:4. In this context, the major conversion to K-struvite (�85%)
using a 1:1 ratio did not result in the best mechanical properties
[136] for the above defined reasons. Le Rouzic et al. [167] con-
firmed the negative impact of a KDHP excess in K-struvite systems
[167]. According to the knowledge about MPC for civil engineering,
most magnesia-based research with biomedical purpose deals
with MgO excesses [60,68–70,118,119,165]. The used primary
phosphate/MgO ratio ranged between 1:3.4 [118] and 1:4 [165].
Concerning farringtonite as a rawmaterial, a systematic study with
regard to the influence of the P/Mg ratio on the mechanical prop-
erties of the hardened specimens was not found in current litera-
ture. However, currently available farringtonite based
formulations have used an excess of the raw material. For instance,
Vorndran et al. [122] used a molar DAHP/farringtonite ratio of
approximately 1:3.3 when mixing farringtonite with 3.5 M DAHP
solution at a PLR of 3.0 g/mL [122] and compositions of related
publications reported similar ratios [120]. In theory, a molar
DAHP/farringtonite ratio of 1:0.7 should be sufficient for a quanti-
tative reaction (Eq. (7)).

The particle size or surface area of the used raw materials not
only affects setting kinetics, but additionally has an impact on
the strength properties of the hardened cement [11,127]. This
was indeed shown frequently in farringtonite based cement sys-
tems either by applying different calcination temperatures on the
precipitated raw powder with subsequent milling [128] or by dif-
ferently grinding the uniformly sintered raw powder [122,158].
Ostrowski et al. [128] generated hannayite cements with a 15-
fold increase of the wet compressive strength to �30 MPa after
48 h by decreasing the surface area from 81.19 m2/g (amorphous)
to 0.65 m2/g (crystalline). This behavior is contrary to the common
wisdom. It has to be mentioned that the used PLR are not compa-
rable because of handling reasons [128]. Generally, the common
wisdom in CPC research points out to an increase in compressive
strength with increasing reactivity [168,169]. Vorndran et al.
[122] and Klammert et al. [158] reported that smaller-sized raw
materials led to increased compressive strengths in both
struvite- and newberyite-based MPC formulations [122,158]. Yang
and Wu [134] found an almost 4-fold increase in compressive
strength to 36.5 MPa after a hardening time of 1 h when they used
a MgO with an higher surface area of 0.35 m2/g instead of 0.13 m2/
g. However, with longer hardening periods, the compressive
strengths approximated each other [134].

When the reactants of MPCs are split in both the solid and the
liquid phase, a change in the PLR results in an altered amount of
the liquid component which causes opposite effects: A decrease
in PLR increases the water amount which promotes the product
formation, as water is consumed during reaction [63,118]. Simulta-
neously, the amount of second retardant is increased as well
evenly supporting the formation of hydrated MgP [136]. An excess
of water would have the same effect as in CPC which is to serve as a
pore builder [118,170,171]. In this regard, MPC are less susceptible
to PLR alterations [11,120]. However, in reality, the influence of
porosity increase with decreasing PLR seems to predominate the
effect of product quantity [11,63,118,120,122,134,136,164]. This
was clearly shown by Kanter et al. [11], who observed an increase
in compressive strength from 58 to 66 MPa when increasing the
PLR from 2.0 to 3.0 g/mL. In this case, the change in the liquid
amount accompanied a decrease in porosity from 7 to 5% with a
simultaneous decrease in struvite content from 41 to 34% [11].
Similar results were obtained by Wang et al. [136] for K-struvite
on the basis of magnesia [136]. A minor compressive strength at
a definite PLR is also possible due to handling reasons. When the
cements set too fast, they cannot be molded properly and do not
result in cohesive specimens with suitable mechanical rigidity
and resilience [128]. In literature with biomedical context, a poros-
ity range between 4.2% [70] and 22% [118] is reported, which is
mostly below the values known for CPC [172,173]. Finally, the
use of single raw material such as brucite or AMP ensures that
the PLR calculations can be accurate [124–126].

As already described, the environmental temperature alters the
setting kinetics of MPC [127,134]. At high temperatures, the early
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strength characteristic is reached faster, but there is no impact on
the final strength. In contrast, setting in dry atmosphere seems to
be more effective in terms of long-term stability compared to set-
ting in water due to degradation processes [127]. However, most
MPC researchers with biomedical applications analyzed the com-
pressive strength of their cement formulations at 37 �C under
wet or at least moist conditions. This practice to simulate biological
setting conditions is highly recommended. This should also be con-
sidered for the analysis of MOC for biological applications: It was
found that the 3-phase modification tends to form a chlorocarbon-
ate phase with atmospheric CO2 which serves as a less soluble
layer on top of the MOC [174,175]. In addition, Sugimoto et al.
[176] revealed the susceptibility of this phase towards changes of
humidity which leads to crystal water exchange and density alter-
ations followed by a possible damage to the matrix [176].

The incorporation of high concentrations of kinetics retarding
agents mostly led to a deterioration of the mechanical properties
in both MPC as well as MOC systems [120,134,139,177], while little
amounts can improve them [120,177]. A consistent increase of the
flexural strength with a borax content of up to 10 wt% was
observed by Yang and Qian [129]. In this case, the adjustment of
the PLR for workability reasons is probably the main cause of the
monitored strength development [129].

The aforementioned parameters have a detrimental or enhanc-
ing impact on the strength properties of the hardened MPC. How-
ever, addressing the problem of brittle mechanical fracture
behavior actually would require the use of composite systems
either by fiber reinforcement or by an interpenetrating polymeric
phase [172]. This area of research is highly ‘‘under-explored”, but
offers a lot of possibilities according to the know-how from CPC
research [14]. Indeed, fiber reinforcement has already been inves-
tigated for rapid repair concrete applications [178,179] and a
report about cement-polymer-composites with an initial rubber-
like behavior followed by a gain in stiffness while setting in an
aqueous environment for sealing applications was evenly found
in current concrete literature [180]. To the best of our knowledge,
solely Krüger et al. [181] published their results about the mechan-
ical improvement of a biomedical MPC. They successfully
improved the fracture behavior by the implementation of degrad-
able magnesium alloy wires. Beside an enhancement of the bend-
ing strength with up to �140 MPa, an increase in non-linear
behavior was observed [181].

6.1.4. Rheological properties
In MPC research, only few publications deal with cement char-

acteristics such as cement paste injectability or cohesion. In terms
of injectability, most publications give rather a statement of the
cement system used being injectable [116,182] or they provide a
subjective and qualitative evaluation of the cements’ handling
properties [61,69,128]. In general, it seems that the workability
becomes better by decreasing the PLR [61,120,128], by increasing
the raw material crystallinity [128], when amorphous products
are formed [69,70], or by adding liquefying agents [120]. Mestres
et al. [70] improved the injectability of their struvite forming
MPC system from 36 to 90% by substituting half of the ADHP salt
with the sodium containing equivalent to promote the formation
of an amorphous product together with the crystalline struvite
precipitate [70]. Moseke et al. [120] even obtained injectabilities
of up to 99% when adding adequately high concentrations of
diammonium citrate which maintained a negative Zeta potential
of the raw material particles while reaction leading to the electro-
static repulsion of those particles [120]. The performance of this
liquefying effect can be easily evaluated considering that the first
study used needles with a 14 mm inner diameter [70] while the
latter used needles with a smaller inner diameter of 0.8 mm
[120]. According to the Hagen-Poiseuille relationship, the flow rate
of the paste goes along with the fourth power of the needle diam-
eter [183]. With respect to cohesion of MPC, it was solely investi-
gated by Mestres et al. [69] who found cohesion times of <7 min
[69]. This lies exactly within the given range for clinical require-
ments [184].

6.1.5. Combinations of MPC and CPC
As already mentioned, research on MPCs with biomedical appli-

cations is much less mature as compared to that on CPC. It is,
therefore, well-worth the effort to develop formulations with con-
trollable properties by combining CPCs with their well-proven clin-
ical track records with MPCs with superior characteristics (e.g.,
high early strength, higher degradation kinetics etc.).

In the past, certain amounts of magnesium containing com-
pounds have already been incorporated in CPC to affect setting
kinetics [160,185,186], to eliminate the crystallization of insoluble
precipitates in brushite cements [10] or to enhance the degrada-
tion and biological outcome [187]. Ginebra et al. [182] were the
first to investigate a vast spectrum of different cement formula-
tions on the basis of newberyite and/or MgO with regard to their
suitability as bone substitution materials. Among all CaP com-
pounds used (e.g. moncalcium phosphate monohydrate (MCPM),
dicalcium phosphate anhydrous (DCPA), dicalcium phosphate
dihydrate (DCPD), a-/b-TCP, tetracalcium phosphate (TTCP)), DCPA
together with a combination of MgO and newberyite seemed to be
the most promising reaction partners leading to cements with ade-
quate setting kinetics (4–7 min) and mechanical properties (�11
MPa compressive and �2 MPa tensile strength) [182].

Regarding formulations of combinatory systems, there gener-
ally exist two different preparation methods: raw materials known
from both CPC and MPC research are mixed to a certain extent (2–4
components) [60,119,158,187-191,193] as was the case in the pre-
viously mentioned publication of Ginebra et al. [182]. Alterna-
tively, calcium containing compounds (e.g. calcium carbonate,
CaCO3 and DCPA) are added to magnesium containing ones (e.g.
newberyite, brucite) prior to high-temperature treatment leading
to a calcium and magnesium containing sintering cake (e.g. mix-
tures of farringtonite and stanfieldite, Ca3Mg3(PO4)6, generally
described as CaxMg(3-x)(PO4)2) before cement reaction is applied
[122,158]. In the latter case, the resulting calcium doped MgP
might be handled as a conventional MgP and can be mixed with
DAHP solution to result in struvite as the main setting product
[122] (Table 6).

Some researchers systematically studied the properties of com-
binatory cements in comparison to the single components and par-
tially found synergistic effects depending on the exact cement
preparation. Klammert et al. [158] mixed CaxMg(3-x)(PO4)2 with
MCPA and 0.5 M citric acid as equivalent to brushite forming
CPC. For x = 0.75 and at a defined milling time and PLR, the combi-
nation showed the best mechanical properties [158]. Similar
results were obtained by Yang et al. [119] who mixed CSH with dif-
ferent amounts of MPC consisting of MgO and ADHP and water
whereat CSD and struvite were the main reaction products [119].
At small amounts, sulfates are known to be applied as setting retar-
dener in brushite forming CPC [162,194-196]. Here, concentrations
not exceeding 50% CSH likewise led to hardened cements with bet-
ter compressive strengths of �70 MPa after 4 weeks as compared
to the pure CSH or MPC (�30 MPa). Simultaneously, the slow set-
ting of the CSH (25 min) and the fast setting of the MPC control
(3 min) were balanced and reached proper setting times between
7 and 12 min [119]. Yet another paper dealing with mixtures of
TTCP, DCPA (CPC), MgO and ADHP (MPC) arrived at similar conclu-
sions [60]. Pijocha et al. [190] found positive effects on the heat
evolution during setting using combinatory systems of MgO,
ADHP, HA and CSH [190]. Besides the setting characteristics and
mechanical performance, the biological outcome and degradability



Table 6
List of exemplified formulations from literature where up to four components known from MPC and CPC research were used to fabricate a
combined cement system (CSH: calcium sulfate hydrate).

2-Component systems 3-Component systems 4-Component systems

MgO + MCPM [187–189] MgO + ADHP + HA [190] MgO + ADHP + TTCP + DCPA [60,191]
Mg3(PO4)2 + MCPM [158] MgO + ADHP + CSH [119] MgO + MCPM + TTCP + DCPA [187]
CaxMg(3-x)(PO4)2 + DAHP [122,192] MgO + MgHPO4�3H2O + DCPA [188,193] MgO + ADHP + HA + CSH [190]
CaxMg(3-x)(PO4)2 + MCPM [158] MgO + MgHPO4�3H2O + DCPD [188]
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are other properties that seem to be well controllable by adjusting
the composition of combinatory cement formulations
[60,119,122,187,189,191] (see ‘‘Biological performance”).

MPC can also be formed by the addition of MgO-containing
bioactive glasses. This is aimed at stimulating integration between
the implants and their surrounding tissues. Bioactive glass cements
have been produced in different forms such as powder and beads
with diverse compositions in the MgO-CaO-P2O5-SiO2 and MgO-
CaO-P2O5-SiO2-CaF2 systems with or without additives like starch,
cellulose, acetate, poly(methyl methacrylate) (PMMA), phosphoric
ester, and N,N dimethyl-P-toluidine [197–200]. In general, the
MgO-containing bioactive glass cements are meant to set in a
few minutes and have high compressive strength while getting
bonded to the surrounding osseous tissue. Addition of MgO in
the MgO-CaO-P2O5-SiO2-CaF2 system seems to decrease the com-
pressive strength via formation of crystalline struvite and inhibit-
ing HA formation in simulated body fluid (SBF) [201]. However,
MgO-containing bioglasses possess high compressive strength in
the presence of polyacrylic acid (PAA) as a cross-linker. The change
in the compressive strength depends on the crosslinking of the PAA
carboxyl groups with Ca2+ and Mg2+ ions present in the glass pow-
der [202]. Even though the mechanical properties of glass contain-
ing cement composites are improved by the addition of polymers
like PAA, the bioactivity of these materials can limit their biomed-
ical applications.
6.2. Scaffolds

Magnesium phosphates have additional applications as tissue
engineering micro/macroporous scaffolds. Such scaffolds show
bone regeneration, biocompatibility, and often higher physical
and mechanical properties compared to their magnesium-free
counterparts. Methods for scaffold fabrication include the foam
replica technique [203], granulation of self-setting cements in an
oil phase [204], the use of leachable salt particles in cements
[205], dispense plotting (Robocasting) of MgP containing pastes
[206] or 3D powder printing of suitable cement/binder combina-
tions [135,166,207]. The general requirements for these scaffolds
are suitable surface chemistry, biocompatibility, biodegradability,
porosity, physical and thermal stability, reproducibility, and scala-
bility in order to be applicable in bone tissue engineering [208–
211]. The following section gives an overview about the studies
applying either traditional scaffold preparation techniques as well
as CAD/CAM procedures.
6.2.1. Traditional techniques for scaffold fabrication
Wei et al. [191] introduced a hierarchically structured 3D

microporous/macroporous magnesium–calcium phosphate scaf-
fold fabricated via the setting of struvite and HA as reactants with
sodium chloride added as a space holder for creating porosity by
leaching. In a different study, Wu et al. observed an increased
degradation rate in magnesium containing calcium phosphate
scaffolds in Tris-HCl solution compared with the magnesium-free
scaffolds [117]. Macropores in MPC scaffolds may also be created
by gas bubbles formed during cement setting [212]. Here, magne-
sium metal powder was added to an amorphous magnesium phos-
phate cement powder dispersed in 15% polyvinylalcohol (PVA)
solution. The rapid corrosion of Mg resulted in hydrogen bubbles,
which were entrapped in the cement paste until a hardened matrix
of crystalline bobierrite was formed. Such scaffolds provided up to
91% total porosity with a compressive strength of �2 MPa. While
the macroporous network formed by porogens is usually only to
a minor part interconnective, fabrication regimes using the foam
replica technique results in a high interconnectivity of pores. The
latter technique was used to fabricate both farringtonite [203]
and Mg-containing glass in the MgO-CaO-P2O5-SiO2 system [213]
and led to products with chemical and physical stability and cell
proliferation properties.

Pore formation in MgP scaffolds can also be created by con-
trolled solvent evaporation, e.g. freeze-drying. Hussain et al.
[214] reported magnesium calcium phosphate containing gelatin
scaffolds fabricated by dissolving up to 90 wt% of a 2:1 mixture
of CaHPO4 and MgO in 3% gelatin solution. After freeze drying,
these composite scaffolds showed a porosity between 34 and
50%, a medium pore diameter of �150 mm and enhanced physical
and mechanical properties when compared to the pure gelatin
scaffolds. Mechanical testing such as the resistance to the volume
change indicated that there is significant improvement of MPC
containing gelatin scaffolds compared with their Mg-free
counterparts.

To the best of our knowledge, there is only one report of mag-
nesium phosphate-polymer composite electrospun scaffold for
bone tissue engineering [215]. Zhou et al. reported that it is possi-
ble to uniformly disperse particles of amorphous magnesium phos-
phate (AMP) in poly-lactic acid (PLA), there by creating a
suspension. Under suitable conditions of pumping rate (e.g., 1
mL/hr), needle diameter (e.g., 22 gauge), applied high voltage
(e.g., 20 kV), and needle tip to collector distance (e.g., 20 cm), com-
posite PLA-AMP scaffolds could be fabricated. In vitro testing for
cell attachment and proliferation indicated that the scaffolds are
bioactive [215].
6.2.2. CAD/CAM based fabrication techniques
Robocasting and sintering of ground glasses has been used in

the MgO-CaO-P2O5-SiO2-Na2O-K2O and in MgO-CaO-P2O5-SiO2-
Na2O-B2O3 systems to fabricate biodegradable MgO containing
scaffolds [216,217]. MgO presence in silicate-based bioactive glass
scaffolds gives them a manufacturing advantage since glasses
which contain 5 wt% MgO can be used to fabricate porous struc-
tures without crystallization [218]. Furthermore, Fu et al. [218]
showed that MgO-containing glass scaffolds are able to promote
HA formation on bioglasses and stimulate bone-implant interac-
tions, although the HA layer formation is slower when it is com-
pared to the traditional 45S5 bioglasses. Addition of zinc, copper,
and biopolymers like poly(D, L lactic) acid (PDLLA) as coating
materials can enhance the mechanical properties of MgO-
containing bioglass, and improve their fracture toughness. A more
comprehensive section on bioglass scaffolds is presented by Diba
et al. [20]. The fabrication of macroporous MPC scaffolds composed
of a mixture of struvite and newberyite in a two-step process was
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demonstrated by Lee at al. [206]. Here, a green ceramic paste was
produced in a first step, which contained water, trimagnesium
phosphate powder as well as hydroxypropylmethyl cellulose for
adjusting a suitable viscosity. The paste was processed into 3D
scaffolds by a paste extrusion system and in a second step hard-
ened by immersion in an diammonium hydrogenphosphate solu-
tion. This avoids sintering of the scaffolds and enables a
simultaneous drug modification of the scaffolds during fabrication.
A similar technique was used by Kim et al. [205], who added
sodium chloride particles to the magnesium phosphate paste to
introduce various micropore sizes (<25 mm and 25–53 mm) into
the scaffold. This was done to increase the speed and rate of
biodegradation and bone regeneration compared to micropore-
free scaffolds, which could be demonstrated by an orthotopic
implantation into 4–6 mm rabbit calvarial defects over 4–8 weeks
[205].

3D powder printing is another technique, which has been
applied to fabricate MgP ceramics and scaffolds for bone regener-
ation. This was done by using farringtonite powder (particle size
�27 mm) blended with 20% diammonium hydrogenphosphate)
[135] in combination with ammonium phosphate binder solutions.
Strength of the printed structures were initially in the range of � 2
MPa under compressive load, which increased to a maximum of 6–
7 MPa following scaffold immersion in the binder solution for 24 h.
This was mainly caused by an increase in the degree of reaction as
indicated by X-ray diffraction analysis [135]. Vorndran et al. [207]
extended this printing concept by using different binder liquids
(ammonium and potassium phosphates, phosphoric acid) to pro-
duce a range of scaffold materials by hydraulic cement setting
reactions during 3D printing. While the formation of K-struvite
during printing was too slow to achieve structures with high
dimensional accuracy, both ammonium phosphate (forming stru-
vite) and phosphoric acid (forming newberyite) were applicable
to the printing procedure. After a post-hardening regime following
repeated binder immersion, compressive strength ranged from 10
MPa (struvite) to 35 MPa for newberyite. Apart from using the
materials for bone regeneration, the authors also demonstrated
an application of the materials for an indirect manufacturing of
metal casting molds by 3D printing [207]. A more recent work by
Meininger et al. [166] applied strontium modified magnesium
phosphates to 3D powder printing since Sr2+ ions are known to
prevent osteoporosis and to encourage bone formation. The fabri-
cation regime included blending of Sr-MgP powders with hydrox-
ypropylmethyl cellulose, followed by printing with water and
subsequent sintering of the samples. A post sintering immersion
in ammonium phosphate solution resulted in a partial conversion
of the structures into struvite with a simultaneous strong increase
of their mechanical performance to 36.7 MPa (compression), 24.2
MPa (bending) and 10.7 MPa (tension), together with a reasonably
modest Weibull modulus of up to 8.8. Micro-computed tomogra-
phy (m-CT) analysis demonstrated the formation of a highly inter-
connected porous architecture with a median pore size in the
range of 17–26 mm [166].

6.3. Implant coatings

Protection against corrosion, interaction between implant and
surrounding tissues, and induction of bioactivity are three main
purposes for production of coating materials [219]. In recent years,
doping with magnesium ions has become very popular for bioce-
ramic coatings made of hydroxyapatite, tricalcium phosphate,
octacalcium phosphate [220,221] or bioactive MgO containing bio-
glasses. Currently, most MgP-containing coatings are produced in
MgO-CaO-P2O5-SiO2-Na2O systems via enameling, pulsed laser
deposition, magnetron sputtering, plasma spraying and sol-gel
methods with K2O, CaF2, B2O3, ZnO, or SrO additives [222–226].
Resulting coating materials have been tested for their mechanical
and thermal properties along with in vitro and in vivo bioactivity.
Pazo et al. [227] showed that SiO2 and MgO content of bioactive
glasses enhance the resistance against temperature change in
glasses by reducing their thermal expansion coefficient (TEC). This
might be due to the role SiO2 plays as a site for creation of new net-
works [227]. It has also been argued that magnesium has the abil-
ity to strengthen the coating/substrate interface in experimental
materials. Also, magnesium ions present in the CaO-MgO-P2O5 sys-
tem slow down the dissolution of calcium ions from the Mg/Ca
coatings [226]. Magnesium incorporation on the surface of
implants increases osteoconductivity [228] and magnesium bound
integrin positively affects the adhesion ability of cells to the ortho-
pedic or dental implants [34].

In contrast to using MgO-containing bioglasses, the deposition
of crystalline magnesium phosphate coatings on substrates is
insignificant and in contrast to CaP based ceramic coatings, only
few studies have been performed. The very few publications that
are available in the literature report successful coating of different
crystalline MgP phases on corroding Mg-alloys (e.g., AZ31) for
biomedical and other purposes. Ishizaki et al. reported the forma-
tion of single phase newberyite coatings on AZ31 using a chemical
treatment, followed by low-temperature heat-treatments [229].
While the coating provided corrosion resistance, the ultimate use
was not in the biomedical field. Zhao et al. reported a phosphate
conversion technique to produce layered MgP coatings with an
inner layer of newberyite and outer layers of newberyite and stru-
vite [230]. The intended use was in the orthopedic field and the
coatings provided bioactive surfaces with immediate near-term
corrosion protection of the AZ31 alloy. Ren et al. used a microwave
assisted technique to coat AZ31 with different crystalline phases
such as newberyite and trimagnesium phosphate hydrate (TMP).
Preosteoblasts were quite viable in contact with these cytocompat-
ible coatings [231]. Meininger et al. [232] used an electrochemi-
cally assisted deposition technique to deposit strontium
substituted magnesium phosphate coatings on titanium. While at
low Sr:Mg ratios of the electrolyte (Sr:Mg = 0–0.26) crystalline
struvite was deposited, a higher Sr:Mg ratio of 0.51 resulted in
the formation of a mainly amorphous coating. Immersion of the
coatings in SBF (with or without 10% fetal calf serum) over a course
of 28 days revealed the release of up to 44% Sr2+ from the coating.

Finally, to the best of our knowledge, the report of Ren et al.
[231] is the only example of using AMP (along with polylactic acid,
PLA) on AZ31 as a protectant of the substrate while simultaneously
enhancing osseointegration. The basic raw material being amor-
phous, the coating can be made from a suspension of the two com-
ponents using a simple spin-coating technique. The coating was
able to perform the aforementioned protective and osseointegra-
tive activities.
7. Biological performance

7.1. In vitro cytocompatibility

In semi-biological systems like SBF solution, Mg2+ ions were
shown to form complexes with OH– and result into weak buffers
[106]. In cell studies, the cytocompatibility and positive effects of
MPC on cell proliferation were frequently shown for bone-linked
cells such as murine osteoblast-like cell line MC3T3-E1 [125,158]
and human osteoblast cell line MG-63 [60,119,122,123,189,191].
However, Burmester et al. [233] emphasized the importance to
use bone-derived primary cells or at least more suitable cell lines
during examinations of the osteoinductivity of magnesium con-
taining implant materials as MG-63 behaved completely different
to primary osteoblasts when exposed to Mg2+ extracts [233]. This



Table 7
List of MPC and combinatory systems that have already been implanted in animal models.

Source Cement paste composition Set cement
composition

Application form Animal model Defect model Examination
time point

Magnesium phosphate cements – implantation in bone
Yu, [165] powder: MgO, NH4H2PO4,

unknown retarder
liquid: unknown

Unknown
probably
struvite

pre-hardened
cylinders

New Zealand
white rabbits
(�3 kg)

distal condyle of the femur;
hole defect of Ø 3.2 mm, 10
mm depth

0.5, 1, 2, 3
and 6
months

Outcome: no inflammatory response or fibrous tissue growth, degradation with simultaneous new bone ingrowth within 6 months,
osteoblast layer at the interface

Zeng [189,245] Powder: MgO
liquid: phosphoric acid
(+bone marrow stromal cells)

Unknown
probably
newberyite

Granules New Zealand
white rabbits
(2–2.5 kg)

Maxillary sinus floor elevation 2 and 8
weeks

Outcome: amount of newly formed bone less, when no cells were used; 7(14) % new bone formation within 8 weeks (with cells); 22(14) %
residual material (with cells)

Kanter, [11] Powder: farringtonite
liquid: (NH4)2HPO4, NH4H2PO4

solution

Struvite,
farringtonite

Paste Merino sheep
(�94 kg)

Medial condyle of the femur;
hole defect of Ø 10 mm, 15
mm depth

3, 7 and 10
months

Outcome: no inflammation or rejection, nearly quantitative cement degradation (<2 mm in diameter) and new bone formation after 10
months, loss of mechanical performance, increase in porosity and pore size and apatite formation

Kim [205] Paste: farringtonite, NaCl,
cellulose, ethanol post-hardening
liquid: (NH4)2HPO4 solution

struvite,
farringtonite,
cellulose

3D printed post-
hardened micro-
porous discs

white rabbits cranial bone defect à Ø 4 and
6 mm

4 and 8
weeks

Outcome: faster dissolution in the smaller defect and new bone formation, better bone regeneration and blood vessel formation in micro-
porous structures depending on the pore size with maximum 85(50) % regenerated bone within 8 weeks for the 4(6) mm defect

Magnesium phosphate cements – heterotopic implantation
Yu [165] Powder: MgO, NH4H2PO4,

unknown retarder
liquid: unknown

Unknown
probably
struvite

Pre-hardened
cylinders

New Zealand
white rabbits
(�3 kg)

Subcutaneously, dorsal
muscle pouch implant size of
Ø 3.2 mm, 10 mm length

1, 2 and 3
months

Outcome: no toxicity, degradation indicated by increasing surface roughness and decreasing compressive strength
Kim [205] Paste: farringtonite, NaCl,

cellulose, ethanol post-hardening
liquid: (NH4)2HPO4 solution

Struvite,
farringtonite,
cellulose

3D printed post-
hardened micro-
porous blocks

Sprague-
Dawley rats

femoral extensor muscle,
implant size of 4x4x8 mm

1 and 6
weeks

Outcome: faster dissolution for micro-pores containing scaffolds

Magnesium calcium phosphate cements - implantation in bone
Wu, [60] Powder: MgO, (NH4)2HPO4 /

CaHPO4, Ca4(PO4)2O
Liquid: water

Struvite, MgO,
hydroxy-
apatite,
Ca4(PO4)2O

pre-hardened
cylinders

New Zealand
white rabbits
(�3 kg)

Distal part of the femur, hole
defect of Ø 4 mm, 3 mm depth

1, 2, 3 and 6
months

Outcome: no inflammatory or foreign-body response, nearly quantitative cement degradation and new bone formation after 6 months, good
biocompatibility and osteoconductivity

Schendel [244] OsteoCrete� Unknown paste New Zealand
white rabbits

cranial bone defect à 1.5 cm2;
bone flap repositioned with
cement paste

2, 12 and 24
weeks

Outcome: no adverse effects, 50% replaced after 12 weeks with new bone ingrowth, good adhesion to the bone surface and good bone flap
position and apparent stability

Zeng, [189,245] Powder: MgO, Ca(H2PO2)2
liquid: water (+bone marrow
stromal cells)

Farringtonite Granules New Zealand
white rabbits
(2–2.5 kg)

Maxillary sinus floor elevation 2 and 8
weeks

Outcome: amount of newly formed bone less, when no cells were used; 26(31) % new bone formation within 8 weeks (with cells); 30(22) %
residual material (with cells); moderate biodegradability and excellent osteoconductivity

Magnesium calcium phosphate cements - heterotopic implantation
Driessens, [193] Powder: MgO, newberyite,

CaHPO4

liquid: unknown

Bobierrite,
brucite,
monetite

pre-hardened
cylinders

Wistar rats
(150–200 g)

subcutaneously, implant size
of Ø 6 mm, 12 mm length

1, 2, 4 or 8
weeks

Outcome: slow dissolution of the magnesium phosphate with decrease in mechanical performance and apatite formation
Klammert [192] Powder: Ca0.75Mg2.25(PO4)2

liquid: (NH4)2HPO4 solution
Struvite,
farringtonite

Pre-hardened
cylinders

Sprague-
Dawley rats
(�318 g)

Femoral extensor muscle
implant size of Ø 5 mm, 10
mm length

1, 2, 6, 10
and 15
months

Outcome: no indication for infection, inflammation or rejection; chemical dissolution by surface, changes of the phase composition into
whitlockite and decrease in mechanical performance

Klammert [192] Powder: Ca0.75Mg2.25(PO4)2, Ca
(H2PO2)2�H2O liquid: citric acid

newberyite,
brushite

pre-hardened
cylinders

Sprague-
Dawley rats
(�318 g)

femoral extensor muscle
implant size of Ø 5 mm, 10
mm length

1, 2, 6, 10
and 15
months

Outcome: no indication for infection, inflammation or rejection; chemical dissolution by volume, changes of the phase composition into
whitlockite and decrease in mechanical performance
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was carried out by Hussain et al. [234] using bone marrow mes-
enchymal stem cells from Fisher 344 rat femurs whereat prolifer-
ation and osteogenic differentiation on MCPC were additionally
improved using MCPC containing gelatin sponges [234]. The
in vitro biocompatibility was further evidenced by Yu et al. [165]
who evaluated the toxicology of MPC, including a gene mutation
assay (Ames test), chromosome aberration assay (micronucleus
test), and DNA damage assay (unscheduled DNA synthesis test)
[165].

MCPCs were shown to be degradable in Tris-HCl solution and
the degradation was significantly improved when compared to
magnesium-free CPC due to the fast dissolution rate of MCPCs
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[189]. According to Großardt et al. [121] the chemical dissolution
of struvite MPC dominates the active resorption by murine mono-
cytic cell line RAW 264.7 derived osteoclasts at a factor of 3. Simul-
taneously, the total resorption was almost 20-times higher
compared to calcium phosphate formulation monetite (CaHPO4)
and at least 8-times higher compared to brushite [121]. In contrast,
Blum et al. [235] found the active resorption to be the predominant
degradation mechanism of struvite wherein the amount of
released Mg2+ and PO4

3- ions could additionally be enhanced
through calcium doping of the cement raw material [235].

Zhou et al. evaluated the important cell-differentiation markers
for MC3T3 cells in contact with AMP/PLA scaffolds. Relevant genes
such as osteocalcin (OCN), osteopontin (OPN), alkaline phos-
phatase (ALP), collagen-1 (Col 1), with beta actin as the house
keeping gene were monitored via RT-PCR. They reported that that
there was 80% increase in OCN, and more than three times higher
in OPN expression when the cells were in contact with AMP-PLA
scaffold. Col1 expression also increased under a similar situation
[215]. Babaie et al. monitored the expressions of ALP on various
AMP cement compositions. All compositions showed that ALP
expressions are quite viable for the cells to proliferate on the
cement surface [87,126].

Multiple studies on MgO-containing glass scaffolds reported all
or some of these properties in previously investigated systems. For
instance, the bioactive glass which was prepared via glass sintering
and slip casting in MgO-CaO-P2O5-SiO2-Na2O-K2O system showed
mechanical, physical and thermal stability, in vitro bioactivity
and degradation when compared to the control groups. In vivo
studies of the same composition revealed enhanced cell prolifera-
tion in different cell lines [218,236–241].

Interestingly, specific amorphous, sodium containing MPC were
shown to have intrinsic antimicrobial properties due to the alka-
line pH development while setting. Those were shown to be
antimicrobial against variable bacterial strains that are related to
implant infections (e.g. Escherichia coli) or dental plaque (e.g. Strep-
tococcus sanguinis) by Mestres et al. [68,69]. For bioactive, MgO
containing SiO2-glasses, higher antibacterial activities resulting
from the increased pH caused by MgO content [110], and stimula-
tion of bone cell proliferation [242,243] was revealed.

7.2. In vivo degradation

The biological applications of magnesium raised the interest
MPCs for the similar applications as well. However, relatively
lower maturity of the research in this field is probably the reason
for the limited number of published animal studies concerning
both MPC and combinatory systems (Table 7). Nevertheless, their
biocompatibility was affirmed in vivo, as no inflammatory reac-
tions [11,60,165,192], formation of fibrous tissue [165], foreign-
body response [60], inflammation [192], rejection [11,192] or toxic
[165] and adverse effects in general [244] were reported. Besides,
all non-heterotopic animal models indicated the osteoconductive
character of MPCs and the combinatory systems
[60,165,205,244–246]. Interestingly, mixtures of MPC and CPC
often showed superior biological properties compared to the single
components in vitro [60,189] and in vivo. For example, MCPCs
exhibited high biodegradability and osteoconductivity in rabbit
bone tissues without any inflammation and necrosis. Two months
of monitoring of implanted rabbits further indicated that MCPCs
were capable of forming direct bonds with the host bone without
interrupting the surrounding connective tissues, and they exhib-
ited higher osteogenesis in comparison to CPCs [60]. In terms of
biocompatibility, the pH and temperature development while set-
ting have also to be considered. While the pH exemplarily depends
on the chosen raw powder and might be controlled over a wide pH
range [132], the commonly high heat release during the reaction of
MPC was shown to be confined by adding setting retarding agents
[68].

The products of MPC have a superior degradation potential to
CPC [14] and their dissolution rates are higher compared to HA
[60,61] (Fig. 4). For example, the chemical dissolution was shown
by Klammert et al. [192] who implanted pre-hardened cylinders
of struvite and newberyite in the absence of bone cells. After 15
months, struvite presented the highest loss of mechanical perfor-
mance (95%), followed by newberyite (67%). This work demon-
strated that such magnesium phosphate compounds do not only
chemically dissolve in a physiological environment, but also pre-
sent remarkable changes of their phase composition, in which both
converted into low-crystalline whitlockite (Ca3(PO4)2) [192]. In
two other cases, the formation of nanocrystalline apatite was
reported, but as a nearly quantitative implant degradation within
10 months took place, the detected apatite probably was due to
the attended new bone growth. In some in vivo studies, presence
of osteoclasts was detected at the MPC implantation sites, leading
to the conclusion that active resorption mechanism might be the
principal degradation mechanism [205,245].

Porosity is another parameter which affects biodegradability in
addition to the pure chemical solubility. Increasing the initial
porosity from 5 to 7% by varying the PLR in a struvite forming
cement, Kanter et al. [11] observed a drop in implant diameter
by 60 to 80% within 10 months. In both cases, the early pore diam-
eter was below 1 mm. The reason for this effect was likely a higher
degree of cement conversion into the final product struvite (with
higher solubility than the cement raw material farringtonite) at
lower PLR [11]. By introducing differently sized micropores via sol-
uble salt leaching on purpose, Kim et al. [205] observed a faster
degradation in rabbit calvarial defects, while forming a better qual-
ity of the regenerated bone and numerous blood vessels [205].

Possible biological limitations for an application of MgP
cements and minerals in bone replacement might be due to the
release of a large amount of Mg2+ during degradation. While it
is unlikely that this systemically influences Mg2+ homeostasis
for usual implant sizes (< 10 g, daily magnesium uptake �300–
400 mg for adults [26]), a large local release of Mg2+ might affect
crystallization and properties of HA bone mineral during remod-
eling since Mg2+ is a potent inhibitor of HA crystal growth. In
addition, many MPC use further setting regulating compounds
(e.g. borates), whereby it is unclear whether these compounds
influence osteoblast and osteoclast activity and hence may reduce
implant degradation and bone remodeling. Finally, the initially
high strength of most MPC will likely decrease during cement dis-
solution. Again, it is unknown if this strength loss is compensated
by new tissue formation and how this will influence bone remod-
eling, especially in larger defects with partial mechanical loading.
Clearly, all these points have to be addressed in future, preferably
by using large in vivo models with a good transferability of the
results to humans.

As an additional feature, MPC seem to have a certain bone
bonding potential [113] as Revell et al. [247] confirmed that
magnesium-substituted CaP coating on titanium alloy implants
enhanced the bone bonding in in vivo systems [247]. Further, they
were already used in an adhesive manner in vivo for a successfully
improved tendon-to-bone-healing [116] and it was shown that
MPC are more effective in stabilizing bone fragments to native
bone compared to CPC [248]. Gulotta et al. [116] used a commer-
cially available MPC [249] which was composed of reactive MgO,
potassium as well as sodium phosphate and tricalcium phosphate.
However, this formulation has not been approved as bone adhesive
so far [113]. Waselau et al. [248] compared biocompatibility and
bone adhesive characteristics of MPC, CPC, and sham samples in
horses. Seven weeks after implantation, it was observed that
MPC secured fragments significantly closer to parent bone, com-



Fig. 4. X-ray (A), macroscopic images (B), m-CT slices (C) and histological sections (D) of ovine femoral condyle defects filled with struvite, brushite or calcium deficient
hydroxyapatite (CDHA) cement paste of different powder-to-liquid ratios (PLR) after 10 months of implantation. Figures reveal the higher degradation potential of
magnesium phosphate especially at lower PLR i.e. slightly higher porosity. m-CT images of macroporous prehardened struvite scaffolds in turn show the dependence of the
degradation behavior on the pore size (no micropores (E) and 25/53 mm pores (F)) after 4 and 8 weeks implantation in 6 mm calvarial defects in rabbits. Figures A-D were
reused from [11] and figures E-F from [205]. Copyright (2014, 2016), with permission from Elsevier.
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pared with a CPC. Callus amount and bone remodeling and healing
were significantly greater with MPC than with CPC [248].

To equip them with special biological properties, biologically
active ions like strontium [166,232], enzymes like lysozyme
[206], radio-opaque additives like bismuth oxide [70] and even
bone marrow stromal cells [245] have already been incorporated
in MgP scaffolds and cement systems. Another potential applica-
tion of magnesium phosphates is drug [206] and gene delivery.
Currently, there are two approaches for gene delivery: viral and
non-viral [250].

The biological effectiveness of MgO-containing bioactive glasses
comprises the induced formation of HA and interaction with bone
tissue (Table 8) and can be compressed as follows [251,252]:
Cations present in bioactive glasses rapidly become replaced by



Table 8
Suggested steps for bioactive glasses-bone interaction [252].

1 Formation of silanol groups (Si-OH)

2 Formation of silica-rich layer by polycondensation of silanols
3 Amorphous HA layer formed by adsorption of Ca2+ and PO4

3-

4 Crystallization of carbonated HA layer by incorporation of CO3
2–

5 Adsorption of biological moieties on carbonated HA surface
6 Action of macrophages
7 Attachment of stem cells
8 Differentiation of stem cells
9 Generation of bony matrix
10 Crystallization of matrix
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the hydrogen ions from the body, leading to the formation of sila-
nol groups. These sites later become adsorption sites for growth
factors and lead to de novo bone generation [252]. This effect might
be caused by the electrical stimulation initiated by the presence of
Mg2+ ions [253].

Biocompatibility is a crucial characteristic of any of the reported
bioactive glasses. In vivo studies were conducted in different SiO2-
MgO systems to demonstrate the potential of these compositions
in orthopedics. For example, in vivo studies of 26 different bioac-
tive glasses in MgO-CaO-P2O5-SiO2-Na2O-B2O3 system showed no
inflammatory responses and formation of new bones in intramus-
cular and intraosseus implants [254]. Higher MgO content of the
bioactive glasses in MgO-SiO2-P2O5-CaO system was shown to
increase the glass surface and decrease the pore sizes. Conse-
quently, MgO accelerated the formation of HA on the glasses, mak-
ing them more biocompatible by providing more sites for cell
attachment [255]. The same results were observed in the MgO-
SiO2-CaO-P2O5-Na2O-K2O where the implanted materials stimu-
lated osteoconductivity and bone colonization through the macro-
porous structure of bioactive glasses [256]. Osseous tissue
proliferation, implant disaggregation and reabsorption are some
of the other effects which are provided by the addition of magne-
sium to the bioactive glasses. The lower bonding interfaces in sys-
tems like CaO-P2O5-SiO2-MgO and higher glass degradation rate
can lead to lower bioactivity [257]. However, higher MgO content
of bioactive glass cements can be beneficial in biological systems
since it releases alkaline-earth ions like Mg2+ that can act as a buf-
fer as it interacts with the H+ and H3O+ products of acidic agents
like polyacrylic acid [258]. MgO-containing bioglass coating mate-
rials, especially those with higher Mg content, have limitations in
biomedical applications due to their lower bioactivity when com-
pared to other available materials like 45S5 bioglasses�. However,
the bioactivity issues can be overcome by maintaining the SiO2

level of MgO-containing glasses at values <60 wt% since higher
ratios inhibit the formation of HA layer on bioglass surfaces which
results in lower bioactivity [259].
8. Future directions

Understanding applications of magnesium phosphates in ortho-
pedics is still in an early stage, though the materials have been
known for decades. In cement related applications, compared to
the well-developed CPC system, there is still much room for
improving the properties of MPCs. Some possibilities are: 1) com-
position modification such as removal of NH4

+ and optimizing MgO
content; 2) preparation of composite cements such as adding poro-
gens to create porosity and improve biological responses; 3)
improving handling properties and setting behavior; 4) evaluation
as a drug delivery vehicle. Especially the latter is practically unex-
plored compared to the well-investigated drug delivery possibili-
ties with CaP ceramics and cements [112]. Here, the unusual low
porosity of struvite forming MPC is thought to offer the possibility
of a physically entrapment of drugs within the dense ceramic
matrix, which are only released upon cement degradation. In addi-
tion, the beneficial role of Mg2+ in gene delivery is rarely studied
and magnesium phosphates’ potential applications in gene deliv-
ery have not been compared to their calcium phosphates counter-
part. MgP scaffolds for tissue engineering applications (e.g.
prepared by 3D printing) have been studied far less than their
CaP counterpart [260], although magnesium phosphates exhibit
much higher mechanical strength and dissolution rate than cal-
cium phosphates. There is also still room for further material
development in the CaO-MgO-P2O5 system. First, the effects of
Mg2+ substitution in several CaP phases such as monetite and cal-
cium pyrophosphate are not clear. Second, though Mg2+ is sup-
posed to accelerate calcium phosphate dissolution rate and
improve substance biocompatibility, the potential of using such
compounds in the MgO-CaO-P2O5 ternary system is not well stud-
ied yet. Lastly, there has not been much effort in understanding the
synergistic relationship between Ca2+ and Mg2+ and even the inter-
action of other possible dopants on tissue response and material
properties. A recent study is one of a few that mentioned that
Mg2+ can buffer the toxicity of excessive Sr2+, while Ca2+ has no
impact at all [261]. However, despite of these promising aspects,
there is still a relative lack of clinical and in vivo data for Mg-
based formulations. Although a range of MPC have been tested
in vivo and there is already one commercial MPC available for bone
replacement, the majority of in vivo experiments were performed
in small animal models and the transfer of these results to humans
to estimate their bone regeneration capacity is difficult. Here, fur-
ther experimental work in large animal models (preferably also at
partially load bearing application sites) is necessary to predict
whether MgP based ceramics have indeed a superior bone regener-
ation capacity compared with their well-established calcium phos-
phate counterparts. Testing may include not only the effect of
different mineral compositions, but also focus on the biological
influence of setting retarders (e.g. borates). This for example has
been underestimated in CPC chemistry, where it was recently
shown that the addition of citric acid as retarder for brushite
cements strongly inhibits osteoclast activity and hence cement
resorption [11,262]. Future research on MgO containing glasses
may be directed toward evaluating the effects of MgO additions
on the behavior of newly-developed borate-based bioglasses. Since
many of MgO containing bioglasses have been used as coatings on
Ti and Ti-alloys, it will be interesting to study if any MgO contain-
ing bioglass can protect biodegradable Mg-alloys and simultane-
ously make them osteoconductive. Finally, more ‘‘structure-
property-processing” correlations can be made on MgO containing
glass-ceramics, paying attention to phases such as akermanite
(Ca2MgSi2O7) or diopside (CaMgSi2O6).
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