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Abstract: In the search for effective biomaterials for bone repair, magnesium phosphate cements
(MPCs) are nowadays gaining importance as bone void fillers thanks to their many attractive features
that overcome some of the limitations of the well-investigated calcium-phosphate-based cements. The
goal of this review was to highlight the main properties and applications of MPCs in the orthopedic
field, focusing on the different types of formulations that have been described in the literature, their
main features, and the in vivo and in vitro response towards them. The presented results will be
useful to showcase the potential of MPCs in the orthopedic field and will suggest novel strategies to
further boost their clinical application.

Keywords: magnesium phosphates; cements; bone tissue; pastes; setting; porosity; injectability;
release; biocompatibility

1. Introduction

The global increase in the population age is nowadays taking place at an extraordinary
pace and, particularly in developing countries, it will accelerate in the next few decades:
according to estimates from the World Health Organization (WHO), in 2019 the number
of people aged 60 years and older was 1 billion; this number will increase to 1.4 billion by
2030 and 2.1 billion by 2050. This large number of elderly people in society, mainly due to
an increase in life expectancy, will result in a dramatic increase in a number of pathologies
(chronic diseases, disabilities, cognitive decline, hypertension, sleep disorders, etc.) [1].
Osteoporosis is the most common metabolic disease in the elderly, affecting 200 million
people worldwide [2] and posing a considerable economic burden to society: the direct
annual cost of treating osteoporotic fractures is, on average, USD 5000-6500 billion in
Canada, Europe, and the USA alone, not taking into account indirect costs such as disability
and the loss of productivity [3].

Besides osteoporosis-related fractures, many other pathologies and damages may
affect bone tissue, and new strategies and biomaterials to tackle this major societal challenge
are an urgent need. Among the different types of bone biomaterials, bone cements are bone
void filling materials that are useful in a variety of orthopedic applications [4] thanks to their
moldability and injectability, which allow for minimally invasive surgical procedures [5].
The most widely investigated class of bone cements is undoubtedly calcium phosphate-
based cements (CPCs), which have excellent compatibility with the bone matrix given
their similarity in terms of their chemical nature: such materials have been extensively
studied for several decades [4,6-10], and a number of commercial solutions already exist
on the market [11]. CPCs possess many attractive features but, like all biomaterials, they
also have some weaknesses, such as a poor degradation rate; unsatisfactory mechanical
properties; and, in some cases, acidic setting conditions. To partially overcome these
limitations, in the last decade the attention of the scientific community has been directed
towards magnesium-phosphate-based cements (MPCs), which have demonstrated a better
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combination of strength, setting time, and resorption rate than CPCs, while remaining
biocompatible [12]. MPCs are already known as rapid repair materials for concrete in
the construction field [13], but the interest in them from the biomedical community is
rapidly growing.

Recent review articles have already showcased the features and applications of
magnesium-phosphate-based biomaterials, highlighting their potential [14-18]. Here,
we specifically focus on cement formulations based on magnesium phosphates as bone
repair materials, with special attention paid to the various formulations developed and
their features, often with a direct comparison to CPCs. The topic of MPCs for biomedical
applications was addressed a few years ago by Ostrowski et al. [12] and more recently by
Haque and Chen [19], the latter focusing on the biological performance of such materials.
The large number of works recently published on the topic and the variety of MPC for-
mulations described testify to the need for an updated work to discuss and compare the
recent findings.

In this work, after a brief overview of the main characteristics of bone tissue and
its main repair strategies (Section 2), bone cements are discussed in detail in Section 3,
focusing on MPCs (Section 4): their main preparation strategies and formulations described
in the literature are presented, along with the most interesting properties that make them
attractive in the field of bone cements. Section 5 describes the main modification strategies
for MPCs, in terms of the different categories of molecules that can be added to the cement
matrix to impart functional properties. Section 6 details the biological responses of MPCs,
describing the outcomes of both in vitro and in vivo experiments.

The presented results will be useful to showcase the great potential of MPCs in the
orthopedic field and suggest novel strategies to further boost their clinical application.

2. Bone Tissue and Repair Strategies

Bone is a mineralized connective tissue that exerts a number of fundamental functions
in our organism, such as locomotion, the support of body structure, the protection of soft
tissues, and the provision of a homeostatic calcium and phosphate reservoir. Bone tissue has
a hierarchical structure, as schematized in Figure 1, and can be described on different length
scales, with each level performing a specific chemical, biological, and mechanical function.
The macroscale level represents the overall bone shape. According to the porosity, bone can
be distinguished into compact (3-5% porosity) and trabecular (porosity up to 90%) types,
with each showing remarkably different mechanical properties [20]. At the microscale, bone
structure is described by osteons, which are cylindrical structures about 200 um in diameter
that contain the mineral matrix and living osteocytes, running almost parallel to the long
axis of the bone [21]. Each osteon consists of lamellae, which are layers of a compact
matrix that surround a central canal called the Haversian canal. This canal contains the
bone’s blood vessels and nerve fibers. At the nanoscale, the bone matrix consists of poorly
crystalline and Ca-deficient hydroxyapatite platelets (HA, Caj9(PO4)s(OH);) embedded in
an organic matrix primarily made of type I collagen.
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Figure 1. Hierarchical organization of bone tissue at different levels. The macroscale level represents
the overall bone shape (A) which, at the microscale, is constituted by osteons (B) and osteocytes
coated of cell membrane receptors that respond to specific binding sites (C). At the nanoscale the
bone matrix consists of poorly crystalline and Ca-deficient hydroxyapatite platelets and collagen
molecules (D). Reprinted with permission from Ref. [22]. Copyright © 2023. American Association
for the Advancement of Science.

In spite of its apparently static nature, bone tissue undergoes a constant remodeling
process that involves the sequential resorption of bone tissue and deposition of new bone
at the same site [23]. In very simple terms, this process can be described in three stages: the
initiation of bone resorption by osteoclasts, a transition period from resorption to new bone
formation, and new bone formation by osteoblasts [24]. This process occurs thanks to the
coordinated actions of the four different types of bone cells: (i) osteoclasts, which dissolve
and resorb old bone tissue; (ii) osteoblasts, which form new bone tissue; (iii) osteocytes,
which comprise ~90% of bone cells, result from “entrapped” osteoblasts, and maintain
bone tissue; (iv) bone lining cells, which are quiescent flat-shaped osteoblasts that cover
nonremodeling bone [24,25]. The remodeling process of old or damaged bone is necessary
to adjust the architecture and meet the changing needs of the body, as well as to maintain
calcium homeostasis and to repair microdamage in the bone matrix [26].

Not all types of bone defect and damage can be fixed by the self-healing capacity of
bone tissue: it is estimated that 5-10% of fractures are associated with impaired healing,
resulting in delayed union or nonunion [8]. This is a relevant issue for our healthcare
system: considering the average number of 8 million bone fractures happening every year
in the US, between 400,000 and 800,000 of them will not be able to properly heal [27]. Addi-
tionally, in the case of the skeletal reconstruction of large defects due to trauma, infection,
tumor resection, or skeletal abnormalities, bone remodeling might not be able to entirely fix
the damage. In some cases, bone regeneration is not sufficient because of a compromised
regenerative process due to, for example, avascular necrosis or systemic diseases such as
osteoporosis and diabetes mellitus. In all these scenarios, natural bone grafts or synthetic
biomaterials must be used to bridge the gap before bone regeneration can occur [28,29].
The traditional bone graft strategy is based on autografts (bone from the patient them-
self), allografts (bone from a human donor), or xenografts (bone from an animal). These
approaches are, however, associated with a number of drawbacks, and synthetic materi-
als such as bioceramics, bioactive glasses, metallic materials, polymers, and composites
have been developed over the years to improve bone repair processes [28]. In general,
bone substitutes should provide both mechanical support and osteo-regeneration, which
involves osteoconduction, osteoinduction, and osteointegration [30]. Osteoconduction is
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the ability to support osteoblasts” and osteo-progenitor cells” attachment to the material
and allow for their migration and growth within the three-dimensional architecture of the
graft. Osteoinduction refers to the graft’s ability to induce the differentiation of cells into
bone-forming cells. Osteointegration describes the ability of an implant to anchor to the
new bone tissue, with the formation of a bone-implant interface [31]. The formulation of a
synthetic bone substitute that meets all these requirements is challenging, and great efforts
are being made by the scientific community to develop effective materials.

3. Bone Cements

Bone cements are defined as biomaterials obtained from the mixing of a powder
phase with a liquid phase, which can be molded and implanted as a paste and can set
within the body [32]. They are intended as bone-filling materials rather than bone substi-
tutes [30] and are widely used in different orthopedic procedures, such as vertebroplasty
and kyphoplasty [4], and dental implant fixations [33]. Their moldable and injectable
nature makes them attractive for minimally invasive surgical procedures, allowing for the
filling of irregular bone defects [5]. An ideal bone cement should be endowed with several
properties, including biocompatibility, bioactivity, osteoconductivity, injectability, cohesion,
the ability to set in physiological conditions, mechanical properties compatible with bone,
an appropriate resorption rate, and porosity [6].

Bone cements can be classified according to their chemical composition, namely
acrylate-based, calcium-sulfate-based, and calcium-phosphate-based cements. Acrylate
formulations mainly consist of polymethylmethacrylate (PMMA). The liquid phase is made
of methyl methacrylate, accelerators, and stabilizers, while the powder phase consists of
a polymer, a catalyst, and radio-opacifiers. After mixing the two phases, an exothermic
polymerization reaction forms PMMA cement [5]. Such materials have been used in clinical
settings for over 50 years, after approval was granted by the Food and Drug Adminis-
tration (FDA) in the 1970s [34]. Nevertheless, the drawbacks associated with their use
include the exothermicity of the reaction, which causes tissue necrosis, and the low level of
osteointegration due to their nonbioactive and nonbiodegradable nature. Calcium sulfate
formulations are based on calcium sulfate hemihydrate (CaSOy4-0.5H,0): when mixed with
water, the hemihydrate form is converted into calcium sulfate dihydrate (CaSO4-2H,0),
which is able to set in situ after filling the bone defect [35]. These formulations are os-
teoconductive, inexpensive, and biodegradable [36]. In addition to PMMA and calcium
sulfate cements, the most widely investigated category of bone cements are CPCs, due to
their chemical similarity with the inorganic bone matrix. CPCs were introduced by Brown
and Chow in the 1980s [37] and approved by the FDA in 1996 [38]. They are typically
classified as apatite or brushite (CaHPOy4-2H,0O)-based, according to the final phase within
the cement matrix [9]. They are obtained by mixing a powder component (one or more
calcium orthophosphate salts, such as tri-calcium phosphate) with an aqueous solution:
the mixing leads to the dissolution of the initial calcium orthophosphates, followed by the
precipitation of either apatite or brushite crystals, according to the reaction pH. Apatite
formation is favored at pH > 4.2, whereas brushite forms in acidic conditions [39]. During
the precipitation, these new phases grow and entangle, providing mechanical rigidity and
resulting in cement hardening. Being made of calcium phosphates, CPCs are characterized
by excellent biological properties and offer the possibility of being molded or injected into
the bone defect, hardening in physiological conditions, providing support to the bone tissue,
and allowing for its regeneration. The detailed description of CPC features was beyond the
scope of this work, and interested readers are referred to the many comprehensive reviews
that have been published in the last decade on this topic [6,8-10,33,40-44]. However, it is
important to remark that, notwithstanding the great success of CPCs, which has also led
to several commercial products [45], some drawbacks associated with their use have been
reported over the years, especially in terms of their poor degradation rate and mechanical
properties. In particular, apatite CPCs have often been claimed to have a slow setting time
and degradation rate [12]. On the other hand, brushite CPCs are more soluble than apatite
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CPCs and are hence more quickly resorbed in vivo. However, it has been reported that,
upon implantation in animal models, brushite can undergo dissolution-reprecipitation
reactions, resulting in phases with lower solubility and thus slowing down degradation
and bone regeneration kinetics [46,47]. Moreover, brushite CPCs have very short setting
times, and high liquid-to-powder (L/P) ratios must be used to achieve a workable paste,
resulting in weak CPCs with limited clinical applications [8].

To overcome these limitations, researchers are currently focusing on alternative mate-
rials to CPCs, and a promising category are MPCs.

4. Magnesium Phosphate Cements: Preparation and Properties

MPCs can be defined as cements in which the binding phase is made of magnesium
phosphate. The first publication concerning MPCs for applications in the biomedical field
dates back to 1995 [48], but such materials were already known as fast-repairing cements for
civil engineering applications [49]. The interest in MPCs rapidly grew in the last decade, as
can be gathered by the number of publications as a function of the year for MPCs and CPCs:
the attention towards the former markedly grew only recently, whereas the number of
publications related to CPCs has been relatively constant for the last 10 years (see Figure 2a).
From a commercial viewpoint, while dozens of CPC-based products are available, only one
company (Bone Solutions, Inc., Colleyville, Texas, USA) is currently commercializing MPCs.
Three types of products are available: Mg OsteoCrete, Mg Osteolnject, and Mg OsteoRevive.
According to the producers, OsteoCrete is described as a “moldable, injectable magnesium-
based bone void filler for trauma/orthopedic applications”, Osteolnject is recommended
for sports medicine applications, and OsteoRevive is suitable for posterolateral spine
applications. All these formulations are claimed to be moldable; radiopaque; fully synthetic;
osteoconductive, with high compressive strength; and endowed with temperature-based
setting control, excellent binding characteristics, thixotropic properties, and enhanced
bone regeneration.
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Figure 2. (a) Number of publications on the topic “calcium phosphate cement” (CPC) or “magnesium
phosphate cement” (MPC) from 2003 to 2023 (Web of Science, updated in May 2023); (b) diagram
of MPC preparation. The main powder and liquid components are listed, together with the main
phases found in the set cements.

4.1. Preparation of MPCs

MPCs can be prepared using different types of powder and liquid precursors, as
schematized in Figure 2b. The powder component often consists of MgO and, less fre-
quently, Mg3(POy), (tri-magnesium phosphate, TMP). The liquid is usually made of an
aqueous solution of a phosphate salt (ammonium, sodium, or potassium) or phosphoric
acid. Upon mixing, the two components react, forming a viscous and moldable paste.
In time, due to dissolution and re-precipitation reactions, the system hardens, forming a
compact and solid cement because of the entanglement of the newly formed crystals. The
type of phase in the final material changes according to the precursors used and the setting
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conditions. The different magnesium-phosphate-based phase names, together with the
relative solubility and Mg/P ratio, are given in Table 1, while Table 2 shows the precursors
and the final phases reported in the literature for MPCs, for applications both as bone
cements and in the construction field. Although the latter field was outside the scope of
this review, it is interesting to compare these formulations with those used to prepared
MPC bone cements and evaluate their differences and similarities.

Table 1. Magnesium phosphates: chemical formulae, mineral names, solubility product constants at
25 °C, and Mg/P atomic ratios.

Chemical Formula Mineral Name Solubility (Ksp) Mg/P Atomic Ratio Abbreviation
Mg3(POy)2 Farringtonite 3.9 x 1072 [50] 1.5 TMP
Mg3(POy),-8H,0 Bobierrite 6.3 x 10720 [51] 1.5 BOB
Mg3(POy)2-22H,0 Cattiite 1 8 x 10724 [51] 1.5 CAT
MgNH4PO4-H,O Dittmarite Unknown 1 DIT
MgHPO,-3H,0 Newberyite 1.5 x 107° [51] 1 NEW
MgHPO,-7H,0 Phosphorrosslerite 9.77 x 10718 [50] 1 PHO
MgNH4PO,-6H,O Struvite 7.1 x 1074 [52] 1 STR
MgKPOy,-6H,O K- Struvite 2.4 x 10711 [52] 1 KST
(NHy4),Mg3(HPOy),-8H,0 Hannayite 2 Unknown 0.75 HAN
(NHy4),Mg(HPO,),-4H,0 Schertelite 2 Unknown 0.5 SCH

1 This phase is metastable in water and converts to bobierrite [51]. 2 Dissolves incongruently in water with the
formation of struvite [53].

Table 2. Comprehensive list of MPC formulations reported in the literature for applications in the
biomedical and construction fields. In the Reference column, the former are marked with “B”, the
latter with “C”, and those marked with “N” did not explicitly state the application field. Formulations
containing Ca-doped MPCs or Mg-doped CPCs were not included in the list. The papers listed
are those resulting from a search conducted in Web of Science using the keywords “magnesium
phosphate cements” in the “topic” section.

Phosphate Salt

Powder Component A . Additional Components P/L1 Final Crystalline Phases References
queous Solution
MgO NH4H,PO4 - - STR + SCH + DIT [54]—N
MgO NH4H,;PO4 Silica 8.3-20 g/mL MgO + STR [55]—N
MgO NH4H,PO4 Sand 4g/mL MgO + STR [56]—C
MgO NH4H,;PO4 + NaH;POy4 Borax 7.7 g/mL MgO + STR + SCH [57]—B
MgO NH4H,PO,4 + NaH,POy4 Borax, Bi,O3 7.7 g/mL MgO + STR + SCH [58]—B
MgO NH4H,PO4 Borax + Zn + quartz 5.6-7.1 g/mL - [59]—C
MgO NH,H,PO; + NaH, PO, Chitosan 9g/mL M%&ﬁg&;gﬁj ¥ [60}—B
MgO NH4H,;PO4 NayB407-5H,0 8.3 g/mL MgO + STR + DIT [61]—N
MgO NH4H, PO, Borax, acetic acid 8.3 g/mL MgO :—_ IS\"]F}I}J_IIQ/égo(jcetate) [62]—C
MgO NH4H,POy4 + NaH,POy4 Borax 7.7 g/mL MgO + STR + SCH [63]—B
MgO NH4H,PO, Borax, acetic acid, sand 8.3 g/mL MgO + STR [64]—C
MgO NH4H,PO4 Borax, sand, metakaolin 43 g/mL MgO + STR [65]—C
Borax, NasP30y,
MgO NH4H,POy metakaolin, sand, 5g/mL STR [66]—C
sodium polyacrylate
MeO NH,H,PO Borax, NasP5Oro, 6.66 ¢/mL MgO + STR [67]—C
8 4t acetic acid 008 8
MgO NH,H,PO, H;BO; - MgO + STR + DIT [68]—N
MgO + AMP PVA solution Mg granules 0.5g/mL BOB [69]—B
MgO NH4H2PO4 Na5P3010, H3BO3, sand 5.3-6.3 g/mL - [70]—C
MgO NH,H,PO, N‘i‘;fég;?gﬁgax' - - [71}—C
Metakaolin, Al,Os3, MgO + STR + Al
MgO NH,H, PO, borax, sand 11.1g/mL pho%phate hydrates [721—C
MgO NH,H,PO, Bora’;;‘;ﬁ;;;jgégt“am' 55-7.1 g/mL MgO + STR + SiO, [73]—C
MgO NH4H,POy4 H3BO;3 1.7 g/mL MgO +STR [74]—N
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Table 2. Cont.

Phosphate Salt

Powder Component A . Additional Components P/L1 Final Crystalline Phases References
queous Solution
MgO NH,H,PO, Fly ai‘;g;?g'l Ob"rax' 5g/mL MgO + STR [75]—C
MgO NH,H,PO, fﬁrg;’ iﬁfe 21-26g/mL  MgO + STR + NH,;H,PO, [76]—N
MgO H,PO, MgCl, 0.6-1g/mL Mg(OH),-MgCl,-8H,0 [77]—B
MgO KH,PO4 +NH4H,PO, Fly ash, borax, NasP301, 10 g/mL MgO + STR + KST [78]—C
MgO NH4H,PO4 retarder - - [79]—B
MgO KH,PO4, NH4H,POy Borax 7.1g/mL MgO + STR/KST + DIT [80]—C
MgO KH,PO,, NH;H,PO, Pluronic F127 - MO, Mg(ODa, STR, [81]—B
MgO + STR + KST +
MgO KH,PO4 + NH4H;POy Al,O3, borax 6.25-7.1 g/mL alumina phosphate [82]—N
hydrate
MgO KH,PO, + NH;H,PO, H;BOs, NasP3O1o - MgO+ il;si;;izpo‘* * [83]—C
MgO KH,PO,4, NaH,; PO, Borax, sand 5g/mL MgO + KST + NaST [84]—C
MgO KH,PO4 Borax 8.3-12.5 g/mL MgO + KST + borax [85]—C
MgO KH,POy4 Borax 5-7.1g/mL MgO + KST [86]—C
MgO KH;PO4 Borax 0.1-0.4 g/mL MgO + KST [871—C
MgO KH,PO, - 6.66 g/mL MgO + KST [88]—C
MgO KH,PO4 Borax - MgO + KST [89]—C
MgO KH,PO, Fly ash, H3BO3; 3.6-3.8 g/mL MgO + KST + SiO, [90]—C
MgO + KST +
KH,POy,

MgO Borax - NayMg(HPOy), + [91]—C

& Na,HPO,-12H,0 KaMg (P§P04)2 450
MgO KH,PO4 Fly ash, borax, sand 5-7.1g/mL MgO + KST [92]—C
MgO KH,PO, - 2-6.66 g/mL MgO + KST [93]—C
MgO KH,PO, - 33g/mL MgO + KST [94]—N
MgO KH,PO, - 5g/mL MgO + KST [95,96]—C
MgO KH,PO, Glucose 3.3-5.5g/mL MgO + KST [97]—B
MgO KH,PO, - 2g/mL MgO + KST [98]—C
MgO KH,PO, - 23g/mL MgO + KST [99]—N
MgO KH,;PO4 - 2 g/mL MgO + KST [100]—N
MgO KH,PO, H3BO; 1g/mL Mg,KH(POy),-15H,0 +KST ~ [101]—N
MgO KH;PO4 Borax, fly ash, sand 43-6.2g/mL MgO + KST + SiO, [102]—C
MgO KH,POy4 Sand, fly ash, 3.3g/mL - [103]—C
MgO KH,PO4 Borax, NaHCOs3 59 g/mL MgO + KST [104]—C
MgO KH,POy4 Acylic latexes 2.3g/mL MgO + KST [105,106]—C
MgO KH,PO4 Silanes, borax, NasP301¢ 9¢g/mL MgO + KST [107]—C
MgO KH,PO4 Chondroitin sulfate 2 g/mL MgO + KST [108]—B
MgO KH,PO4 Carboxymethyl chitosan 2 g/mL MgO + KST [109]—B
MgO KH,PO, - 02-4g/mL %gzgﬁ PO5tO [110}—C
MgO KH,PO,4 Citric acid 2 g/mL MgO + KST [111]—N

Borax, sand, MgO + KST +

MgO KH,PO4 sulphoaluminate cement 625 g/mL éga-phases [H2—C
MgO KH,POy4 Borax, fly ash 7.14 g/mL MgO + KST [113]—C
MgO KH,PO, - 23g/mL MgO + KST [114]—N
MgO KH;PO4 Al(SOy)3-16H,0O 0.2-4 g/mL MgO + KST + others [115]—C
MgO KH,PO4 Borax, Zn(NO3), 0.1-7.14 g/mL MgO + KST [116]—C
MgO KH,PO, CaCOs, citric acid 0.16 g/mL MgO + KST + CaCO3 [117]—B
MgO KH,PO, - 0.25-0.7 g/mL MgO + KST [118]—B
MgO KH,PO, Bora fly ash pilca 55g/mL - [119}—C
MgO KH,PO4 Borax, ferroaluminates 45g/mL MgO + KST + aluminates [120]—C
MgO KH,PO CaSiOs, quartz, MgCl 12-4g/mr  M8O+KST+CaSiO; + [121]—C

g 254 3, quartz, Mgt T8 Mg, KH(POy),-15H,0
MgO KH,PO, CaSiOs 4g/mL M:%?O: A
MgO KH,PO, - 6.7 g/mL MgO + KST + BOB [123]—C
MgO KH,PO, I\BIZZ";‘;‘PICI)T‘;SZEZ‘% 6.25g/mL MgO + KST + limestone [124]—C
MgO KH,PO, + H3PO, S‘;C;gif)x I;I;gzjif;m' 33g/mL MgO + KST [125]—B
MgO KH,PO, E;‘;;ﬁi;;fj; 6.25 g/mL MgO + KST [126]—B
MgO KH,PO, - 6 g/mL MgO + KST [127]—B
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Table 2. Cont.

Phosphate Salt

Powder Component A . Additional Components P/L1 Final Crystalline Phases References
queous Solution
MgO KH,POy4 Borax, NaH, PO, 5g/mL Na-KST [128]—C
Borax, fly ash, sand,
MgO KH,PO4 PVA fibers 5.3-10 g/mL - [129]—C
MgO + KST + MgCOs3 + -
MgO KH,POy4 Borax, sand, basalt 2.2¢g/mL MgCOs-3H,0 [130]—C
MgO KH,PO, Graphe“es?;s‘de' borax, 7.14 g/mL MgO + KST [131]—C
Oxygen-carboxymethyl
MgO KH,PO,4 chitosan 2 g/mL MgO + KST [132]—B
MgO KH,PO;4 ZIF-8 25g/mL MgO + KST [133]—B
MgO + KST+ )
MgO KH,PO4, KHPO,4-3H,0 - 2.7 g/mL MgKPO, -H,0 [134]—C
MgO KH,POy4 H3BO;3, polyurea aerogel - - [135]—B
MgO KH,PO, H,BOs, AI(NO3); 0.01 g/mL CAT + NEW [136]—C
Laponite, sepiolite,
MgO KH;PO4 halloysite 2 g/mL MgO + KST [137]—B
Carboxymethyl chitosan,
MgO KH,PO4 sodium alginate 2 g/mL MgO + KST [138]—B
Mg(OH), H3PO, Microwaves 2.5g/mL NEW [139]—B
(NH4)2HPO4 + _ -
TMP NH,H,PO, 3 g/mL TMP + STR + NEW [140]—B
TMP + STR (NH4),HPO4 - 2.1g/mL TMP + STR [141,142]—B
BOB (NH,),HPO, TWEEN20, PU foam - TMP + STR [143]—B
TMP (NH,),HPO, (NHy),CsHsO7 1-33 g/mL TMP + STR [144]—B
T™P (NH‘*)zHIE%‘(/)KzHI’O‘*/ HPMC 2g/mL STR, KST, NEW [145]—B
3P0y
(NH4)2HPO4 + _ . s
TMP NHALPO, 2-3g/mL TMP + STR [46]—B
TMP (NHy),HPO4 HPMC 1.5 g/mL TMP + STR [146]—B
TMP Phytic acid 3g/mL TMP + NEW [147]1—B
T™MP (NH4),HPO4 - 1-2 g/mL TMP + STR [148]—B
(NH4)2HPO4 + _ N -
TMP NH, H,PO, 0.33-2 g/mL HAN [149]—B
TMP (NH,),HPO, HPMC + NaCl 133 g/mL TMP + STR [150]—B
TMP 2 H,0 - 1.5g/mL TMP + CAT [151]—B
TMP (NH,),HPO, HPMC + gelatin - STR [152]—B
TMP (NH,),HPO, Halloysite 1.5g/mL TMP + STR [153]—C
(NH4)2HPO4 + _
TMP NHLH,PO, 2-3g/mL TMP + STR [154]—B
TMP (NH,),HPO, HPMC + indene 133 g/mL TMP + STR [155]—B
T™P (NHy),HPO4 ammonium citrate 2 g/mL TMP + STR [156]—B
(NH4)2HPO4 +
TMP + STR +
TMP NH4H,PO4/K,HPO, + - 0.6-1.5 g/mL NEW + SCH + KST [157]—B
KH,PO,
TMP (NHy),HPO,4 Gelatin microparticles 1.5 g/mL TMP + STR [158]—B
TMP (NH,),HPO, Borax 1.5g/mL TMP + STR [159]—N
TMP KH,PO, - 2-3g/mL TMP + KST + NEW [160]—B
MgO+ TMP Phytic acid - 2 g/mL TMP + NEW [161]—B
MgO+ TMP Phytic acid - 1.71-2 g/mL MgO + TMP + NEW [162,163]—B
AMP H,O PVA 0.4-0.6 g/mL CAT [164]—B

1 Powder/ liquid ratio. When water/cement (w/c), water/solid (w/s), or water/binder (w/b) ratios were given
in the paper, the reciprocal of that value, corresponding to the P/L ratio, is reported in the table. 2 Mechanically
activated, also contains NaMgy(PO4); and quartz formed during milling.

The data in Table 2 show that the majority of the works carried out so far have used
MgO as a precursor powder, which is often reacted with NH;H,PO4 or KH, POy to form
STR or KST as binding phases, respectively. TMP has been used to a lesser extent, mostly for
reactions with (NHy),HPOjy resulting in STR. In all cases, a significant amount of reacting
powder, either MgO or TMP, was present in the final cement matrix.

Concerning the powder precursors, different factors should be taken into account
when using either MgO or TMP. The reactivity of the MgO, for instance, is a crucial
parameter, since MPCs can be obtained only using dead burned MgQ, i.e., treated at
temperatures above 1300 °C. Not only is the calcination temperature important to control
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the setting process of MgO-based MPCs, but also the deformation ratio of MgO grains,
which is the ratio of the experimental specific surface area vs. the theoretical one [56].
This parameter is connected to the disorder of the MgO grains’ surfaces, affecting their
reactivity and, as a consequence, the cement setting time. The reactivity of MgO can be
easily estimated with the citric acid test, in which a MgO slurry is mixed with a citric acid
solution containing phenolphthalein as an indicator [165]. According to the time needed
by the formed magnesium hydroxide to neutralize the citric acid solution (indicated by the
color change of the solution from white to pink), MgO is classified as having high, medium,
or low reactivity. Dead burned MgO is characterized by a neutralization time greater than
900 s. The low reactivity of MgO is necessary to guarantee a homogeneous mix between the
powder and the liquid component when preparing a cement; even so, it is often necessary
to use a retarder to obtain the desired setting time (see Section 5.1). It should be pointed
out that, especially for MPCs applied in the construction field, MgO is typically not pure
and can also contain certain amounts of CaO, SiO,, Al,O3, Fe,O3, K,O, Na,O, TiO,, SO3,
and P,Os [61,62,74,80,95,97,98,131].

TMP, on the other hand, is typically obtained from the calcination of Mg(OH), and
MgHPO,-3H,0 above 1000 °C, followed by grinding and sieving [144,145,148].

The liquid component of an MPC formulation is often an aqueous solution of ammo-
nium or potassium phosphate. When using the former, especially in combination with
MgO, the release of ammonia and the highly exothermic reaction that occurs during the
hydration process can be drawbacks. In this case, replacing the ammonium with potassium
salts, which do not result in the above problems, is a viable option [95,166].

The preparation procedure is similar for all MPCs, though a difference according to
the type of precursor can be found: MgO is often mixed with the phosphate salt as a solid,
and water is then added to the formulation; in this case, the w/c (water/cement), w/b
(water/binder), or w/s (water/solid) ratio is specified. When TMP is used, the phosphate
salt is first dissolved in water, and this solution is then mixed with the TMP powder: the
proportions between the two components are given as the P/L (powder/liquid) ratio.
Regardless of the precursor and the additional materials included in the formulation, the
cements are prepared by mixing, molding, and hardening, often in controlled conditions of
relative humidity.

As we previously mentioned, in MgO-based formulations, the phosphate salt is often
included as a solid within the powder component. When the mixture comes into contact
with water, the phosphate salt immediately dissolves, leading to the release of protons and
decreasing the pH of the solution [19]. According to the mechanism proposed by Wagh and
Jeong [167], MgO slowly dissolves from the edges of the grains, leading to the formation of
an intermediate aquosol. Afterwards, the acid-base reaction with the phosphate groups in
the solution results in a gel that forms a layer on the surface of the undissolved MgO grains.
In time, this gel thickens and hardens due to the growth of the crystalline binding phases,
leading to the final hydration product (see Figure 3). It is worth noting that some transient
phases among those reported in Table 1 might form during this process [168]. The reaction
mechanism occurring when using TMP as a precursor powder has been investigated to
a lesser extent. In a similar way;, it is believed that the reaction occurs on the surface of
the TMP grains, where the Mg?* ions react with phosphate and ammonium ions from
the aqueous component, resulting in the precipitation and entanglement of the binding
phases [159].

Concerning the application areas, the data in Table 2 demonstrate that MgO is mainly
used for cements applied in the construction field, whereas TMP is favored for preparing
bone cements, sometimes taking advantage of 3D printing to assemble them as porous
scaffolds [140,145,146,150,152,155]. Despite the use of MPCs in the construction field being
outside the scope of this review, we mention here that such materials are typically exploited
for the rapid repair of concrete—not as substitutes for Portland cement—due to their
rapid setting, high early strength, corrosion resistance, low shrinkage, good adhesion with
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concrete substrates, and abrasion resistance. Applications for radioactive waste stabilization
and solidification have also been reported [95].

AQUOSOL GEL FORMATION & THICKENING
DISSOLUTION FORMATION SATURATION & CRYSTALLIZATION ~ CRYSTAL GROWTH

Figure 3. Schematic of the setting mechanism of MgO—based MPCs. Reprinted with permission
from Ref [14]. Copyright © 2023. Elsevier.

4.2. Properties of MPCs

Many properties make MPCs attractive in the field of bone cements. One of these is
their setting time, which is typically in line with clinical needs. The setting time of a bone
cement can be roughly defined as the time needed for the cement paste to become strong
enough to resist an applied force [6]. This parameter can be measured with different tests,
such as the Gillmore or Vicat tests, the former being the most commonly used for MPCs
designed as bone cements. During the Gillmore test, the initial (t;) and final (t;) setting
times of the paste are determined: t; is the time needed for the cement to bear a thin and
light (113 g) needle without appreciable indentation, while t; is the time needed for the
cement to bear a thick (454 g) and heavy needle without appreciable indentation (ASTM
C266-21). There is clinical significance behind these values, as the cement paste should be
implanted before t; and the wound should be closed after t; [7]. It is therefore important
that the paste sets slowly enough to allow for mixing and molding/injecting in the bone
defect. At the same time, it should not set too slowly, so that the wound can be quickly
closed and the set cement provide the needed mechanical support. In the literature, it
has been suggested that the ideal ranges for t; and t; are 3 < t; < 8 min and t, < 15 min,
respectively [7]. As can be observed from the data reported in Figure 4a, most MPC
formulations are able to set within the desired time frame, irrespective of the precursor
used. The setting time depends on several parameters, namely the powder’s characteristics
(size, reactivity, and specific surface area); the aqueous solution concentration; the P/L
ratio; the temperature; and the humidity [12]. In some cases, if the modulation of these
parameters is not sufficient or possible, the setting time of the paste can be extended
through the inclusion of retarders (see Section 5.1).

Another important feature of bone cement pastes is their cohesion, which is defined
as their ability to harden in a fluid without disintegration [169]. The cohesion is connected
to the “anti-washout ability” of the cement, which is typically determined in a dynamic
environment, while “cohesion tests” are carried out in static conditions [6]. Cohesion is an
important feature, since MPCs, when used to fill a bone defect, will come into contact with
biological fluids before they are completely hardened: an ideal cement should then be able
to retain its shape and harden even when in contact with aqueous media. This property has
been well addressed in the CPC literature [170-174], whereas for MPCs it is often neglected,
and very few publications have discussed this aspect. While developing antimicrobial
MPC:s for dental applications, Mestres et al. determined their cohesion time as the time
needed by the cement to no longer disintegrate when immersed in an aqueous solution by
visually inspecting cement disks soaked in distilled water [63]. They found that less than
7 min was required by all the tested formulations to attain the cohesion time. Polymeric
additives such as chitosan have been reported to improve the cohesion of pastes when in
contact with water [60]. Yu et al. found that an intermediate concentration of carboxymethyl
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chitosan prevented paste disintegration upon injection in Ringer’s solution [109], as well as
when used in combination with alginate [138]. Foaming agents can also help in improving
anti-washout resistance [117]. Recently, Liu and colleagues reported remarkable results
in the direct extrusion of a TMP-K;HPO, cement in simulated body fluid without the use
of additives: the cement, after shaking for 15 min at 37 °C, did not show any significant
powdering or dissolution, proving its excellent anti-washout resistance [160]. Heilig et al.
recently showed that MPCs based on a combination of TMP and MgO reacted with phytic
acid also displayed notable cohesion properties, as they could be manually injected into
water without the appearance of any streaks on the water surface [162].
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Figure 4. (a) Setting time ranges given in the literature for MPCs designed for biomedical applications;
for each paper, the bar ranges between the minimum and maximum values reported for a specific
formulation. The colored area indicates the ideal t; and t, ranges, according to [7]. (b) Compressive
strength ranges reported in the literature for MPCs designed for biomedical applications; for each
paper, the bar ranges between the minimum and maximum values reported for a specific formulation.
The colored areas indicate the compressive strength ranges of trabecular (2-45 MPa) and compact
(90230 MPa) bone [8]. In both graphs, the different bar colors indicate the precursor powder: light
blue (MgO), pink (Mg3(POy);, and orange (others). The references mentioned in the figure are the
following: [33,57,58,60,63,79,81,97,108,109,117,118,132-134,137-141,144-152,156-158,161,162].

The cohesion is strictly connected to the injectability of a cement paste. The injectability
of MPCs is one of their most appealing features from a clinical perspective, as it allows
one to perform minimally invasive surgeries, which are in general associated with reduced
pain, shorter hospital stays, and fewer complications compared to traditional surgeries. In
addition, the possibility of injecting a paste rather than implanting a block or solid materials
allows in principle for improved bone-to-implant contact [8]. In Figure 5, an example of

an MPC application in a bone defect, highlighting the importance of the injectability,
is provided.
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Filling of irregular
structures
() (b)

Figure 5. (a) Injectability of an MPC paste. (b) Filling performance of the MPC paste in irregular
models. (c) Filling and leakage performance of the MPC on a 3D-printed human vertebral body
model. Adapted with permission from Ref. [160]. Copyright © 2023. Elsevier.

Injectability depends on both the paste properties and the injection parameters. When
assessing this parameter, the clinically relevant conditions in which bone cements are
applied should be kept in mind in the design of the experiment: the needles used in
percutaneous surgeries such as vertebroplasty or kyphoplasty usually range from 13- to
8-gauge (internal diameters of 1.80-3.43 mm) and from 10 to 15 cm in length [175]. The
injectability of MPC pastes is a property frequently evaluated in the literature. Typically, the
% of extruded paste with respect to the amount initially loaded in the syringe is calculated,
and the injectability % is obtained. The injection can be performed manually [109,158] or in
controlled conditions, using specific loads and testing machines [58,160,162]. Mestres et al.
compared Na-MPCs, NH;-MPCs, and a mixed system, observing that Na-based MPCs
had a higher injectability % [58]. The inclusion of carboxymethyl chitosan in the MPC
has been reported to extend the injectability time, in a concentration-dependent fashion,
as well as the inclusion of alginate [138]. The injectability % and the injection time both
increased when including a foaming agent based on calcium carbonate and citric acid [117].
In TMP-based formulations, the work of Moseke et al. showed that the partial replacement
of (NH4),HPO,4 with (NHy);citrate led to an improvement in the injectability % [144].
MPCs obtained from the combination of both TMP and MgO also displayed excellent
performances in terms of injectability %, reaching 100% at forces below 300 N [162]. In
MPCs, a low injectability % can be due to several reasons, namely a short setting time
(i.e., the paste hardens too fast during the extrusion process); a high viscosity; and phase
separation (or filter pressing) phenomena. In the early stages of cement formation, the
unset cement consists of a powder component dispersed in a liquid. If, upon injection, the
liquid phase travels at a faster rate than the powder particles, the extrudate will contain
a much higher liquid content than the paste initially loaded into the syringe, eventually
leading to a cement with markedly different properties. Phase separation phenomena
are well-established for CPCs [9], whereas in the MPC literature, the characteristics of the
extruded pastes are often neglected.

While the properties of MPC pastes are fundamental for the administration of the
material in the body, the characteristics of the set cements are of course crucial to deter-
mine their performance when implanted in bone in terms of biocompatibility, mechanical
integrity, dissolution behavior, and the interplay with bone cells.

Concerning the mechanical properties of MPCs, it is important to remark that such
materials are classified as unsuitable for load-bearing applications [12,14]. They are in fact
intended not to replace large regions of bone to create grafts, but rather to provide a support
to repair small bone defects and damage. Nonetheless, it is important that in this process
they are well integrated in the bone, displaying suitable mechanical properties to provide
support. The mechanical property that is most frequently evaluated in the MPC literature
is compressive strength. Figure 4b shows the ranges of compressive strength that have
been reported for MPCs in the biomedical field, compared to those associated with cortical
and trabecular bone: the majority of the MPCs reported in the literature could match the
compressive strength of trabecular bone (2—-45 MPa) but did not reach 90 MPa, which is
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the minimum value for cortical bone. [8]. We should remark that the values reported for
MPCs in Figure 4b are not easily comparable, as the different values might have been due
to not only the different formulations, but also the variations in the setting environment
of the samples and the testing conditions, which drastically affect the strength of cements.
One of the most attractive features of MPCs, compared to CPCs, it their ability to reach
these strength values in relatively short times (i.e., high early strength) [14,57]. Strategies to
improve the mechanical properties of MPCs could take inspiration from the inclusion of
additives used for this purpose in CPCs or PMMA-based cements, including glass, Ti and
C fibers, and graphene oxide [34,176,177].

The mechanical properties are intimately connected to the microstructure and porosity
of an MPC. It has been well established that a strategy to improve the mechanical properties
of MPCs, and cements in general, is to reduce their porosity. Figure 6 shows a plot of
the compressive strength as a function of the porosity % of different MPC formulations
extracted from the literature.
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Figure 6. Plot of the compressive strength as a function of porosity %. The different colors of the markers
refer to different publications, as reported in the legend. The dashed line is a guide for the eye. The
references mentioned in the figure are the following: [46,58,69,81,108,109,118,132,137,148,150,152,157].

One might therefore think that minimizing the porosity of the material could be an
effective strategy to boost the performance of an MPC. However, a decrease in the porosity
of a cement to enhance the mechanical properties might be detrimental for the biological
response of the material: a porous cement is in fact fundamental to favor bone ingrowth
and cement degradation, which is connected to in vivo resorbability.

In principle, porosities on different length scales should be present in cements to achieve
favorable bone integration. This aspect was recently reviewed by Lodoso-Torrecilla et al. for
CPCs [8], highlighting that these materials possess an intrinsic microporosity resulting from
the entanglement of the crystals formed during the setting process. This microporous struc-
ture enables the flow of biological fluids and protein adsorption but does not allow for bone
cell permeation and ingrowth. The pore size generally considered adequate for bone regen-
eration is at least 100 um, as smaller pores may result in the formation of unmineralized
or fibrous tissue and may not allow for the growth of blood vessels [178,179]. To achieve
this, macropores must be induced on purpose in the MPC matrix. In the literature, few
attempts have been described for the preparation of macroporous MPCs: zinc powder [59],
also in combination with a chemical foaming agent [73]; sodium bicarbonate [104]; and
protein-based foaming agents [103] have been used, even though none of these materials
were designed for application in the biomedical field. Macroporous MPCs for orthopedic
applications have been obtained using biodegradable Mg particles as porogens during
cement setting [69], polyurethane foams [143], and gelatin microparticles [158].

An effective solution to obtain pores of different sizes in MPCs consists in the inclusion
of NaCl granules of various granulometries in 3D printed scaffolds: additive manufacturing
allows for the creation of scaffolds with a tailored size and the building of macro-sized
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pores > 300 um. Salt leaching leads to the dissolution of NaCl grains, leaving behind a
porous structure with pores below 25 um and between 25 and 53 um produced using
different sizes of NaCl templates (see Figure 7) [150].
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Figure 7. Schematic diagrams showing the fabrication of MPC scaffolds with different pore structures
using 3D printing, NaCl leaching, and cement reaction. Reproduced with permission from Ref. [150].
Copyright © 2023. Elsevier.

An increase in porosity is inevitably connected to a decrease in the mechanical prop-
erties (see Figure 6), so one should carefully design the formulation parameters of MPCs
according to one’s specific needs.

The enhancement of cement porosity is, for instance, important when the material
needs to be quickly resorbed in vivo. The fast degradation rate of MPCs is one of their main
advantages when compared to CPCs. Magnesium phosphates are typically more soluble
than their calcium counterparts, and this is often described as one of their most appealing
features. In fact, MPCs are not expected to endure when clinically injected: on the contrary,
they should be resorbed and replaced over time by the body’s own regenerated tissues,
providing temporary support. The dissolution timeframe should ideally match the body’s
bone reforming ability. In fact, the overly rapid degradation of the MPC might induce some
side effects, as in the initial stages the cement should provide structural integrity to the
bone defect, allowing for the healing mechanisms to take place. In vivo degradation can
take place through two pathways: (i) passive degradation by the dissolution of the cement
matrix into the biological fluids, and (ii) active degradation due to cellular activity. The
first pathway is often assessed by incubating cements in aqueous fluids, such as PBS, SBF,
or Tris-HCI buffer at pH 7.4, and evaluating their weight loss. Although such experiments
do not directly translate to in vivo degradation rates, they are a valuable indication of
the comparative rate of dissolution between different material compositions [12]. Even
though mixed CPC-MPC cements were outside the scope of this review, it is useful to
provide a few examples to demonstrate the different dissolution behaviors of the two
materials. For instance, Wu et al. developed mixed CPC-MPC formulations and studied
their degradation in SBF over 90 days [180]. They found that the CPC lost less than 5%
of its initial weight, while the MPC reached a weight loss of about 60%. Interestingly, the
intermediate formulations showed intermediate dissolution rates, and the mixed cement
provided faster and more effective osteogenesis in the defect area compared to the pure
CPC. Another work from Wu et al. provided similar results [181]. Concerning pure MPCs,
Mestres et al., comparing cements prepared using either sodium or ammonium phosphate
as the aqueous phase, showed that upon immersion in PBS for 60 days, the weight loss
at the end of the experiment was 4.3%, 5.2%, and 2.4%wt for NH4-MPC, Na-MPC, and
NH,4 + Na-MPC, respectively [58]. Higher dissolution values were recently reported by
Yu et al. [138], who incubated MPCs modified with carboxymethyl chitosan and alginate in
saline solution for 28 days and observed a weight loss % between ~15% and 18%, depending
on the polymer concentrations in the cements. MPCs recently obtained by mixing TMP
with potassium phosphate and incubated in Tris-HCI buffer (pH = 7.4) showed a weight
loss % of about 12 % after 28 days of the experiment [160]. An interesting work from
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Kaiser et al. [157] compared the dissolution behavior of MPCs based on STR and KST
with a reference of calcium-deficient hydroxyapatite: after incubation for 18 days in PBS,
the STR and KST cements lost 1% and 8% of their initial weight, respectively, while the
hydroxyapatite reference did not show any sign of degradation. Similar results were
obtained by Ewald et al., who compared the weight loss of cements made of STR with
two calcium phosphate references, brushite and calcium-deficient hydroxyapatite, upon
incubation in PBS for 20 h: the hydroxyapatite-based material did not dissolve, while both
the brushite and STR showed a cumulative dissolution normalized to the cement surface of
approximately 2 mg/cm? and 8 mg/cm?, respectively [141]. On the other hand, Cao et al.
compared the degradation % of STR, NEW, and brushite-based scaffolds in PBS, showing
that NEW and brushite slowly degraded over time, reaching ~22% and ~10% weight loss
after 4 weeks, respectively [81]; STR was unexpectedly found to gain about 22% of its
initial weight, and the authors attributed this result to the formation of Mg(OH), due to
the reaction between the MgO precursor present in the cement and the water in the PBS.

Lee et al. studied the degradation of MgP scaffolds prepared using 3D printing [146]:
PBS was used as the incubation medium, and after 20 days the materials retained 92%
of their initial weight. Recently, Wang et al. observed that the presence of different clay
minerals in MPC formulations modified their dissolution behavior in SBF and PBS at
28 days [137]. When amorphous magnesium phosphate was used as a powder precursor,
the cements soaked in SBF for 8 days lost a considerable amount of weight, ranging from
about 24% to 50%, depending on the quantity of PVA included in the formulation [164].
High dissolution values have also been reported in MPC-ZIF8 composites, which showed
a weight loss between 39 and 46% upon incubation for 28 days in Tris-HCI buffer [133].
Similar experimental conditions (Tris-HCI buffer for 28 days) led to different results in
studies by Gong et al., who observed a weight loss between 12 and 15 % in MPCs modified
with oxygen-carboxymethyl chitosan [132], and Yu et al., showing a similar level of degra-
dation for MPCs with carboxymethyl chitosan [109]. Wang et al. implemented the same
experimental conditions and recently reported a weight loss between 15 and 22 % in MPCs
prepared with a foaming agent [117], similar to the work of Shi et al. [108].

Such variations in the observed dissolution/degradation values can be attributed
to not only the different formulations, but also the variety of experimental conditions
used (the incubation medium, duration of the experiment, refreshing of the incubating
solutions, etc.).

The study of the dissolution/degradation of cements in water is often accompanied
by a study of the release kinetics of the constituent ions [58,109,138,146,157].

Finally, it is worth recalling that the slow degradation rate attributed to CPCs is mainly
restricted to the apatitic ones, whereas brushite-based CPCs can dissolve more easily [182].
However, upon the dissolution of brushite, low-solubility phases might re-precipitate
in vivo [46,47]. The presence of Mg?* in cements prevents this issue, as Mg?* ions hamper
the crystallization of apatitic phases [183].

Last but not least, the biocompatibility of MPCs is indeed a fundamental parameter.
This aspect has been well documented in the literature, on the premise that magnesium
phosphates are made of biocompatible components and are naturally present in our or-
ganism as components of calcification. This factor will be explored in detail in Section 5 of
this review.

In summary, MPCs possesses many attractive features for the development of bone
cement and are endowed with a higher strength, porosity, and resorption rate than CPC
implants, while preserving good biocompatibility [19]. It is also evident that the enhance-
ment of a specific property might often be detrimental to others, and researchers should
carefully design materials according to their specific needs.

5. Modifications of MPCs

The data reported in Table 2 show that in the literature, MPCs have been prepared
with a great variety of formulations in order to improve specific features (injectability,
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porosity, compressive strength, and so on). Besides the use of different powder precursors
(MgO or TMP) and liquid precursors (aqueous solutions of mainly ammonium, sodium, or
potassium phosphates), a variety of ingredients have been used as additives to impart spe-
cific functional properties to the cements. In the following paragraphs, the most important
categories will be summarized.

5.1. Retarders

Retarders are used to increase the setting time and reduce the intensity of the exother-
mic reactions during the initial setting and hardening stages of cement pastes. The short
setting time is in fact one of the most characteristic and appealing features of MPCs as
bone cements, as we outlined in the previous section. It is important to keep in mind that,
although MPCs display an intrinsically short setting time, the possibility of modulating this
parameter would be fundamental to open up new possibilities in the use of such materials.
Moreover, a rapid setting time is often connected (especially in MgO-based formulations)
with an abrupt temperature increase due to the heat generated from the setting reaction.
The possibility of slowing down the temperature rise during setting is thus fundamental
for the application of MPCs in the orthopedic field, as excessive heat release might cause
tissue necrosis and limit their use [184].

For this purpose, the role of additives that could prolong the setting time and in turn in-
crease the workability and moldability of cements has been investigated in the literature. The data
summarized in Table 2 show that by far the most widely investigated retarder for MPCs is borax
(NayB4O7-10H,0)/boric acid (H3BO3), in both the biomedical [57,58,63,77,126,135] and (particularly)
construction fields [59,62,64-68,70-77,80,82-87,89-92,101,102,104,107,112,113,116,119,120,124,128-131,136].
Borax was in fact traditionally used to delay the setting time of MgO-based MPCs, and
its setting mechanism has been well investigated in the literature, from both an experi-
mental and a theoretical perspective [56,96,100,167,168,185]. Its efficacy in retarding the
setting of TMP-based MPCs was reported only recently [159]. Irrespective of the precursor
powder used, borax can delay the setting time of MPCs from several minutes to a few
hours, depending on the concentration and other formulation parameters. It is important
to remark that some concerns about the toxicity of borax for reproduction have recently
been raised [186], and the optimization of different retarders has been sought.

Another retarder traditionally used for MgO-based MPCs is sodium triphosphate (or
tripolyphosphate), NasP;Oy [65,67,70,71,75,78,83,107,125]. This salt has been used both
alone and in combination with borax (see Table 2) and is able to delay the setting of MPCs.
Even though its mechanism of action has been poorly investigated in the literature, it
is known that NasP30y is very effective in chelating Mg?* ions, being in fact commer-
cially used as a detergent builder and, in particular, as a water softener. This property
causes an interaction with Mg?* during the cement setting, delaying the formation of the
binding phases.

Other salts are reportedly able to slow down the setting process of MPCs: the in-
clusion of Zn(NOs3); in proportions ranging from 1 to 4% by weight with respect to the
solid was observed to delay the setting of the MPC, slow down the increase in the pH,
and delay the hydration exothermic peak of the MPC, while decreasing its compressive
strength [116]. Also, CaCl,-6H;O can increase the setting time from about 5 min to 30 min
when present in proportions ranging from 0 to 2.5% [187]. This additive was determined
to be not very effective in reducing the temperature increase during setting, since 55 °C
was reached even at the highest CaCl, concentration tested; however, it did not hamper
the compressive strength of the material. Recently, the retarding effect of AI(NO3)3; was
thoroughly investigated in a theoretical and experimental study dealing with MPCs based
on KST [136]. Its effect on the hydration of the cement paste was examined, and it was
found that three processes contributed to the retarding effect, i.e., the acidic nature of
aluminum nitrate, which decreased the initial pH; the early precipitation of an amorphous
K-aluminophosphate; and a salt effect due to the presence of soluble nitrate.
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Some organic acids have also been reported as retarders for MPCs, in particular,
acetic [62,64,67] and citric acid [73,111,117,188]. Besides the increment in the setting time,
the inclusion of citric acid has also been reported to positively impact the compressive
strength of cements [188]. Ammonium citrate has also been included in some MPC formu-
lations [144,156], partially replacing ammonium phosphate as a binding liquid. Citrate was
also able to increase the injectability of cements [144], and its inclusion in MPCs might be
beneficial in terms of bone regeneration processes. Citrate inclusion in bone biomaterials
has in fact demonstrated many interesting outcomes, affecting gene expression [189] and
participating in the treatment of osteopenia and osteoporosis [190,191].

Glucose is another molecule that has shown retarding effects when included in KST-
based MPCs. When included in these formulations, glucose was able to extend the setting
time from 7 to 14 min, depending on the concentration, and markedly decrease the tem-
perature of hydration: in particular, in the absence of glucose, the maximum temperature
reached during setting was about 60 °C, while the addition of 12 %wt glucose prevented
the temperature rising above room temperature [97].

Phytic acid (inositol polyphosphate) was used as an innovative binding phase to
prepare MPCs [147,161-163]: this molecule contains six phosphate groups, which could
react with MgO-TMP, forming NEW as a cement binding phase. It was observed that the
increase in phytic acid concentration resulted in an enhancement in the setting time of
the cement from 11 to 16 min, representing a timeframe of interest in the bone cement
field [147].

Polymers can also modulate the setting time of cements: Zarybnicka et al. recently
reported that polyvinyl alcohol cross-linked with glutaraldehyde could extend the work-
ing time of cement with a reduction in the overall reaction rates and the rate of heat
evolution [192].

An alternative approach to controlling the setting process of MPCs is to use pre-reacted
MgO as a starting powder [184].

In summary, a variety of retarders can be used to modulate the setting process of
MPCs, and when a safer alternative to borax should be used, a number of substitutes can
be explored. It is worth noting that most studies have explored the effect of retarders on
MgO-based MPCs, and there is great room for improvement in the field of retarders for
TMP-based formulations.

5.2. Biorelevant Molecules

Besides retarders, in the MPC literature, some reports have described the inclusion
of different types of molecules to impart functional properties to cement. This technique
has been well developed in CPCs, in particular, in the field of drug release [10,166]. Bone
cements can in fact be formulated to include within the matrix an active molecule to be
released upon contact with biological fluids or in vivo implantation. The potential of
this method has been far less extensively explored in MPCs, given that few reports have
described the loading and release of drugs in such materials. It was recently pointed
out that, so far, no data on the use of MPCs as drug carriers have been reported in the
literature [166]. A closer look at the topic shows that few studies concerning the loading
of biorelevant molecules in MPCs can be found in the literature. In this context, Lee et al.
studied the release of lysozyme from a 3D-printed MPC scaffold [146]. Lysozyme was
chosen as a model protein due to its isoelectric point and molecular weight, which are
similar to those of the typical growth factors used in tissue engineering. This protein was
included in MPC scaffolds using two strategies, either directly blending the protein with
MgP powder before cement formation or incubating the prepared scaffold in a protein-rich
solution. The differences in loading efficiency and release between the two preparation
techniques were assessed, demonstrating the possibility of obtaining MgP scaffolds as
effective drug delivery carriers that can maintain a high loading efficiency and bioactivity.
A study from the same group showed that the release of lysozyme from a 3D-printed MPC
scaffold was dependent on the amount of gelatin included in the formulation [152].
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In a recent study, an anti-osteoporotic drug, alendronate, was included in a TMP-
based MPC [158]. The drug was loaded into gelatin microparticles of different sizes, which
were used as templating agents for the creation of macroporous cements, and its release
kinetics were investigated. Kim et al. incorporated as a bioactive molecule a novel indene
compound that showed osteogenic properties in a 3D-printed MPC scaffold [155]. Citrate
itself, as we pointed out in Section 5.2, can be considered as a biorelevant molecule, given
its role in bone metabolism [193]. Despite being often used as a retarder, its release from
MPCs when incubated in water has rarely been reported [156].

The above-described examples clearly demonstrate that the loading of bioactive
molecules in MPCs is a relatively unexplored field that is definitely worthy of investi-
gation. The inclusion of active molecules in these materials, for instance, antibacterials,
could further boost MPC application in the orthopedic field and open up new possibilities
and application fields.

5.3. Polymers

Polymeric additives have often been included in MPCs for biomedical applications to
achieve specific properties. One of the most commonly exploited polymers (especially in
TMP-based MPCs) is HPMC (hydroxypropylmethylcellulose), due to its rheology-modifier
properties. This modified cellulose is widely used in the food, cosmetic, and pharmaceutical
industries, as well as in detergents and paints. In MPC formulations, it has often been used
when the preparation procedure involves 3D printing [145,146,150,152,155]. Vorndran et al.
added 1% HPMC to the powder mixing before printing in order to prevent the spreading
of the liquid, thus allowing for the printing of dimensionally consistent samples [145].
Farag et al. combined HPMC with various amounts of gelatin in the preparation of their
3D-printed MPC and demonstrated that gelatin could improve the compressive strength of
the obtained scaffold [152].

An alternative polymer used for the 3D printing of MPCs is Pluronic F127, a block
copolymer of poly(ethylene oxide) and poly(propylene oxide) [81]. An aqueous solution
of this polymer was used as a binder and mixed with light MgO to create an injectable
paste ink that could be used to create a scaffold for immersion in an ammonium phosphate
solution in order to harden and create an MPC-based material.

Besides the characteristics of the material during 3D printing, the purpose of polymer
inclusion in MPCs is often motivated by a need to improve the water resistance and
injectability of MPC pastes. Chitosan, a biopolymer derived from chitin deacetylation, has
been used for this purpose [60]. It was hypothesized that the polymer could interact with
the surface of the MPC hydration product, inhibiting the contact between H,O and the
hydrates, thus reducing the precipitation of phosphates and improving the water resistance.
Modified chitosan, namely carboxymethyl chitosan (CMC, pure [109] or in combination
with alginate [138]) and oxygen-CMC [132], have also been used. CMC markedly improved
the characteristics of the paste, extending the injectability timeframe for the formulations
and endowing the material with superior anti-washout resistance [109]. Increasing the
amount of CMC also increased the setting time and decreased the temperature reached
during the setting process.

Recently, poly(N-isopropylacrylamide) and mucin were tested as additives for MPC
formulations to improve injectability and anti-washout resistance [194]. It was demon-
strated that mucin, a biopolymer derived from the mucus layer of the intestine that is
known for its lubricant properties, could improve the injectability of MPC pastes and
decrease the dissolution of the material when extruded in Ringer’s solution.

Polyvinyl alcohol (PVA) has been used in amorphous magnesium-phosphate-based
cements to tune many of the properties of the material: it was found that formulations with
a 15% PVA content and a P:L ratio of 0.5 showed the best combination of setting time, no
exothermicity, and acceptable biodegradation and compressive strength values [164].

The inclusion of polymers in MPCs is not restricted to the improvement of the material
properties, as it can also influence the response of the cement toward cells. In this regard,



J. Funct. Biomater. 2023, 14, 424

19 of 32

MPCs have been prepared with chondroitin sulfate, a glycosaminoglycan present in the
extracellular matrix and at the cell surface that is known for its osteogenic potential and
high biocompatibility [108]. Shi et al. showed that chondroitin sulfate prolonged the setting
time of the cements; increased their compressive strength; and, most importantly, promoted
in vitro pre-osteoblast cell proliferation, attachment, and differentiation, enhancing bone
formation surrounding the implants in vivo.

Overall, a small number of polymers has been tested as additives for MPCs in or-
thopedic applications, and many more could be explored to improve their injectability,
rheological properties, and response to cells.

6. Biological Performance

Mg is one of the most important elements present in our body: it is the fourth most
abundant ion in mammalians behind Na*, K*, and CaZ*, and it is the second most prevalent
intracellular cation after K* [14]. The estimated total amount of Mg in the human body is
20-28 g, of which ~65% is located in bone tissue and about 32% is complexed with nucleic
acids and proteins [15]. Table 3 shows the average Mg content in the different tissues of an
adult human [16].

Table 3. Magnesium content in the different tissues of a healthy adult [16].

Location Mg Content (g) % Mg in Total
Bone 12.720 60-65%
Muscle 6.480 27%
Other cells 4.608 6-7%
Erythrocites 0.120 0.5%
Serum 0.072 0.3%
Extracellular - <1%

Magnesium plays a variety of important roles in cells, such as the regulation of the
calcium and sodium ion channels, the stabilization of DNA, and the stimulation of cell
growth and proliferation; moreover, it also acts as a cofactor and catalyzer for many en-
zymes. Magnesium has a multifunctional role in bone growth and regeneration. It exerts
both direct and indirect effects between connecting bone, vessel, nerve, and immune sys-
tems, generating potential for functional bone regeneration. These cellular and molecular
mechanisms have contributed to the enhanced healing of long bone fractures in animal
models, including osteoporotic animal models [195]. Interestingly, it has been shown that a
Mg deficiency leads to a number of health problems, including low bone mass, impaired
bone growth, osteoporosis, and increased skeletal fragility [196]. In vitro studies showed
that Mg?* release stimulated osteoblast differentiation and inhibited osteoclast formation
in a dose-dependent manner [14]. It is, however, important to always keep in mind that
excessive concentrations of any ion can be cytotoxic to cells (for Mg?*, 20 mM has been
reported as a cytotoxic dose [197]), and the fine-tuning of Mg?* release from a biomaterial
is important. For instance, Wu et al. observed in human osteoclasts that cell proliferation
and differentiation increased or decreased depending on the Mg?* concentration [198].

In the field of MPCs, their biocompatibility and interaction with cells is of critical
importance for the clinical application of these materials. Their dissolution and subsequent
Mg?* release might in fact affect cell behavior and the ultimate success of the clinical appli-
cation. Although the field of MPCs as bone cements is relatively new, several works have
already demonstrated their excellent response toward both cells and in vivo implantation.
These two aspects are explored in the following paragraphs.

6.1. In Vitro Experiments

The cytocompatibility of MPCs has often been evaluated in the literature along with
the material properties. Concerning the precursor powders that can be used, Ostrowski et al.
assessed the osteoblast and osteoclast viability of amorphous and crystalline TMP [199].
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The more soluble amorphous TMP showed higher levels of osteoblast viability and differ-
entiation with respect to crystalline TMP: such increased osteoblast viability was attributed
to the synergistic effects of the high solubility of the material, the high Mg?* concentration
perceived by the osteoblasts, and the serum protein-mediated apatite-like mineralization
formed on the material. Both amorphous and crystalline TMP supported extensive mono-
cyte proliferation but suspended osteoclast formation, indicating the promising potential
of TMP, in particular the amorphous form, for preparing bone repair materials.

Multiple studies have suggested that magnesium favors bone regeneration in compar-
ison to pure CaPs. Osteoblast proliferation was improved in brushite-based CPCs when
substituted with Mg?* [200]. Wu et al. demonstrated that the attachment and proliferation
rate of MG-63 osteoblast-like cells was significantly higher for Mg-substituted CPCs com-
pared to pure CPC and MPC [180]. The same type of cells was tested with Ca-Mg phosphate
scaffolds: their attachment and proliferation, as well as the alkaline phosphatase (ALP)
activity, were significantly enhanced in Mg-containing formulations in comparison with
the pure Ca-based formulation [201]. Ewald et al. compared Ca-deficient hydroxyapatite,
brushite, and STR cements and found that the cell activity normalized to the cell number
was higher for brushite and STR when compared to hydroxyapatite [141]. A work from
the same research group compared the passive and active in vitro resorption behavior of
brushite, monetite (CaHPOy), Ca-deficient hydroxyapatite, and STR cements, finding the
highest passive and active degradation behavior for the STR-based material [142].

Focusing on cell behavior for pure MPCs, many reports have described their excellent
biocompatibility. A recent study from Liu et al., who developed a TMP-KH,POy-based
cement, showed that bone marrow mesenchymal stem cells (BMSCs) displayed high cell
viability and better adhesion compared to a reference PMMA cement [160]. An MPC
based on Mg(OH),-MgCl,-8H,0 as a binding phase demonstrated good biocompatibility
towards rat bone marrow stromal cells, which showed good viability and attachment to
the cement samples [77]. MPCs prepared with the aid of microwaves also showed good
cytocompatibility towards MC3T3-E1 cells, comparable to that of a Ti scaffold [139]. A
thorough study was carried out by Yu et al., who tested the inherited toxicology of an
MPC prepared with MgO and NH4H, POy, including a gene mutation assay (Ames test),
chromosome aberration assay (micronucleus test), and DNA damage assay (unscheduled
DNA synthesis test) [79]. The genetic results showed that MPC would cause neither
an increase in the unscheduled DNA synthesis of human peripheral blood lymphocytes
(i.e., no DNA damage), nor back mutation in murine typhoid salmonella (i.e., no gene
mutations), revealing its nontoxic and safe nature. Human osteosarcoma cells (MG-63)
were used to assess the biocompatibility of a MgO-based MPC prepared with KH;POy,
hydroxyapatite, sucrose, and borax [126]: cell proliferation and apoptosis were evaluated,
demonstrating no cytotoxicity from the cements.

Concerning macroporous MPCs, Babaie et al. studied the viability and adhesion of
MC3T3 osteoblast cells on a foamed macroporous MPC [69]. The porous cement showed
significant stimulatory effects on cell proliferation and an improvement in differentiation,
and this was attributed to the controlled release of Mg2+, which stimulated the cell response.
The cells also attached and proliferated well on the sample surfaces, indicating no negative
effects on cell morphology and viability. A different type of macroporous MPC obtained
by foaming with calcium carbonate and citric acid was recently developed by Wang et al.
and tested with hPDLSCs cells [117]. The cements demonstrated no significant cytotoxicity,
and the cells could effectively adhere to the cements; in particular, one formulation was
superior at controlling the MPC to promote cell growth and proliferation. The macroporous
MPC foams developed by Ewald et al., based on TMP or STR prepared at different pH
values, were tested for their cytocompatibility, and the results showed that the proliferation
and cell activity of the osteoblasts was the highest for the TMP foams, followed by the STR
foams fabricated at a pH of 8.5. The cell proliferation on the STR foams fabricated at a
higher pH (10.5) was significantly reduced, probably due to the more alkaline nature of the
material [143]. Another example of a macroporous MPC, prepared using NaCl granules as
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the templating agent, was treated in SBF before being inoculated with MC3T3-E1 cells [150];
the results showed that cells grew faster on the MPCs treated in SBF than on the scaffolds
without SBF treatment until 7 days of culture, indicating that SBF modification positively
supported the growth of MC3T3- E1 cells. Furthermore, the osteoblast differentiation of
MC3T3-E1 cells increased with the SBF modification of the MgP scaffold, as demonstrated
by the expression of osteoblast marker genes (ALP and osteocalcin).

As far as 3D-printed MPC scaffolds are concerned, Cao et al. exposed MC3T3-E1
osteoblast cells to extracts originating from NEW, STR, and brushite-based printed scaf-
folds [81]. All the tested systems showed good viability when in contact with the cement
extracts. When seeding the cells onto cement scaffolds, differences were observed: os-
teoblasts could attach and spread well on the NEW and brushite scaffold surfaces, while
almost no cells could be observed on the surface of the STR scaffold. The authors attributed
this result to the strong alkaline environment produced by the STR scaffold degradation. In
the work of Klammert et al., human osteoblastic cells were used to test the biocompatibility
of a 3D-printed STR-based scaffold [140]: the cytocompatibility was satisfying, even though
a reduced cell viability compared with the Ti and polystyrene controls was found. This
was ascribed to the considerable solubility of the STR scaffold in a wet environment, as
indicated by the significantly altered free electrolytes of the cell culture medium. These
results seemed to suggest that the STR scaffold might not have had an optimal interaction
with bone cells; nevertheless, other studies have affirmed the great potential of these ma-
terials. For instance, the 3D-printed STR scaffold developed by Lee et al. was inoculated
with MC3T3-El1 cells, displaying good cell affinity and consequently promoting good cell
proliferation, growth, and migration [146]. Key osteoblast genes, such as Coll-I, ALP, and
OC, have also been evaluated to assess the effect of the differentiation process at the mRNA
level: Coll-1is regularly used as an early marker of osteoblast differentiation; ALP is another
early-stage marker of osteoblast differentiation that makes phosphate groups available for
calcification; OC is secreted by osteoblasts and plays a role in mineralization and calcium
ion homeostasis, being often used as a terminal marker of osteoblast differentiation. The up-
regulation of these bone-specific markers suggested the excellent osteogenic differentiation
behavior of this scaffold.

Among the strategies to improve the biological performance of MPCs, the inclusion of
different types of additives is a valuable technique. For instance, a metal organic frame-
work, ZIF-8, could promote the viability, adhesion, spreading, and proliferation of mBMSCs
(mouse bone marrow stem cells) [133]. The ALP activity and the expression of osteogenic
differentiation-related genes (ALP, Coll-I, OCN, and OPN) by the cells on ZIF-MPC were
significantly improved compared with the unmodified MPC. The inclusion of clay min-
erals could also improve the cell activity on MPCs [137]. As mentioned in Section 5.2,
a novel indene compound was included in MPCs to improve their in vitro and in vivo
performance [155]. The results showed that cells grew and adhered well on the scaffolds,
with no significant growth retardation. The in vitro effect of the scaffolds on osteoblast
differentiation was also examined by assessing the expression of osteoblast marker genes,
proving the osteogenic activity of the material in vitro in a dose-dependent manner.

As far as MPCs modified with polymeric additives are concerned, MPCs prepared
with different amounts of chondroitin sulfate have been thoroughly tested in terms of
bioactivity via both in vitro and in vivo experiments [108]. The number of MC3T3-E1 cells
on each cement sample increased over time, with all chondroitin sulfate-MPC samples
showing higher values than MPC samples without polymers. In terms of cell adhesion,
spreading, and morphology, all samples showed satisfying results. The ALP activity, which
is an important indicator of osteoblast activity during osteogenic differentiation, was also
evaluated. This parameter rapidly increased almost linearly with the increase in chon-
droitin sulfate content over 7 and 14 days. Overall, the inclusion of chondroitin sulfate
in the MPCs promoted pre-osteoblast cell proliferation, attachment, and differentiation
in vitro. A study from the same research group assessed the effect of carboxymethyl chi-
tosan inclusion in MPCs [109]: pre-osteoblast MC3T3-E1 cells showed significantly greater
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adherence, proliferation, and differentiation on MPCs modified with CMC compared to the
unmodified MPC. These cements were also demonstrated to effectively increase the adsorp-
tion of fibronectin and integrin-FAK-ERK signaling activation. When CMC was combined
with alginate, the polymer-MPC composite was found to promote the attachment and pro-
liferation of osteoblast cells and induce osteogenic differentiation in vitro, as verified by the
expression of osteogenic markers [138]. A similar polymer, oxygen-CMC, also improved
the proliferation, adhesion, and osteogenesis-related differentiation of MC3T3-E1 cells
on MPCs [132]. Babaie et al. included PVA in amorphous magnesium-phosphate-based
cements, in which CAT was the formed binding phase [164]. All the tested samples were
biocompatible and did not show any cytotoxicity towards MC3T3-E1 cells, which could
also attach and proliferate. None of the tested compositions suppressed the expression of
osteoblast genes in MC3T3-E1, meaning that the cells could remain functional. The cited
studies demonstrate that the inclusion of polymeric additives in MPCs might be a feasible
strategy to not only improve the rheological properties of cement pastes (see Section 5.3),
but also promote osteoblast interaction with the cement matrixes.

As a final note, it is worth mentioning that specific MPC formulations have displayed
intrinsic antimicrobial activity: the works of Mestres et al. demonstrated that Na-containing
MPCs had antibacterial activity towards S. sanguinis [57] and E. coli, P. aeruginosa (planktonic
and in biofilm), and A. actinomycetemcomitans, which are strains associated with infected
implants and hard-tissue-related infections [63]. More specifically, Na-MPC showed bac-
tericidal properties (i.e., killed the bacteria), while NH4-MPC and NHy + Na-MPC had a
bacteriostatic effect (i.e., prevented their growth). This antimicrobial effect was attributed
to a synergistic effect between the high osmolarity and alkaline pH of the MPC. This type
of antimicrobial MPC could be of interest for application at sites with a high risk of bacteria
formation, such as in maxillofacial surgery and endodontic treatments.

6.2. In Vivo Experiments

Although the use of MPCs in the orthopedic field can be considered in its early stages,
many studies have already proven the in vivo potential of these materials. One of the
first works in this sense was carried out by Yu et al., who studied the behavior of an
MgO-based MPC in rabbits [79]. From macroscopic observations, no foreign body reaction,
inflammation, or necrosis were found in vivo. A histological evaluation confirmed that the
MPC formed direct bonds with the host bone, and the degradation behavior was satisfying.

Porous MPCs also display favorable features for bone regeneration: Wang et al. re-
cently demonstrated that an MPC foamed with CaCOj and citric acid implanted in rats
mandibles could enhance bone regeneration [117]. Macroporous MPCs prepared with
an NaCl template demonstrated promising in vivo performance: implantation into rabbit
calvarial defects was studied at 4 and 8 weeks by means of micro-CT (micro-computed
tomography) and histologic analyses. The porous scaffolds were degraded completely at
4 weeks with simultaneous bone and marrow-like structure regeneration, indicating an
association between the rate of degradation and bone regeneration. Enhanced calcification
compared to the nonporous MPC scaffold was also observed [150].

As already mentioned in the previous section, polymers are often included in MPCs
to improve their performance. MPCs prepared with chondroitin sulfate were tested in rats’
parietal bones [108]: after 3 months, it was shown that the newly formed bone was larger
and tighter in the cement prepared with chondroitin sulfate compared to pristine MPC,
suggesting the importance of this polymer in enhancing bone formation after implantation.
This effect was attributed to the binding of chondroitin sulfate to the extracellular matrix
components, which allowed for the mediation of the binding of bone-like cells to the matrix,
capturing soluble molecules such as growth factors into the matrix and at the cell surface.
An MPC prepared with CMC-alginate was found to increase bone regeneration in a rat
calvaria defect model compared to MPC alone [138].

An indene compound was included in a 3D-printed MPC and studied in a rat calvarial
defect model [155]. After 4 and 8 weeks, micro-CT was used to study the formation of new
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bone, and it was observed that newly formed bone was increased 1.7-, 1.9-, and 2.3-fold for
MPCs with 0, 5, and 25 uM indene compared with the empty hole, respectively.

Instead of including active molecules or polymers to promote the bioactivity of MPCs,
Kaiser et al. recently tried to reduce the P/L ratio in the design of STR and KST cements to
further improve the degradation speed [157]. Implants in sheep tibiae defects were studied
after 2 and 4 months. Both cements were partially degraded and replaced by bone tissue,
and the degradation speed of the KST was significantly higher compared to that of the STR.
Whereas the KST cement might require further modification to achieve slower resorption
and a reduced inflammatory response in vivo, the STR-based MPC appeared promising
due to its constant degradation with simultaneous new bone formation.

It is also interesting to compare the effect of Mg inclusion in CPC, or the perfor-
mance of MPCs when compared to CPCs. While studying brushite CPCs substituted with
Mg, the work of Cabrejos-Azama showed that Mg-CPCs promoted new bone formation
in comparison to CPCs in the rabbit calvaria [200]. Other studies have compared the
in vivo performance of MPCs with that of CPCs: for instance, Kanter et al. implanted
brushite, hydroxyapatite, and STR cements into sheep bones and monitored the process
for 10 months [41]. No indication for wound infections, inflammation, or rejection was
observed when the implants were retrieved after 4, 7, and 10 months. The size of the hy-
droxyapatite cement implant was unchanged even after 10 months, indicating the absence
of degradation, and brushite was clearly visible with only a small reduction in the original
size. In contrast, struvite cements were strongly degraded during the same period. Of note,
micro-CT revealed that the defect was filled with mineralized tissue, which was similar
to the surrounding bone. In a similar work, Klammert et al. compared, after 15 months
of implantation in rat femurs, scaffolds based on CPCs (brushite and hydroxyapatite)
and MPCs (NEW and STR) [202]. Micro-CT revealed the partial degradation of all the
implants except hydroxyapatite. Zhang et al. compared the performance of a KST-based
MPC with that of a CPC [125]: upon implantation in rabbits, no foreign body reaction,
inflammation, or necrosis were observed. Both cements were resorbed and replaced by the
newly formed bone in vivo, and the MPC displayed a higher resorption rate and enhanced
bone regeneration compared to the CPC.

In the work of Zeng et al., an MPC, a CPC, and a mixed CMPC were used to per-
form a maxillary sinus floor elevation in rabbits: interestingly, the CMPC could promote
more effectively new bone formation and mineralization compared to the reference CPC
and MPC [203].

Kanter et al. compared the performance of STR-based MPCs prepared at two different
P/L ratios (2 and 3 g/mL) with a Ca-deficient hydroxyapatite scaffold implanted into tra-
becular bones of ovine models [154]. The implants were analyzed after 4, 7, and 10 months:
the micro-CT results (reported in Figure 8) revealed that STR dissolved completely during
an implantation period of 10 months and was replaced by new trabecular bone. A higher
P/L ratio led to slightly faster resorption due to an increased STR:TMP ratio. Of note, the
Ca-deficient hydroxyapatite control cements did not significantly degrade, and the empty
defects were not filled with bone after 10 months.

Finally, the commercial OsteoCrete formulation has been tested in a variety of animal
models: Schendel et al. compared the performance of OsteoCrete with a commercial CPC
for the repair of critically sized skull defects and cementing bone flaps in rabbits. Both
materials were successful, but OsteoCrete showed a faster resorption and bone replacement
rate than the CPC control [204]. A different study on a horse animal model evaluated the
biomechanical strength, interface quality, and bone healing in bone-implant interfaces
treated with OsteoCrete vs. CPC and PMMA-based cement [205]. The results showed that
OsteoCrete promoted bone-implant bonding and adjacent bone osteogenesis, which may
reduce the risk of screw loosening. Dental applications were also reported for OsteoCrete,
but in this case, although the cement was successful in stabilizing the immediate dental
implant in a large extraction socket when placed in a closed environment in the dog model,
no benefits when compared to the controls were observed [206]. Besides the reported
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promising performance in animal models, clinical applications of this formulation have
also been successful: the producers announced in 2020 that they had surpassed 1000 cases
of implanting OsteoCrete® in the US in various orthopedic applications.

(a) 4 month 7 month 10 month (b) 15- (C)
£
Struvite g |7 — CDHA  Empty defect
PLR 2.0 g 1% 10 month 10 month Bone
s " 5
© 54
E Cm
o
Struvite E 0 4 .
PLR3.0 4 7 10 4 7 10 CDHA
Struvite Struvite
PLR 2.0 PLR 3.0

Figure 8. (a) Representative micro-CT images of STR femoral implants with a P/L ratio of 2.0 g/mL
and 3.0 g/mL. Bars indicate the region around the remaining cements where new bone was formed.
(b) Visible implant diameter after 4, 7, and 10 months of implantation (Levels of significance: ™ p <0.01,
™ p <0.001,% p <0.05). (c) Representative micro-CT images of Ca-deficient hydroxyapatite (CDHA)
implant and empty bone defect after 10 months, and intact bone from the same location. Arrowheads
indicate sclerotic seams that formed near the struvite surface and at the edge of the empty defect,
where the bone was denser. Adapted with permission from Ref. [154]. Copyright © 2023. Elsevier.

7. Conclusions

This review summarized the state of the art for MPC applications in the biomedical
field, in particular for bone repair. The interest in this type of material is rapidly growing,
as shown by the number of recent publications that were discussed herein. The success of
MPCs is driven by their attractive features in terms of setting time, injectability, degradation
rate, and biocompatibility. Many reports have already demonstrated that in vivo they are
able to be replaced by newly formed bone, providing a valuable strategy to fill bone voids
and stabilize fractures. Notwithstanding the potentialities of MPCs, several challenges are
still present, and there is plenty of room for improvement. In particular, novel strategies
could be explored to further boost their performance, also taking inspiration from the
well-established field of CPCs. For instance, it would be interesting to test other polymeric
additives to improve the cohesion, anti-washout properties, and injectability of MPC pastes.
Some promising examples could include polysaccharides such as hyaluronate and alginate,
or modified celluloses. Moreover, the mechanical properties of MPCs might also be further
improved by including biocompatible fibers. The possibility of loading bioactive molecules
in MPCs that could be released upon application and promote bone regeneration is another
field that has been neglected in the literature, but which could in principle greatly improve
the biological performance of MPCs and contribute to opening up new application fields.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Salari, N.; Darvishi, N.; Bartina, Y.; Larti, M.; Kiaei, A.; Hemmati, M.; Shohaimi, S.; Mohammadi, M. Global Prevalence of
Osteoporosis among the World Older Adults: A Comprehensive Systematic Review and Meta-Analysis. J. Orthop. Surg. Res.
2021, 16, 669. [CrossRef] [PubMed]

2. Lane, N.E. Metabolic Bone Disease—Chapter 101. In Kelley and Firestein’s Textbook of Rheumatology, 10th ed.; Firestein, G.S.,
Budd, R.C., Gabriel, S.E., McInnes, I.B., O'Dell, J.R., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 1730-1750.e4.
ISBN 978-0-323-31696-5.

3.  Rashki Kemmak, A.; Rezapour, A.; Jahangiri, R.; Nikjoo, S.; Farabi, H.; Soleimanpour, S. Economic Burden of Osteoporosis in the
World: A Systematic Review. Med. J. Islam. Repub. Iran 2020, 34, 154. [CrossRef] [PubMed]


https://doi.org/10.1186/s13018-021-02821-8
https://www.ncbi.nlm.nih.gov/pubmed/34774085
https://doi.org/10.34171/mjiri.34.154
https://www.ncbi.nlm.nih.gov/pubmed/33437750

J. Funct. Biomater. 2023, 14, 424 25 of 32

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.
24.
25.
26.
27.
28.

29.
30.

31.
32.

33.

34.

Yousefi, A.-M. A Review of Calcium Phosphate Cements and Acrylic Bone Cements as Injectable Materials for Bone Repair and
Implant Fixation. J. Appl. Biomater. Funct. Mater. 2019, 17, 2280800019872594. [CrossRef]

Raucci, M.G.; D’Amora, U.; Ronca, A.; Ambrosio, L. Injectable Functional Biomaterials for Minimally Invasive Surgery. Adv.
Healthc. Mater. 2020, 9, 2000349. [CrossRef]

Zhang, J.; Liu, W.; Schnitzler, V.; Tancret, F.; Bouler, J.-M. Calcium Phosphate Cements for Bone Substitution: Chemistry, Handling
and Mechanical Properties. Acta Biomater. 2014, 10, 1035-1049. [CrossRef]

Dorozhkin, S.V. Self-Setting Calcium Orthophosphate Formulations: Cements, Concretes, Pastes and Putties. Int. . Mater. Chem.
2012, 1, 1-48. [CrossRef]

Lodoso-Torrecilla, I.; van den Beucken, ].].J.P.; Jansen, J.A. Calcium Phosphate Cements: Optimization toward Biodegradability.
Acta Biomater. 2021, 119, 1-12. [CrossRef] [PubMed]

O'Neill, R.; McCarthy, H.O.; Montufar, E.B.; Ginebra, M.-P; Wilson, D.I.; Lennon, A.; Dunne, N. Critical Review: Injectability of
Calcium Phosphate Pastes and Cements. Acta Biomater. 2017, 50, 1-19. [CrossRef] [PubMed]

Fosca, M.; Rau, ].V.; Uskokovi¢, V. Factors Influencing the Drug Release from Calcium Phosphate Cements. Bioact. Mater. 2022,
7,341-363. [CrossRef]

He, Z.; Zhai, Q.; Hu, M.; Cao, C.; Wang, J.; Yang, H.; Li, B. Bone Cements for Percutaneous Vertebroplasty and Balloon
Kyphoplasty: Current Status and Future Developments. J. Orthop. Transl. 2015, 3, 1-11. [CrossRef]

Ostrowski, N.; Roy, A.; Kumta, P.N. Magnesium Phosphate Cement Systems for Hard Tissue Applications: A Review. ACS
Biomater. Sci. Eng. 2016, 2, 1067-1083. [CrossRef] [PubMed]

Seehra, S.S.; Gupta, S.; Kumar, S. Rapid Setting Magnesium Phosphate Cement for Quick Repair of Concrete Pavements—
Characterisation and Durability Aspects. Cem. Concr. Res. 1993, 23, 254-266. [CrossRef]

Nabiyouni, M.; Briickner, T.; Zhou, H.; Gbureck, U.; Bhaduri, S.B. Magnesium-Based Bioceramics in Orthopedic Applications.
Acta Biomater. 2018, 66, 23-43. [CrossRef]

Gu, X,; Li, Y; Qi, C.; Cai, K. Biodegradable Magnesium Phosphates in Biomedical Applications. ]. Mater. Chem. B 2022,
10, 2097-2112. [CrossRef] [PubMed]

Bavya Devi, K.; Lalzawmliana, V.; Saidivya, M.; Kumar, V.; Roy, M.; Kumar Nandi, S. Magnesium Phosphate Bioceramics for
Bone Tissue Engineering. Chem. Rec. 2022, 22, €202200136. [CrossRef] [PubMed]

Zhou, H.; Liang, B.; Jiang, H.; Deng, Z.; Yu, K. Magnesium-Based Biomaterials as Emerging Agents for Bone Repair and
Regeneration: From Mechanism to Application. J. Magnes. Alloys 2021, 9, 779-804. [CrossRef]

Kazakova, G.; Safronova, T.; Golubchikov, D.; Shevtsova, O.; Rau, J.V. Resorbable Mg2+-C0ntaining Phosphates for Bone Tissue
Repair. Materials 2021, 14, 4857. [CrossRef]

Haque, M.A.; Chen, B. In Vitro and in Vivo Research Advancements on the Magnesium Phosphate Cement Biomaterials: A
Review. Materialia 2020, 13, 100852. [CrossRef]

Wang, X.; Xu, S.; Zhou, S.; Xu, W.; Leary, M.; Choong, P.; Qian, M.; Brandt, M.; Xie, Y.M. Topological Design and Additive
Manufacturing of Porous Metals for Bone Scaffolds and Orthopaedic Implants: A Review. Biomaterials 2016, 83, 127-141.
[CrossRef]

Rho, J.-Y.; Kuhn-Spearing, L.; Zioupos, P. Mechanical Properties and the Hierarchical Structure of Bone. Med. Eng. Phys. 1998,
20, 92-102. [CrossRef]

Stevens, M.M.; George, ].H. Exploring and Engineering the Cell Surface Interface. Science 2005, 310, 1135-1138. [CrossRef]
[PubMed]

Hardy, E.; Fernandez-Patron, C. Destroy to Rebuild: The Connection Between Bone Tissue Remodeling and Matrix Metallopro-
teinases. Front. Physiol. 2020, 11, 47. [CrossRef] [PubMed]

Florencio-Silva, R.; Sasso, G.R.d.S.; Sasso-Cerri, E.; Simées, M.].; Cerri, P.S. Biology of Bone Tissue: Structure, Function, and
Factors That Influence Bone Cells. BioMed Res. Int. 2015, 2015, 421746. [CrossRef] [PubMed]

Mohamed, A.M. An Overview of Bone Cells and Their Regulating Factors of Differentiation. Malays. J. Med. Sci. 2008, 15, 4-12.
Hadjidakis, D.J.; Androulakis, I.I. Bone Remodeling. Ann. N. Y. Acad. Sci. 2006, 1092, 385-396. [CrossRef]

Holmes, D. Closing the Gap. Nature 2017, 550, S194-5195. [CrossRef]

Tang, G.; Liu, Z,; Liu, Y.; Yu, J.; Wang, X,; Tan, Z.; Ye, X. Recent Trends in the Development of Bone Regenerative Biomaterials.
Front. Cell Dev. Biol. 2021, 9, 665813. [CrossRef]

Wei, S.; Ma, J.-X,; Xu, L.; Gu, X.-S.; Ma, X.-L. Biodegradable Materials for Bone Defect Repair. Mil. Med. Res. 2020, 7, 54. [CrossRef]
Wang, W.; Yeung, KWXK. Bone Grafts and Biomaterials Substitutes for Bone Defect Repair: A Review. Bioact. Mater. 2017,
2,224-247. [CrossRef]

Albrektsson, T.; Johansson, C. Osteoinduction, Osteoconduction and Osseointegration. Eur. Spine J. 2001, 10, S96-S101. [CrossRef]
Ginebra, M.-P.; Montufar, E.B. Cements as Bone Repair Materials. In Bone Repair Biomaterials, 2nd ed.; Pawelec, KM., Planell, J.A.,
Eds.; Woodhead Publishing Series in Biomaterials; Woodhead Publishing: Sawston, UK, 2019; pp. 233-271. ISBN 978-0-08-102451-5.
Liu, D.; Cui, C.; Chen, W,; Shi, J.; Li, B.; Chen, S. Biodegradable Cements for Bone Regeneration. J. Funct. Biomater. 2023, 14, 134.
[CrossRef] [PubMed]

Arora, M,; Chan, EK; Gupta, S.; Diwan, A.D. Polymethylmethacrylate Bone Cements and Additives: A Review of the Literature.
World |. Orthop. 2013, 4, 67-74. [CrossRef]


https://doi.org/10.1177/2280800019872594
https://doi.org/10.1002/adhm.202000349
https://doi.org/10.1016/j.actbio.2013.11.001
https://doi.org/10.5923/j.ijmc.20110101.01
https://doi.org/10.1016/j.actbio.2020.10.013
https://www.ncbi.nlm.nih.gov/pubmed/33065287
https://doi.org/10.1016/j.actbio.2016.11.019
https://www.ncbi.nlm.nih.gov/pubmed/27838464
https://doi.org/10.1016/j.bioactmat.2021.05.032
https://doi.org/10.1016/j.jot.2014.11.002
https://doi.org/10.1021/acsbiomaterials.6b00056
https://www.ncbi.nlm.nih.gov/pubmed/33445235
https://doi.org/10.1016/0008-8846(93)90090-V
https://doi.org/10.1016/j.actbio.2017.11.033
https://doi.org/10.1039/D1TB02836G
https://www.ncbi.nlm.nih.gov/pubmed/35234245
https://doi.org/10.1002/tcr.202200136
https://www.ncbi.nlm.nih.gov/pubmed/35866502
https://doi.org/10.1016/j.jma.2021.03.004
https://doi.org/10.3390/ma14174857
https://doi.org/10.1016/j.mtla.2020.100852
https://doi.org/10.1016/j.biomaterials.2016.01.012
https://doi.org/10.1016/S1350-4533(98)00007-1
https://doi.org/10.1126/science.1106587
https://www.ncbi.nlm.nih.gov/pubmed/16293749
https://doi.org/10.3389/fphys.2020.00047
https://www.ncbi.nlm.nih.gov/pubmed/32116759
https://doi.org/10.1155/2015/421746
https://www.ncbi.nlm.nih.gov/pubmed/26247020
https://doi.org/10.1196/annals.1365.035
https://doi.org/10.1038/550S194a
https://doi.org/10.3389/fcell.2021.665813
https://doi.org/10.1186/s40779-020-00280-6
https://doi.org/10.1016/j.bioactmat.2017.05.007
https://doi.org/10.1007/s005860100282
https://doi.org/10.3390/jfb14030134
https://www.ncbi.nlm.nih.gov/pubmed/36976058
https://doi.org/10.5312/wjo.v4.i2.67

J. Funct. Biomater. 2023, 14, 424 26 of 32

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

Chen, Z.; Liu, H,; Liu, X,; Lian, X.; Guo, Z,; Jiang, H.-J.; Cui, F-Z. Improved Workability of Injectable Calcium Sulfate Bone
Cement by Regulation of Self-Setting Properties. Mater. Sci. Eng. C 2013, 33, 1048-1053. [CrossRef] [PubMed]

Zhang, H.; Yang, L.; Yang, X.; Wang, F; Feng, J.; Hua, K.; Li, Q.; Hu, Y. Demineralized Bone Matrix Carriers and Their Clinical
Applications: An Overview. Orthop. Surg. 2019, 11, 725-737. [CrossRef] [PubMed]

Brown, W.; Chow, L. A New Calcium Phosphate Water Setting Cement. In Cements Research Progress; Brown, W.E., Ed.; American
Ceramic Society: Westerville, OH, USA, 1986; pp. 352-379.

Zwingenberger, S.; Nich, C.; Valladares, R.D.; Yao, Z.; Stiehler, M.; Goodman, S.B. Recommendations and Considerations for the
Use of Biologics in Orthopedic Surgery. BioDrugs 2012, 26, 245-256. [CrossRef] [PubMed]

Barralet, ].E.; Grover, L.M.; Gbureck, U. Ionic Modification of Calcium Phosphate Cement Viscosity. Part II: Hypodermic Injection
and Strength Improvement of Brushite Cement. Biomaterials 2004, 25, 2197-2203. [CrossRef]

Tronco, M.C.; Cassel, ].B.; dos Santos, L.A. «-TCP-Based Calcium Phosphate Cements: A Critical Review. Acta Biomater. 2022,
151, 70-87. [CrossRef]

Schroter, L.; Kaiser, F.; Stein, S.; Gbureck, U.; Ignatius, A. Biological and Mechanical Performance and Degradation Characteristics
of Calcium Phosphate Cements in Large Animals and Humans. Acta Biomater. 2020, 117, 1-20. [CrossRef]

Sugawara, A.; Asaoka, K; Ding, S.-J. Calcium phosphate-based cements: Clinical needs and recent progress. J. Mater. Chem. B
2013, 1, 1081-1089. [CrossRef]

Xu, H.H.; Wang, P.; Wang, L.; Bao, C.; Chen, Q.; Weir, M.D.; Chow, L.C.; Zhao, L.; Zhou, X.; Reynolds, M.A. Calcium Phosphate
Cements for Bone Engineering and Their Biological Properties. Bone Res. 2017, 5, 17056. [CrossRef]

Hughes, E.; Yanni, T.; Jamshidi, P.; Grover, L.M. Inorganic Cements for Biomedical Application: Calcium Phosphate, Calcium
Sulphate and Calcium Silicate. Adv. Appl. Ceram. 2015, 114, 65-76. [CrossRef]

Bohner, M. Design of Ceramic-Based Cements and Putties for Bone Graft Substitution. Eur. Cells Mater. 2010, 20, 1-12. [CrossRef]
[PubMed]

Kanter, B.; Geffers, M.; Ignatius, A.; Gbureck, U. Control of in Vivo Mineral Bone Cement Degradation. Acta Biomater. 2014,
10, 3279-3287. [CrossRef] [PubMed]

Bohner, M.; Theiss, E; Apelt, D.; Hirsiger, W.; Houriet, R.; Rizzoli, G.; Gnos, E.; Frei, C.; Auer, ]J.A.; von Rechenberg, B.
Compositional Changes of a Dicalcium Phosphate Dihydrate Cement after Implantation in Sheep. Biomaterials 2003, 24, 3463-3474.
[CrossRef] [PubMed]

Driessens, F.C.M.; Boltong, M.G.; Zapatero, M.1,; Verbeeck, RM.H.; Bonfield, W.; Bérmudez, O.; Fernandez, E.; Ginebra, M.P,;
Planell, J.A. In Vivo Behaviour of Three Calcium Phosphate Cements and a Magnesium Phosphate Cement. J. Mater. Sci. Mater.
Med. 1995, 6, 272-278. [CrossRef]

Walling, S.A.; Provis, ].L. Magnesia-Based Cements: A Journey of 150 Years, and Cements for the Future? Chem. Rev. 2016,
116, 4170-4204. [CrossRef]

Lothenbach, B.; Xu, B.; Winnefeld, F. Thermodynamic Data for Magnesium (Potassium) Phosphates. Appl. Geochem. 2019,
111, 104450. [CrossRef]

Taylor, AW,; Frazier, A.W.; Gurney, E.L.; Smith, J.P. Solubility Products of Di- and Trimagnesium Phosphates and the Dissociation
of Magnesium Phosphate Solutions. Trans. Faraday Soc. 1963, 59, 1585-1589. [CrossRef]

Taylor, A.W.,; Frazier, A.W.; Gurney, E.L. Solubility Products of Magnesium Ammonium and Magnesium Potassium Phosphates.
Trans. Faraday Soc. 1963, 59, 1580-1584. [CrossRef]

Frazier, AW.; Lehr, J.R.; Smith, ]J.P. The Magnesium Phosphates Hannayite, Schertelite and Bobierrite. Am. Mineral. 1963,
48, 635-641.

Abdelrazig, B.E.L; Sharp, ].H.; El-Jazairi, B. The Chemical Composition of Mortars Made from Magnesia-Phosphate Cement. Cern.
Concr. Res. 1988, 18, 415-425. [CrossRef]

Hall, D.A ; Stevens, R.; Jazairi, B.E. Effect of Water Content on the Structure and Mechanical Properties of Magnesia-Phosphate
Cement Mortar. J. Am. Ceram. Soc. 1998, 81, 1550-1556. [CrossRef]

Soudée, E.; Péra, ]. Mechanism of Setting Reaction in Magnesia-Phosphate Cements. Cem. Concr. Res. 2000, 30, 315-321. [CrossRef]
Mestres, G.; Ginebra, M.-P. Novel Magnesium Phosphate Cements with High Early Strength and Antibacterial Properties. Acta
Biomater. 2011, 7, 1853-1861. [CrossRef] [PubMed]

Mestres, G.; Aguilera, ES.; Manzanares, N.; Sauro, S.; Osorio, R.; Toledano, M.; Ginebra, M.P. Magnesium Phosphate Cements for
Endodontic Applications with Improved Long-Term Sealing Ability. Int. Endod. ]. 2014, 47, 127-139. [CrossRef] [PubMed]

Fu, X,; Lai, Z.; Lai, X.; Lu, Z; Lv, S. Preparation and Characteristics of Magnesium Phosphate Cement Based Porous Materials.
Constr. Build. Mater. 2016, 127, 712-723. [CrossRef]

Liao, J.; Lu, S;; Duan, X; Xie, Y,; Zhang, Y.; Li, Y.; Zhou, A. Affecting Mechanism of Chitosan on Water Resistance of Magnesium
Phosphate Cement. Int. J. Appl. Ceram. Technol. 2018, 15, 514-521. [CrossRef]

You, C.; Qian, J.; Qin, J.; Wang, H.; Wang, Q.; Ye, Z. Effect of Early Hydration Temperature on Hydration Product and Strength
Development of Magnesium Phosphate Cement (MPC). Cem. Concr. Res. 2015, 78, 179-189. [CrossRef]

Jun, L.; Yong-sheng, J.; Guodong, H.; Cheng, J. Retardation and Reaction Mechanisms of Magnesium Phosphate Cement Mixed
with Glacial Acetic Acid. RSC Adv. 2017, 7, 46852-46857. [CrossRef]

Mestres, G.; Abdolhosseini, M.; Bowles, W.; Huang, S.-H.; Aparicio, C.; Gorr, S.-U.; Ginebra, M.-P. Antimicrobial Properties and
Dentin Bonding Strength of Magnesium Phosphate Cements. Acta Biomater. 2013, 9, 8384-8393. [CrossRef]


https://doi.org/10.1016/j.msec.2012.11.019
https://www.ncbi.nlm.nih.gov/pubmed/23827541
https://doi.org/10.1111/os.12509
https://www.ncbi.nlm.nih.gov/pubmed/31496049
https://doi.org/10.1007/BF03261883
https://www.ncbi.nlm.nih.gov/pubmed/22671767
https://doi.org/10.1016/j.biomaterials.2003.09.085
https://doi.org/10.1016/j.actbio.2022.08.040
https://doi.org/10.1016/j.actbio.2020.09.031
https://doi.org/10.1039/C2TB00061J
https://doi.org/10.1038/boneres.2017.56
https://doi.org/10.1179/1743676114Y.0000000219
https://doi.org/10.22203/eCM.v020a01
https://www.ncbi.nlm.nih.gov/pubmed/20574942
https://doi.org/10.1016/j.actbio.2014.04.020
https://www.ncbi.nlm.nih.gov/pubmed/24769112
https://doi.org/10.1016/S0142-9612(03)00234-5
https://www.ncbi.nlm.nih.gov/pubmed/12809775
https://doi.org/10.1007/BF00120270
https://doi.org/10.1021/acs.chemrev.5b00463
https://doi.org/10.1016/j.apgeochem.2019.104450
https://doi.org/10.1039/tf9635901585
https://doi.org/10.1039/tf9635901580
https://doi.org/10.1016/0008-8846(88)90075-0
https://doi.org/10.1111/j.1151-2916.1998.tb02515.x
https://doi.org/10.1016/S0008-8846(99)00254-9
https://doi.org/10.1016/j.actbio.2010.12.008
https://www.ncbi.nlm.nih.gov/pubmed/21147277
https://doi.org/10.1111/iej.12123
https://www.ncbi.nlm.nih.gov/pubmed/23639141
https://doi.org/10.1016/j.conbuildmat.2016.10.041
https://doi.org/10.1111/ijac.12795
https://doi.org/10.1016/j.cemconres.2015.07.005
https://doi.org/10.1039/C7RA08383A
https://doi.org/10.1016/j.actbio.2013.05.032

J. Funct. Biomater. 2023, 14, 424 27 of 32

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Li, J.; Ji, Y,; Huang, G.; Xu, Z.; Yan, G. Properties and Reaction Mechanisms of Magnesium Phosphate Cement Mixed with Acetic
Acid. KSCE J. Civ. Eng. 2018, 22, 231-235. [CrossRef]

Lu, X.; Chen, B. Experimental Study of Magnesium Phosphate Cements Modified by Metakaolin. Constr. Build. Mater. 2016,
123, 719-726. [CrossRef]

Qin, Z.; Ma, C.; Zheng, Z.; Long, G.; Chen, B. Effects of Metakaolin on Properties and Microstructure of Magnesium Phosphate
Cement. Constr. Build. Mater. 2020, 234, 117353. [CrossRef]

Ma, C.; Wang, F.; Zhou, H; Jiang, Z.; Ren, W.; Du, Y. Effect of Early-Hydration Behavior on Rheological Properties of Borax-
Admixed Magnesium Phosphate Cement. Constr. Build. Mater. 2021, 283, 122701. [CrossRef]

Ribeiro, D.V.; de Paula, G.R.; Morelli, M.R. Effect of MgO/NH4H,PO, Ratio on the Properties of Magnesium Phosphate Cements.
Mat. Res. 2020, 23, €20200034. [CrossRef]

Babaie, E.; Lin, B.; Bhaduri, S.B. A New Method to Produce Macroporous Mg-Phosphate Bone Growth Substitutes. Mater. Sci.
Eng. C 2017, 75, 602—-609. [CrossRef]

Ribeiro, D.V.; Agnelli, ].A.M.; Morelli, M.R. Study of Mechanical Properties and Durability of Magnesium Phosphate Cement
Matrix Containing Grinding Dust. Mater. Res. 2013, 16, 1113-1121. [CrossRef]

Hall, D.A.; Stevens, R.; El-Jazairi, B. The Effect of Retarders on the Microstructure and Mechanical Properties of Magnesia—
Phosphate Cement Mortar. Cem. Concr. Res. 2001, 31, 455-465. [CrossRef]

Shi, Y.; Chen, B.; Ahmad, M.R. Effects of Alumina as an Effective Constituent of Metakaolin on Properties of Magnesium
Phosphate Cements. J. Mater. Civ. Eng. 2019, 31, 04019147. [CrossRef]

Zhenyu, L.; Yang, H.; Xiaojie, F.; Zhongyuan, L.; Shuzhen, L. Preparation of Porous Materials by Magnesium Phosphate Cement
with High Permeability. Adv. Mater. Sci. Eng. 2018, 2018, €5910560. [CrossRef]

Ribeiro, D.V.; Paula, G.R.; Morelli, M.R. Effect of Boric Acid Content on the Properties of Magnesium Phosphate Cement. Constr.
Build. Mater. 2019, 214, 557-564. [CrossRef]

Liu, Y,; Chen, B.; Dong, B.; Wang, Y.; Xing, F. Influence Mechanisms of Fly Ash in Magnesium Ammonium Phosphate Cement.
Constr. Build. Mater. 2022, 314, 125581. [CrossRef]

Gharsallah, S.; Alsawi, A.; Hammami, B.; Khitouni, M.; Charnay, C.; Chemingui, M. Synthesis and Characterization of New
Composite Materials Based on Magnesium Phosphate Cement for Fluoride Retention. Materials 2023, 16, 718. [CrossRef]
[PubMed]

Tan, Y,; Liu, Y,; Zhao, Z.; Paxton, ]J.Z.; Grover, L.M. Synthesis and in Vitro Degradation of a Novel Magnesium Oxychloride
Cement. J. Biomed. Mater. Res. Part A 2015, 103, 194-202. [CrossRef]

Fan, S.; Chen, B. Experimental Study of Phosphate Salts Influencing Properties of Magnesium Phosphate Cement. Constr. Build.
Mater. 2014, 65, 480-486. [CrossRef]

Yu, Y.; Wang, J.; Liu, C.; Zhang, B.; Chen, H.; Guo, H.; Zhong, G.; Qu, W,; Jiang, S.; Huang, H. Evaluation of Inherent Toxicology
and Biocompatibility of Magnesium Phosphate Bone Cement. Colloids Surf. B Biointerfaces 2010, 76, 496-504. [CrossRef]

Shi, J.; Zhao, J.; Chen, H.; Hou, P.; Kawashima, S.; Qin, J.; Zhou, X.; Qian, J.; Cheng, X. Sulfuric Acid-Resistance Performances
of Magnesium Phosphate Cements: Macro-Properties, Mineralogy and Microstructure Evolutions. Cem. Concr. Res. 2022,
157, 106830. [CrossRef]

Cao, X.; Lu, H,; Liu, J.; Lu, W,; Guo, L.; Ma, M.; Zhang, B.; Guo, Y. 3D Plotting in the Preparation of Newberyite, Struvite, and
Brushite Porous Scaffolds: Using Magnesium Oxide as a Starting Material. . Mater. Sci. Mater. Med. 2019, 30, 88. [CrossRef]
Liu, N.; Chen, B. Experimental Research on Magnesium Phosphate Cements Containing Alumina. Constr. Build. Mater. 2016,
121, 354-360. [CrossRef]

Iyengar, S.R.; Al-Tabbaa, A. Developmental Study of a Low-PH Magnesium Phosphate Cement for Environmental Applications.
Environ. Technol. 2007, 28, 1387-1401. [CrossRef]

Hou, D,; Yan, H.; Zhang, J.; Wang, P.; Li, Z. Experimental and Computational Investigation of Magnesium Phosphate Cement
Mortar. Constr. Build. Mater. 2016, 112, 331-342. [CrossRef]

Yang, J.; Qian, C. Effect of Borax on Hydration and Hardening Properties of Magnesium and Pottassium Phosphate Cement
Pastes. . Wuhan Univ. Technol.-Mat. Sci. Edit. 2010, 25, 613-618. [CrossRef]

Li, Y;; Li, Y;; Li, H. Multi-Scale Investigation of Creep Properties of Potassium Magnesium Phosphate Cement. . Build. Eng. 2022,
48, 103949. [CrossRef]

Qiao, F,; Chau, C.K; Li, Z. Calorimetric Study of Magnesium Potassium Phosphate Cement. Mater. Struct. 2012, 45, 447-456.
[CrossRef]

Ding, Z.; Dong, B.; Xing, F; Han, N.; Li, Z. Cementing Mechanism of Potassium Phosphate Based Magnesium Phosphate Cement.
Ceram. Int. 2012, 38, 6281-6288. [CrossRef]

Chau, C.K;; Qiao, F; Li, Z. Microstructure of Magnesium Potassium Phosphate Cement. Constr. Build. Mater. 2011, 25, 2911-2917.
[CrossRef]

Covill, A.; Hyatt, N.C.; Hill, J.; Collier, N.C. Development of Magnesium Phosphate Cements for Encapsulation of Radioactive
Waste. Adv. Appl. Ceram. 2011, 110, 151-156. [CrossRef]

Qian, C.; Yang, J.-M. Effect of Disodium Hydrogen Phosphate on Hydration and Hardening of Magnesium Potassium Phosphate
Cement. J. Mater. Civ. Eng. 2011, 23, 1405-1411. [CrossRef]


https://doi.org/10.1007/s12205-017-1408-x
https://doi.org/10.1016/j.conbuildmat.2016.07.092
https://doi.org/10.1016/j.conbuildmat.2019.117353
https://doi.org/10.1016/j.conbuildmat.2021.122701
https://doi.org/10.1590/1980-5373-mr-2020-0034
https://doi.org/10.1016/j.msec.2017.02.111
https://doi.org/10.1590/S1516-14392013005000105
https://doi.org/10.1016/S0008-8846(00)00501-9
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002779
https://doi.org/10.1155/2018/5910560
https://doi.org/10.1016/j.conbuildmat.2019.04.113
https://doi.org/10.1016/j.conbuildmat.2021.125581
https://doi.org/10.3390/ma16020718
https://www.ncbi.nlm.nih.gov/pubmed/36676455
https://doi.org/10.1002/jbm.a.35166
https://doi.org/10.1016/j.conbuildmat.2014.05.021
https://doi.org/10.1016/j.colsurfb.2009.12.010
https://doi.org/10.1016/j.cemconres.2022.106830
https://doi.org/10.1007/s10856-019-6290-2
https://doi.org/10.1016/j.conbuildmat.2016.06.010
https://doi.org/10.1080/09593332808618899
https://doi.org/10.1016/j.conbuildmat.2016.02.200
https://doi.org/10.1007/s11595-010-0055-6
https://doi.org/10.1016/j.jobe.2021.103949
https://doi.org/10.1617/s11527-011-9776-z
https://doi.org/10.1016/j.ceramint.2012.04.083
https://doi.org/10.1016/j.conbuildmat.2010.12.035
https://doi.org/10.1179/1743676110Y.0000000008
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000305

J. Funct. Biomater. 2023, 14, 424 28 of 32

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Li, Y;; Chen, B. Factors That Affect the Properties of Magnesium Phosphate Cement. Constr. Build. Mater. 2013, 47, 977-983.
[CrossRef]

Ma, H.; Xu, B.; Liu, J.; Pei, H.; Li, Z. Effects of Water Content, Magnesia-to-Phosphate Molar Ratio and Age on Pore Structure,
Strength and Permeability of Magnesium Potassium Phosphate Cement Paste. Mater. Des. 2014, 64, 497-502. [CrossRef]

Viani, A.; Peréz-Estébanez, M.; Pollastri, S.; Gualtieri, A.F. In Situ Synchrotron Powder Diffraction Study of the Setting Reaction
Kinetics of Magnesium-Potassium Phosphate Cements. Cerm. Concr. Res. 2016, 79, 344-352. [CrossRef]

Le Rouzic, M.; Chaussadent, T.; Stefan, L.; Saillio, M. On the Influence of Mg/P Ratio on the Properties and Durability of
Magnesium Potassium Phosphate Cement Pastes. Cem. Concr. Res. 2017, 96, 27-41. [CrossRef]

Le Rouzic, M.; Chaussadent, T.; Platret, G.; Stefan, L. Mechanisms of K-Struvite Formation in Magnesium Phosphate Cements.
Cem. Concr. Res. 2017, 91, 117-122. [CrossRef]

Tan, Y;; Dong, J.; Yu, H.; Li, Y.; Wen, J.; Wu, C. Study on the Injectability of a Novel Glucose Modified Magnesium Potassium
Phosphate Chemically Bonded Ceramic. Mater. Sci. Eng. C 2017, 79, 894-900. [CrossRef] [PubMed]

Xu, B.; Ma, H,; Li, Z. Influence of Magnesia-to-Phosphate Molar Ratio on Microstructures, Mechanical Properties and Thermal
Conductivity of Magnesium Potassium Phosphate Cement Paste with Large Water-to-Solid Ratio. Cem. Concr. Res. 2015, 68, 1-9.
[CrossRef]

Viani, A.; Zbiri, M.; Bordallo, H.N.; Gualtieri, A.F.; Macova, P. Investigation of the Setting Reaction in Magnesium Phosphate
Ceramics with Quasielastic Neutron Scattering. J. Phys. Chem. C 2017, 121, 11355-11367. [CrossRef]

Xu, B.; Lothenbach, B.; Leemann, A.; Winnefeld, F. Reaction Mechanism of Magnesium Potassium Phosphate Cement with High
Magnesium-to-Phosphate Ratio. Cem. Concr. Res. 2018, 108, 140-151. [CrossRef]

Lahalle, H.; Cau Dit Coumes, C.; Mercier, C.; Lambertin, D.; Cannes, C.; Delpech, S.; Gauffinet, S. Influence of the w/c Ratio
on the Hydration Process of a Magnesium Phosphate Cement and on Its Retardation by Boric Acid. Cem. Concr. Res. 2018,
109, 159-174. [CrossRef]

Qiao, E; Chau, C.K; Li, Z. Property Evaluation of Magnesium Phosphate Cement Mortar as Patch Repair Material. Constr. Build.
Mater. 2010, 24, 695-700. [CrossRef]

Yue, L.; Bing, C. New Type of Super-Lightweight Magnesium Phosphate Cement Foamed Concrete. . Mater. Civ. Eng. 2015,
27,04014112. [CrossRef]

Jie, W.; Zhenyu, L.; Xin, H.; Tao, Y.; Mengliang, L.; Qiubai, D.; Khalid, K.; Zhongyuan, L.; Shuzhen, L. Porous Materials Prepared
by Magnesium Phosphate Cement for the Effective Immobilization of Lead Ions. Int. ]. Environ. Res. 2021, 15, 681-694. [CrossRef]
Zarybnickd, L.; Machotova, J.; Macova, P.; Machova, D.; Viani, A. Design of Polymeric Binders to Improve the Properties of
Magnesium Phosphate Cement. Constr. Build. Mater. 2021, 290, 123202. [CrossRef]

Zarybnicka, L.; Machotova, ].; Macova, P.; Viani, A. Organic-Inorganic Composites Based on Magnesium Phosphate Cement and
Acrylic Latexes: Role of Functional Groups. Ceram. Int. 2023, 49, 4523-4530. [CrossRef]

Ma, C.; Chen, B. Properties of Magnesium Phosphate Cement Containing Redispersible Polymer Powder. Constr. Build. Mater.
2016, 113, 255-263. [CrossRef]

Shi, Y; Yu, L.; Gong, C.; Li, W,; Zhao, Y.; Guo, W. A Bioactive Magnesium Phosphate Cement Incorporating Chondroitin Sulfate
for Bone Regeneration. Biomed. Mater. 2021, 16, 035034. [CrossRef] [PubMed]

Yu, L.,; Xia, K;; Gong, C.; Chen, ].; Li, W,; Zhao, Y.; Guo, W.; Dai, H. An Injectable Bioactive Magnesium Phosphate Cement
Incorporating Carboxymethyl Chitosan for Bone Regeneration. Int. J. Biol. Macromol. 2020, 160, 101-111. [CrossRef]

Xu, B.; Winnefeld, F; Kaufmann, J.; Lothenbach, B. Influence of Magnesium-to-Phosphate Ratio and Water-to-Cement Ratio on
Hydration and Properties of Magnesium Potassium Phosphate Cements. Cem. Concr. Res. 2019, 123, 105781. [CrossRef]

Viani, A.; Macova, P; Sevéik, R.; Zarybnicka, L. Mechanism of Magnesium Phosphate Cement Retardation by Citric Acid. Ceram.
Int. 2023, 49, 11112-11122. [CrossRef]

Zhang, G.; Li, G.; He, T. Effects of Sulphoaluminate Cement on the Strength and Water Stability of Magnesium Potassium
Phosphate Cement. Constr. Build. Mater. 2017, 132, 335-342. [CrossRef]

Liu, R; Yang, Y.; Sun, S. Effect of M/P and Borax on the Hydration Properties of Magnesium Potassium Phosphate Cement
Blended with Large Volume of Fly Ash. J. Wuhan Univ. Technol.-Mat. Sci. Edit. 2018, 33, 1159-1167. [CrossRef]

Viani, A.; Macov4, P.; Peréz-Estébanez, M. Nucleation of Amorphous Precursor in Magnesium Phosphate Cements: Clues to the
Reaction Pathway. Mater. Lett. 2021, 304, 130677. [CrossRef]

Xu, B.; Winnefeld, F; Ma, B.; Rentsch, D.; Lothenbach, B. Influence of Aluminum Sulfate on Properties and Hydration of
Magnesium Potassium Phosphate Cements. Cem. Concr. Res. 2022, 156, 106788. [CrossRef]

Lai, Z.; Lai, X; Shi, J.; Lu, Z. Effect of ZnZ* on the Early Hydration Behavior of Potassium Phosphate Based Magnesium Phosphate
Cement. Constr. Build. Mater. 2016, 129, 70-78. [CrossRef]

Wang, J.; Cheng, Z.; Chen, D.; Li, G.; Chen, J.; Wang, K; Xu, L.; Huang, J. An Injectable Porous Bioactive Magnesium Phosphate
Bone Cement Foamed with Calcium Carbonate and Citric Acid for Periodontal Bone Regeneration. J. Mech. Behav. Biomed. Mater.
2023, 142, 105805. [CrossRef] [PubMed]

Wang, A.; Zhang, J.; Li, J.; Ma, A ; Liu, L. Effect of Liquid-to-Solid Ratios on the Properties of Magnesium Phosphate Chemically
Bonded Ceramics. Mater. Sci. Eng. C 2013, 33, 2508-2512. [CrossRef] [PubMed]

Yang, Y,; Liu, Y,; Yan, Z.; Chen, Z. High-Temperature Resistance of Modified Potassium Magnesium Phosphate Cement. Materials
2022, 15, 8967. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2013.05.103
https://doi.org/10.1016/j.matdes.2014.07.073
https://doi.org/10.1016/j.cemconres.2015.10.007
https://doi.org/10.1016/j.cemconres.2017.02.033
https://doi.org/10.1016/j.cemconres.2016.11.008
https://doi.org/10.1016/j.msec.2017.03.275
https://www.ncbi.nlm.nih.gov/pubmed/28629094
https://doi.org/10.1016/j.cemconres.2014.10.019
https://doi.org/10.1021/acs.jpcc.7b01396
https://doi.org/10.1016/j.cemconres.2018.03.013
https://doi.org/10.1016/j.cemconres.2018.04.010
https://doi.org/10.1016/j.conbuildmat.2009.10.039
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001044
https://doi.org/10.1007/s41742-021-00344-y
https://doi.org/10.1016/j.conbuildmat.2021.123202
https://doi.org/10.1016/j.ceramint.2022.09.338
https://doi.org/10.1016/j.conbuildmat.2016.03.053
https://doi.org/10.1088/1748-605X/abf5c4
https://www.ncbi.nlm.nih.gov/pubmed/33827063
https://doi.org/10.1016/j.ijbiomac.2020.05.161
https://doi.org/10.1016/j.cemconres.2019.105781
https://doi.org/10.1016/j.ceramint.2022.11.308
https://doi.org/10.1016/j.conbuildmat.2016.12.011
https://doi.org/10.1007/s11595-018-1948-z
https://doi.org/10.1016/j.matlet.2021.130677
https://doi.org/10.1016/j.cemconres.2022.106788
https://doi.org/10.1016/j.conbuildmat.2016.11.002
https://doi.org/10.1016/j.jmbbm.2023.105805
https://www.ncbi.nlm.nih.gov/pubmed/37087954
https://doi.org/10.1016/j.msec.2013.02.014
https://www.ncbi.nlm.nih.gov/pubmed/23623061
https://doi.org/10.3390/ma15248967

J. Funct. Biomater. 2023, 14, 424 29 of 32

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Jia, L.; Zhao, F; Guo, J.; Yao, K. Properties and Reaction Mechanisms of Magnesium Phosphate Cement Mixed with Ferroaluminate
Cement. Materials 2019, 12, 2561. [CrossRef]

Xu, B.; Lothenbach, B.; Winnefeld, F. Influence of Wollastonite on Hydration and Properties of Magnesium Potassium Phosphate
Cements. Cem. Concr. Res. 2020, 131, 106012. [CrossRef]

Xu, B.; Winnefeld, F.; Lothenbach, B. Effect of Temperature Curing on Properties and Hydration of Wollastonite Blended
Magnesium Potassium Phosphate Cements. Cem. Concr. Res. 2021, 142, 106370. [CrossRef]

Xu, B.; Lothenbach, B.; Li, Z. Properties and Hydrates of Seawater-Mixed Magnesium Potassium Phosphate Cements with High
Magnesium-to-Phosphate Ratio. Cem. Concr. Compos. 2022, 134, 104807. [CrossRef]

Chong, L.; Shi, C.; Yang, J.; Jia, H. Effect of Limestone Powder on the Water Stability of Magnesium Phosphate Cement-Based
Materials. Constr. Build. Mater. 2017, 148, 590-598. [CrossRef]

Zhang, Z.; Yang, Z.; Chen, Z.; Kang, T.; Ding, X; Li, Y.; Liao, Y.; Chen, C.; Yuan, H.; Peng, H. A Study on Bone Cement Containing
Magnesium Potassium Phosphate for Bone Repair. Cogent Biol. 2018, 4, 1487255. [CrossRef]

Han, Z.; Wang, B.; Ren, B.; Liu, Y.; Zhang, N.; Wang, Z.; Liu, J.; Mao, K. Characterization and Biomechanical Study of a Novel
Magnesium Potassium Phosphate Cement. Life 2022, 12, 997. [CrossRef] [PubMed]

Wang, A.; Yuan, Z.; Zhang, |.; Liu, L.; Li, J.; Liu, Z. Effect of Raw Material Ratios on the Compressive Strength of Magnesium
Potassium Phosphate Chemically Bonded Ceramics. Mater. Sci. Eng. C 2013, 33, 5058-5063. [CrossRef] [PubMed]

Xiao, R.; Lai, Z.; Luo, X; Liu, Z; Liu, M,; Deng, Q.; Chen, J.; Lu, Z.; Lv, S. Effects of Sodium Dihydrogen Phosphate on Properties
of Magnesium Phosphate Cement. . Build. Eng. 2022, 60, 105216. [CrossRef]

Feng, H.; Li, Z.; Wang, W,; Liu, G.; Zhang, Z.; Gao, D. Deflection Hardening Behaviour of Ductile Fibre Reinforced Magnesium
Phosphate Cement-Based Composite. Cem. Concr. Compos. 2021, 121, 104079. [CrossRef]

Jeon, LK.; Qudoos, A.; Kim, H.G. Influence of Carbonation Curing on Hydration and Microstructure of Magnesium Potassium
Phosphate Cement Concrete. . Build. Eng. 2021, 38, 102203. [CrossRef]

Fan, Y,; Zhang, G.; Li, Y. Study on Graphene Oxide Reinforced Magnesium Phosphate Cement Composites. Constr. Build. Mater.
2022, 359, 129523. [CrossRef]

Gong, C.; Fang, S.; Xia, K.; Chen, J.; Guo, L.; Guo, W. Enhancing the Mechanical Properties and Cytocompatibility of Magnesium
Potassium Phosphate Cement by Incorporating Oxygen-Carboxymethyl Chitosan. Regen. Biomater. 2021, 8, rbaa048. [CrossRef]
Wang, X.; Qiu, X.; Pei, J.; Zhao, D.; Yan, Y. Fabrication of Magnesium Phosphate Bone Cement with Enhanced Osteogenic
Properties by Employing Zeolitic Imidazolate Framework-8. ]. Mater. Res. 2022, 37, 2761-2774. [CrossRef]

Wang, M,; Liang, L.; Liu, Q.; Liang, X.; Guo, H.; Li, Z,; Liang, R.; Sun, G. Influence of Dipotassium Hydrogen Phosphate on
Properties of Magnesium Potassium Phosphate Cement. Constr. Build. Mater. 2022, 320, 126283. [CrossRef]

Li, Y;; Liao, W.; Taghvaee, T.; Wu, C.; Ma, H.; Leventis, N. Bioinspired Strong Nanocellular Composite Prepared with Magnesium
Phosphate Cement and Polyurea Aerogel. Mater. Lett. 2019, 237, 274-277. [CrossRef]

Cau Dit Coumes, C.; Rousselet, A.; Xu, B.; Mercier, C.A.; Gauffinet, S. Investigation of Aluminum Nitrate as a Set Retarder of
Magnesium Potassium Phosphate Cement: Mechanisms Involved in Diluted Suspension. Cem. Concr. Res. 2021, 150, 106608.
[CrossRef]

Wang, X.; Zhu, Y,; Mu, B.; Wang, A. Incorporation of Clay Minerals into Magnesium Phosphate Bone Cement for Enhancing
Mechanical Strength and Bioactivity. Biomed. Mater. 2023, 18, 025002. [CrossRef] [PubMed]

Yu, L.; Gao, T,; Li, W,; Yang, J.; Liu, Y.; Zhao, Y,; He, P; Li, X.; Guo, W.; Fan, Z; et al. Carboxymethyl Chitosan-Alginate Enhances
Bone Repair Effects of Magnesium Phosphate Bone Cement by Activating the FAK-Wnt Pathway. Bioact. Mater. 2023, 20, 598-609.
[CrossRef]

Zhou, H.; Agarwal, A.K; Goel, VK.; Bhaduri, S.B. Microwave Assisted Preparation of Magnesium Phosphate Cement (MPC) for
Orthopedic Applications: A Novel Solution to the Exothermicity Problem. Mater. Sci. Eng. C 2013, 33, 4288-4294. [CrossRef]
Klammert, U.; Vorndran, E.; Reuther, T.; Miiller, EA.; Zorn, K.; Gbureck, U. Low Temperature Fabrication of Magnesium
Phosphate Cement Scaffolds by 3D Powder Printing. J. Mater. Sci. Mater. Med. 2010, 21, 2947-2953. [CrossRef]

Ewald, A.; Helmschrott, K.; Knebl, G.; Mehrban, N.; Grover, L.M.; Gbureck, U. Effect of Cold-Setting Calcium- and Magnesium
Phosphate Matrices on Protein Expression in Osteoblastic Cells. ]. Biomed. Mater. Res. Part B Appl. Biomater. 2011, 96, 326-332.
[CrossRef]

Grofdardt, C.; Ewald, A.; Grover, L.M.; Barralet, J.E.; Gbureck, U. Passive and Active In Vitro Resorption of Calcium and
Magnesium Phosphate Cements by Osteoclastic Cells. Tissue Eng. Part A 2010, 16, 3687-3695. [CrossRef]

Ewald, A.; Lochner, B.; Gbureck, U.; Groll, J.; Kriiger, R. Structural Optimization of Macroporous Magnesium Phosphate Scaffolds
and Their Cytocompatibility. Key Eng. Mater. 2012, 493-494, 813-819. [CrossRef]

Moseke, C.; Saratsis, V.; Gbureck, U. Injectability and Mechanical Properties of Magnesium Phosphate Cements. J. Mater. Sci.
Mater. Med. 2011, 22, 2591-2598. [CrossRef] [PubMed]

Vorndran, E.; Wunder, K.; Moseke, C.; Biermann, I.; Miiller, FEA.; Zorn, K.; Gbureck, U. Hydraulic Setting Mg3(PO,), Powders for
3D Printing Technology. Adv. Appl. Ceram. 2011, 110, 476-481. [CrossRef]

Lee, J.; Farag, M.M.; Park, E.K.; Lim, J.; Yun, H. A Simultaneous Process of 3D Magnesium Phosphate Scaffold Fabrication and
Bioactive Substance Loading for Hard Tissue Regeneration. Mater. Sci. Eng. C 2014, 36, 252-260. [CrossRef]

Christel, T.; Christ, S.; Barralet, J.E.; Groll, J.; Gbureck, U. Chelate Bonding Mechanism in a Novel Magnesium Phosphate Bone
Cement. J. Am. Ceram. Soc. 2015, 98, 694—697. [CrossRef]


https://doi.org/10.3390/ma12162561
https://doi.org/10.1016/j.cemconres.2020.106012
https://doi.org/10.1016/j.cemconres.2021.106370
https://doi.org/10.1016/j.cemconcomp.2022.104807
https://doi.org/10.1016/j.conbuildmat.2017.04.207
https://doi.org/10.1080/23312025.2018.1487255
https://doi.org/10.3390/life12070997
https://www.ncbi.nlm.nih.gov/pubmed/35888086
https://doi.org/10.1016/j.msec.2013.08.031
https://www.ncbi.nlm.nih.gov/pubmed/24094224
https://doi.org/10.1016/j.jobe.2022.105216
https://doi.org/10.1016/j.cemconcomp.2021.104079
https://doi.org/10.1016/j.jobe.2021.102203
https://doi.org/10.1016/j.conbuildmat.2022.129523
https://doi.org/10.1093/rb/rbaa048
https://doi.org/10.1557/s43578-022-00663-6
https://doi.org/10.1016/j.conbuildmat.2021.126283
https://doi.org/10.1016/j.matlet.2018.11.121
https://doi.org/10.1016/j.cemconres.2021.106608
https://doi.org/10.1088/1748-605X/acb4cd
https://www.ncbi.nlm.nih.gov/pubmed/36657175
https://doi.org/10.1016/j.bioactmat.2022.06.017
https://doi.org/10.1016/j.msec.2013.06.034
https://doi.org/10.1007/s10856-010-4148-8
https://doi.org/10.1002/jbm.b.31771
https://doi.org/10.1089/ten.tea.2010.0281
https://doi.org/10.4028/www.scientific.net/KEM.493-494.813
https://doi.org/10.1007/s10856-011-4442-0
https://www.ncbi.nlm.nih.gov/pubmed/21915697
https://doi.org/10.1179/1743676111Y.0000000030
https://doi.org/10.1016/j.msec.2013.12.007
https://doi.org/10.1111/jace.13491

J. Funct. Biomater. 2023, 14, 424 30 of 32

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Gelli, R.; Mati, L.; Ridi, F,; Baglioni, P. Tuning the Properties of Magnesium Phosphate-Based Bone Cements: Effect of Powder to
Liquid Ratio and Aqueous Solution Concentration. Mater. Sci. Eng. C 2019, 95, 248-255. [CrossRef]

Ostrowski, N.; Sharma, V.; Roy, A.; Kumta, P.N. Systematic Assessment of Synthesized Tri-Magnesium Phosphate Powders
(Amorphous, Semi-Crystalline and Crystalline) and Cements for Ceramic Bone Cement Applications. J. Mater. Sci. Technol. 2015,
31, 437-444. [CrossRef]

Kim, J.-A.; Lim, J.; Naren, R.; Yun, H.; Park, E.K. Effect of the Biodegradation Rate Controlled by Pore Structures in Magnesium
Phosphate Ceramic Scaffolds on Bone Tissue Regeneration in Vivo. Acta Biomater. 2016, 44, 155-167. [CrossRef]

Briickner, T.; Hurle, K.; Stengele, A.; Groll, J.; Gbureck, U. Mechanical Activation and Cement Formation of Trimagnesium
Phosphate. |. Am. Ceram. Soc. 2018, 101, 1830-1834. [CrossRef]

Farag, M.M.; Yun, H. Effect of Gelatin Addition on Fabrication of Magnesium Phosphate-Based Scaffolds Prepared by Additive
Manufacturing System. Mater. Lett. 2014, 132, 111-115. [CrossRef]

Tonelli, M.; Gelli, R.; Ridi, E; Baglioni, P. Magnesium Phosphate-Based Cements Containing Halloysite Nanotubes for Cracks
Repair. Constr. Build. Mater. 2021, 301, 124056. [CrossRef]

Kanter, B.; Vikman, A; Briickner, T.; Schamel, M.; Gbureck, U.; Ignatius, A. Bone Regeneration Capacity of Magnesium Phosphate
Cements in a Large Animal Model. Acta Biomater. 2018, 69, 352-361. [CrossRef]

Kim, J.A,; Yun, H.; Choi, Y.-A.; Kim, J.-E.; Choi, S.-Y.; Kwon, T.-G.; Kim, Y.K.; Kwon, T.-Y;; Bae, M.A.; Kim, N.J.; et al. Magnesium
Phosphate Ceramics Incorporating a Novel Indene Compound Promote Osteoblast Differentiation in Vitro and Bone Regeneration
in Vivo. Biomaterials 2018, 157, 51-61. [CrossRef] [PubMed]

Gelli, R.; Di Pompo, G.; Graziani, G.; Avnet, S.; Baldini, N.; Baglioni, P; Ridi, F. Unravelling the Effect of Citrate on the Features
and Biocompatibility of Magnesium Phosphate-Based Bone Cements. ACS Biomater. Sci. Eng. 2020, 6, 5538-5548. [CrossRef]
Kaiser, E; Schroter, L.; Stein, S.; Kriiger, B.; Weichhold, J.; Stahlhut, P.; Ignatius, A.; Gbureck, U. Accelerated Bone Regeneration
through Rational Design of Magnesium Phosphate Cements. Acta Biomater. 2022, 145, 358-371. [CrossRef]

Gelli, R,; Sforzi, L.; Montanari, F.; Ridi, F,; Baglioni, P. Alendronate-Loaded Gelatin Microparticles as Templating Agents for
Macroporous Magnesium Phosphate-Based Bone Cements. J. Mater. Sci. 2022, 57, 12994-13010. [CrossRef]

Gelli, R.; Tonelli, M.; Martini, F; Calucci, L.; Borsacchi, S.; Ridi, F. Effect of Borax on the Hydration and Setting of Magnesium
Phosphate Cements. Constr. Build. Mater. 2022, 348, 128686. [CrossRef]

Liu, J.; Hou, W.; Wei, W,; Peng, ].; Wu, X; Lian, C.; Zhao, Y.; Tu, R.; Goto, T.; Dai, H. Design and Fabrication of High-Performance
Injectable Self-Setting Trimagnesium Phosphate. Bioact. Mater. 2023, 28, 348-357. [CrossRef] [PubMed]

Briickner, T.; Meininger, M.; Groll, J.; Kiibler, A.C.; Gbureck, U. Magnesium Phosphate Cement as Mineral Bone Adhesive.
Materials 2019, 12, 3819. [CrossRef]

Heilig, P.; Sandner, P.; Jordan, M.C.; Jakubietz, R.G.; Meffert, R.H.; Gbureck, U.; Hoelscher-Doht, S. Experimental Drillable
Magnesium Phosphate Cement Is a Promising Alternative to Conventional Bone Cements. Materials 2021, 14, 1925. [CrossRef]
Heilig, P; Jordan, M.C.; Paul, M.M.; Kupczyk, E.; Meffert, R.H.; Gbureck, U.; Hoelscher-Doht, S. Augmentation of Suture Anchors
with Magnesium Phosphate Cement—Simple Technique with Striking Effect. J. Mech. Behav. Biomed. Mater. 2022, 128, 105096.
[CrossRef]

Babaie, E.; Lin, B.; Goel, V.K,; Bhaduri, S.B. Evaluation of Amorphous Magnesium Phosphate (AMP) Based Non-Exothermic
Orthopedic Cements. Biomed. Mater. 2016, 11, 055010. [CrossRef]

Strydom, C.A.; van der Merwe, E.M.; Aphane, M.E. The Effect of Calcining Conditions on the Rehydration of Dead Burnt
Magnesium Oxide Using Magnesium Acetate as a Hydrating Agent. J. Therm. Anal. Calorim. 2005, 80, 659-662. [CrossRef]
Goldberg, M.A.; Smirnov, V.V.; Krokhicheva, P.A.; Barinov, S.M.; Komlev, V.S. The Creation and Application Outlook of Calcium
Phosphate and Magnesium Phosphate Bone Cements with Antimicrobial Properties (Review). Inorg. Mater. Appl. Res. 2021,
12,195-203. [CrossRef]

Wagh, A.S.; Jeong, S.Y. Chemically Bonded Phosphate Ceramics: I, A Dissolution Model of Formation. J. Am. Ceram. Soc. 2003,
86, 1838-1844. [CrossRef]

Han, W.; Chen, H,; Li, X.; Zhang, T. Thermodynamic Modeling of Magnesium Ammonium Phosphate Cement and Stability of Its
Hydration Products. Cem. Concr. Res. 2020, 138, 106223. [CrossRef]

Perez, R.A.; Kim, H.-W.; Ginebra, M.-P. Polymeric Additives to Enhance the Functional Properties of Calcium Phosphate Cements.
J. Tissue Eng. 2012, 3, 2041731412439555. [CrossRef]

Khairoun, I.; Driessens, F.C.M.; Boltong, M.G.; Planell, J.A.; Wenz, R. Addition of Cohesion Promotors to Calcium Phosphate
Cements. Biomaterials 1999, 20, 393-398. [CrossRef] [PubMed]

Bohner, M.; Doebelin, N.; Baroud, G. Theoretical and Experimental Approach to Test the Cohesion of Calcium Phosphate Pastes.
Eur. Cells Mater. 2006, 12, 26-35. [CrossRef]

Alkhraisat, M.H.; Rueda, C.; Marifio, ET.; Torres, J.; Jerez, L.B.; Gbureck, U.; Cabarcos, E.L. The Effect of Hyaluronic Acid on
Brushite Cement Cohesion. Acta Biomater. 2009, 5, 3150-3156. [CrossRef]

An, J.; Wolke, ].G.C,; Jansen, J.A.; Leeuwenburgh, 5.C.G. Influence of Polymeric Additives on the Cohesion and Mechanical
Properties of Calcium Phosphate Cements. J. Mater. Sci. Mater. Med. 2016, 27, 58. [CrossRef]

Bohner, M.; Gbureck, U.; Barralet, J.E. Technological Issues for the Development of More Efficient Calcium Phosphate Bone
Cements: A Critical Assessment. Biomaterials 2005, 26, 6423-6429. [CrossRef] [PubMed]


https://doi.org/10.1016/j.msec.2018.10.083
https://doi.org/10.1016/j.jmst.2014.12.002
https://doi.org/10.1016/j.actbio.2016.08.039
https://doi.org/10.1111/jace.15397
https://doi.org/10.1016/j.matlet.2014.06.055
https://doi.org/10.1016/j.conbuildmat.2021.124056
https://doi.org/10.1016/j.actbio.2018.01.035
https://doi.org/10.1016/j.biomaterials.2017.11.032
https://www.ncbi.nlm.nih.gov/pubmed/29245051
https://doi.org/10.1021/acsbiomaterials.0c00983
https://doi.org/10.1016/j.actbio.2022.04.019
https://doi.org/10.1007/s10853-022-07439-7
https://doi.org/10.1016/j.conbuildmat.2022.128686
https://doi.org/10.1016/j.bioactmat.2023.05.019
https://www.ncbi.nlm.nih.gov/pubmed/37334067
https://doi.org/10.3390/ma12233819
https://doi.org/10.3390/ma14081925
https://doi.org/10.1016/j.jmbbm.2022.105096
https://doi.org/10.1088/1748-6041/11/5/055010
https://doi.org/10.1007/s10973-005-0710-x
https://doi.org/10.1134/S2075113321010093
https://doi.org/10.1111/j.1151-2916.2003.tb03569.x
https://doi.org/10.1016/j.cemconres.2020.106223
https://doi.org/10.1177/2041731412439555
https://doi.org/10.1016/S0142-9612(98)00202-6
https://www.ncbi.nlm.nih.gov/pubmed/10048413
https://doi.org/10.22203/eCM.v012a03
https://doi.org/10.1016/j.actbio.2009.04.001
https://doi.org/10.1007/s10856-016-5665-x
https://doi.org/10.1016/j.biomaterials.2005.03.049
https://www.ncbi.nlm.nih.gov/pubmed/15964620

J. Funct. Biomater. 2023, 14, 424 31 of 32

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Ortiz, A.O. Vertebral Body Reconstruction: Review and Update on Vertebroplasty and Kyphoplasty. Appl. Radiol. 2008, 37, 10-24.
[CrossRef]

Khan, A.; Mirza, E.; Mohamed, B.; ElSharawy, M.; Al-Asmari, M.; Al-Khureif, A.; Dar, M.; Vallittu, P. Static and Dynamic
Mechanical Properties of Graphene Oxide-Based Bone Cementing Agents. J. Conmpos. Mater. 2019, 53, 002199831982634. [CrossRef]
Canal, C.; Ginebra, M.P. Fibre-Reinforced Calcium Phosphate Cements: A Review. ]. Mech. Behav. Biomed. Mater. 2011,
4,1658-1671. [CrossRef] [PubMed]

Hulbert, S.F; Young, F.A.; Mathews, R.S.; Klawitter, ].J.; Talbert, C.D.; Stelling, F.H. Potential of Ceramic Materials as Permanently
Implantable Skeletal Prostheses. J. Biomed. Mater. Res. 1970, 4, 433—456. [CrossRef] [PubMed]

Murphy, C.M.; O'Brien, FJ. Understanding the Effect of Mean Pore Size on Cell Activity in Collagen-Glycosaminoglycan Scaffolds.
Cell Adh. Migr. 2010, 4, 377-381. [CrossRef] [PubMed]

Wu, E; Wei, J.; Guo, H.; Chen, F,; Hong, H.; Liu, C. Self-Setting Bioactive Calcium—-Magnesium Phosphate Cement with High
Strength and Degradability for Bone Regeneration. Acta Biomater. 2008, 4, 1873-1884. [CrossRef]

Wu, E; Su, J.; Wei, J.; Guo, H.; Liu, C. Injectable Bioactive Calcium-Magnesium Phosphate Cement for Bone Regeneration. Biomed.
Mater. 2008, 3, 044105. [CrossRef]

Egorov, A.A.; Fedotov, A.Y,; Pereloma, I.S.; Teterina, A.Y.; Sergeeva, N.S.; Sviridova, I.K,; Kirsanova, V.A.; Akhmedova, S.A;
Nesterova, A.V.; Reshetov, I.V,; et al. Calcium Phosphate Composite Cements Based on Simple Mixture of Brushite and Apatite
Phases. IOP Conf. Ser. Mater. Sci. Eng. 2018, 347, 012039. [CrossRef]

Gelli, R;; Scudero, M.; Gigli, L.; Severi, M.; Bonini, M.; Ridi, F.; Baglioni, P. Effect of PH and Mg?* on Amorphous Magnesium-
Calcium Phosphate (AMCP) Stability. J. Colloid Interface Sci. 2018, 531, 681-692. [CrossRef]

Wang, A.; Song, N.; Fan, X; Li, J.; Bai, L.; Song, Y.; He, R. Characterization of Magnesium Phosphate Cement Fabricated Using
Pre-Reacted Magnesium Oxide. J. Alloys Compd. 2017, 696, 560-565. [CrossRef]

Li, Y.; Zhang, G.; Hou, D.; Wang, Z. Nanoscale Insight on the Initial Hydration Mechanism of Magnesium Phosphate Cement.
Constr. Build. Mater. 2021, 276, 122213. [CrossRef]

European Commission. Directorate-General for Health and Consumers. In Opinion on Boron Compounds; European Commission:
Brussels, Belgium, 2010.

Li, Y,; Lin, H.; Hejazi, SM.A.S.; Zhao, C.; Xie, M. The Effect of Low Temperature Phase Change Material of Hydrated Salt on the
Performance of Magnesium Phosphate Cement. Constr. Build. Mater. 2017, 149, 272-278. [CrossRef]

Yu, S.; Liu, L.; Xu, C.; Dai, H. Magnesium Phosphate Based Cement with Improved Setting, Strength and Cytocompatibility
Properties by Adding Ca(HpPOy4);-HpO and Citric Acid. J. Mech. Behav. Biomed. Mater. 2019, 91, 229-236. [CrossRef] [PubMed]
Tran, R.T.; Yang, J.; Ameer, G.A. Citrate-Based Biomaterials and Their Applications in Regenerative Engineering. Annu. Rev.
Mater. Res. 2015, 45, 277-310. [CrossRef]

Jehle, S.; Hulter, H.N.; Krapf, R. Effect of Potassium Citrate on Bone Density, Microarchitecture, and Fracture Risk in Healthy
Older Adults without Osteoporosis: A Randomized Controlled Trial. ]. Clin. Endocrinol. Metab. 2013, 98, 207-217. [CrossRef]
Granchi, D.; Caudarella, R.; Ripamonti, C.; Spinnato, P.; Bazzocchi, A.; Massa, A.; Baldini, N. Potassium Citrate Supplementation
Decreases the Biochemical Markers of Bone Loss in a Group of Osteopenic Women: The Results of a Randomized, Double-Blind,
Placebo-Controlled Pilot Study. Nutrients 2018, 10, 1293. [CrossRef]

Zarybnickd, L.; Macova, P.; Viani, A. Properties Enhancement of Magnesium Phosphate Cement by Cross-Linked Polyvinyl
Alcohol. Ceram. Int. 2022, 48, 1947-1955. [CrossRef]

Granchi, D.; Baldini, N.; Ulivieri, EM.; Caudarella, R. Role of Citrate in Pathophysiology and Medical Management of Bone
Diseases. Nutrients 2019, 11, 2576. [CrossRef]

Gelli, R.; Bernardini, G.; Ridi, F. Strontium-Loaded Magnesium Phosphate Bone Cements and Effect of Polymeric Additives.
Ceram. Int. 2023, 49, 31466-31476. [CrossRef]

Wang, ].-L.; Xu, J.-K.; Hopkins, C.; Chow, D.H.-K,; Qin, L. Biodegradable Magnesium-Based Implants in Orthopedics—A General
Review and Perspectives. Adv. Sci. 2020, 7, 1902443. [CrossRef] [PubMed]

Rude, R.K.; Gruber, H.E.; Wei, L.Y.; Frausto, A.; Mills, B.G. Magnesium Deficiency: Effect on Bone and Mineral Metabolism in the
Mouse. Calcif. Tissue Int. 2003, 72, 32—41. [CrossRef]

Yoshizawa, S.; Brown, A.; Barchowsky, A.; Sfeir, C. Magnesium Ion Stimulation of Bone Marrow Stromal Cells Enhances
Osteogenic Activity, Simulating the Effect of Magnesium Alloy Degradation. Acta Biomater. 2014, 10, 2834-2842. [CrossRef]
[PubMed]

Wu, L.; Luthringer, B.].C.; Feyerabend, F.; Schilling, A.F.; Willumeit, R. Effects of Extracellular Magnesium on the Differentiation
and Function of Human Osteoclasts. Acta Biomater. 2014, 10, 2843-2854. [CrossRef]

Ostrowski, N.; Lee, B.; Hong, D.; Enick, PN.; Roy, A.; Kumta, PN. Synthesis, Osteoblast, and Osteoclast Viability of Amorphous
and Crystalline Tri-Magnesium Phosphate. ACS Biomater. Sci. Eng. 2015, 1, 52-63. [CrossRef]

Cabrejos-Azama, J.; Alkhraisat, M.H.; Rueda, C.; Torres, J.; Blanco, L.; Lépez-Cabarcos, E. Magnesium Substitution in Brushite
Cements for Enhanced Bone Tissue Regeneration. Mater. Sci. Eng. C 2014, 43, 403—410. [CrossRef] [PubMed]

Jia, ]J.; Zhou, H.; Wei, J.; Jiang, X.; Hua, H.; Chen, F; Wei, S.; Shin, J.-W.; Liu, C. Development of Magnesium Calcium Phosphate
Biocement for Bone Regeneration. J. R. Soc. Interface 2010, 7, 1171-1180. [CrossRef]

Klammert, U.; Ignatius, A.; Wolfram, U.; Reuther, T.; Gbureck, U. In Vivo Degradation of Low Temperature Calcium and
Magnesium Phosphate Ceramics in a Heterotopic Model. Acta Biomater. 2011, 7, 3469-3475. [CrossRef]


https://doi.org/10.37549/AR1668
https://doi.org/10.1177/0021998319826347
https://doi.org/10.1016/j.jmbbm.2011.06.023
https://www.ncbi.nlm.nih.gov/pubmed/22098867
https://doi.org/10.1002/jbm.820040309
https://www.ncbi.nlm.nih.gov/pubmed/5469185
https://doi.org/10.4161/cam.4.3.11747
https://www.ncbi.nlm.nih.gov/pubmed/20421733
https://doi.org/10.1016/j.actbio.2008.06.020
https://doi.org/10.1088/1748-6041/3/4/044105
https://doi.org/10.1088/1757-899X/347/1/012039
https://doi.org/10.1016/j.jcis.2018.07.102
https://doi.org/10.1016/j.jallcom.2016.11.278
https://doi.org/10.1016/j.conbuildmat.2020.122213
https://doi.org/10.1016/j.conbuildmat.2017.05.110
https://doi.org/10.1016/j.jmbbm.2018.12.004
https://www.ncbi.nlm.nih.gov/pubmed/30597376
https://doi.org/10.1146/annurev-matsci-070214-020815
https://doi.org/10.1210/jc.2012-3099
https://doi.org/10.3390/nu10091293
https://doi.org/10.1016/j.ceramint.2021.09.279
https://doi.org/10.3390/nu11112576
https://doi.org/10.1016/j.ceramint.2023.07.094
https://doi.org/10.1002/advs.201902443
https://www.ncbi.nlm.nih.gov/pubmed/32328412
https://doi.org/10.1007/s00223-001-1091-1
https://doi.org/10.1016/j.actbio.2014.02.002
https://www.ncbi.nlm.nih.gov/pubmed/24512978
https://doi.org/10.1016/j.actbio.2014.02.010
https://doi.org/10.1021/ab500073c
https://doi.org/10.1016/j.msec.2014.06.036
https://www.ncbi.nlm.nih.gov/pubmed/25175229
https://doi.org/10.1098/rsif.2009.0559
https://doi.org/10.1016/j.actbio.2011.05.022

J. Funct. Biomater. 2023, 14, 424 32 of 32

203. Zeng, D.; Xia, L.; Zhang, W.; Huang, H.; Wei, B.; Huang, Q.; Wei, ].; Liu, C.; Jiang, X. Maxillary Sinus Floor Elevation Using a
Tissue-Engineered Bone with Calcium-Magnesium Phosphate Cement and Bone Marrow Stromal Cells in Rabbits. Tissue Eng.
Part A 2012, 18, 870-881. [CrossRef]

204. Schendel, S.A.; Peauroi, ]. Magnesium-Based Bone Cement and Bone Void Filler: Preliminary Experimental Studies. J. Craniofacial
Surg. 2009, 20, 461. [CrossRef]

205. Hirvinen, L.J.M.; Litsky, A.S.; Samii, V.E; Weisbrode, S.E.; Bertone, A.L. Influence of Bone Cements on Bone-Screw Interfaces in
the Third Metacarpal and Third Metatarsal Bones of Horses. Am. J. Vet. Res. 2009, 70, 964-972. [CrossRef] [PubMed]

206. Sehlke, B.M.; Wilson, T.G.; Jones, A.A.; Yamashita, M.; Cochran, D.L. The Use of a Magnesium-Based Bone Cement to Secure
Immediate Dental Implants. Oral Craniofacial Tissue Eng. 2013, 28, e357—e367. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1089/ten.tea.2011.0379
https://doi.org/10.1097/SCS.0b013e31819b9819
https://doi.org/10.2460/ajvr.70.8.964
https://www.ncbi.nlm.nih.gov/pubmed/19645577
https://doi.org/10.11607/jomi.te16
https://www.ncbi.nlm.nih.gov/pubmed/24278939

	Introduction 
	Bone Tissue and Repair Strategies 
	Bone Cements 
	Magnesium Phosphate Cements: Preparation and Properties 
	Preparation of MPCs 
	Properties of MPCs 

	Modifications of MPCs 
	Retarders 
	Biorelevant Molecules 
	Polymers 

	Biological Performance 
	In Vitro Experiments 
	In Vivo Experiments 

	Conclusions 
	References

