
Trace element doping in calcium phosphate ceramics to
Understand osteogenesis and angiogenesis

Susmita Bose*, Gary Fielding, Solaiman Tarafder, and Amit Bandyopadhyay
W. M. Keck Biomedical Materials Research Laboratory School of Mechanical and Materials
Engineering Washington State University Pullman, WA 99164-2920, USA

Abstract
The general trends in synthetic bone grafting materials are shifting towards approaches that can
illicit osteoinductive properties. Pharmacologics and biologics have been used in combination
with calcium phosphate (CaP) ceramics, however, recently have become the target of scrutiny
over the safety. The importance of trace elements in natural bone health is well documented. Ions,
e.g. lithium, zinc, magnesium, manganese, silicon, strontium etc. have shown to increase
osteogenesis and neovascularization. Incorporation of dopants into CaPs can provide a platform
for safe and efficient delivery in clinical applications where increased bone healing is favorable.
This review highlights use of trace elements in CaP biomaterials, and offers an insight into the
mechanisms of how metal ions can enhance both osteogenesis and angiogenesis.
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Can trace metal ions be an alternative to biologics in bone tissue
engineering?

Bone typically contains about 70% inorganic calcium phosphate (CaP) with the remainder
mostly comprised of organic collagen matrix. It is no surprise that some of the most
successful synthetic materials used in orthopedic implant technologies are CaP based. CaP
materials are used in a variety of orthopedic applications ranging from cements, to metal
implant coatings and, most commonly, bone void fillers. They are a bioresorbable material,
which means that over time they will break down and be replaced with natural tissue. CaPs
range in composition, which is the main determinant of their application. The Ca:P ratio
plays a critical role in the stability and overall resorptive capabilities [1].

One of the many beneficial properties of CaP materials in orthopedic applications is that
they demonstrate osteoconductive properties. Essentially, CaPs act as scaffold in which they
facilitate new bone formation by allowing the migration, attachment and proliferation of
bone forming cells. Recent trends in technology, however, focus on the incorporation of
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materials that extends the performance of CaPs to have osteoinductive properties, or the
ability to actually stimulate new bone formation. It is important to recognize that the ability
to stimulate osteogenesis, or bone growth, has to also couple with angiogenesis, or blood
vessel formation. The two processes are intricately linked and osteogenesis would not be
possible without angiogenesis [2,3]. The first commercial synthetic product to offer the
promise of osteoinductivity and angiogenesis was Medtronic's recombinant human bone
morphogenic protein-2 (rhBMP-2) Infuse product. While fantastic results have been
achieved in many applications ranging from lumbar (lower) spinal fusion,
craniomaxilofacial and dental applications, long bone grafting applications, the apparent off
label use in cervical (upper) spinal fusion applications has led to troubling issues regarding
the safety and efficacy of the product. rhBMP is a growth factor that has been proven to
induce bone and cartilage growth [4,5]. Pharmacologics and biologics, such as BMP-2, have
been used in combination with calcium phosphate (CaP) ceramics, however, recently have
become the target of scrutiny over the safety and the FDA has become increasingly resistant
to approve the use of such materials. The major concerns have related to ectopic, or
unwanted bone formation where in certain situations can lead to the very serious side effects
[6–8]. The clinical successes of rhBMP products have led to a flurry of research into the
incorporation of other potentially beneficial growth hormones and biologics into orthopedic
materials. Compounds of interest include transforming growth factor β (TGF-β), fibroblast
growth factor (FGF), insulin like growth factor (IGF), vascular endothelial growth factor
(VEGF) and a variety of bisphosphonates (BPs) [1]. With all of the negative attention drawn
to these biological compounds, however, the FDA has taken a harder stance on the approval
of such devices making commercial viability much more difficult and expensive.

An alternative and potentially safer strategy has been to look past the addition of biologics
and investigate a more natural approach. The major CaP component of bone is not a
homogenous material. Bone incorporates various nutrients (for instance Na+, Mg2+, Zn2+,
Si4+, Sr2+etc.) in the form of trace elements. These trace elements have been found to play
absolutely vital roles in the formation, growth and repair of bone (Table 1). Various studies
have also demonstrated that the addition of trace elements to CaP materials can lend
controlled degradation, increase the mechanical strength of the materials and positively
influence the biological response [9–12].

Pharmacologics and biologics are all surface loaded and exhibit a burst release effect with
very little long term benefit. While the specific action of many of these trace elements is still
largely a mystery, it has been a hotbed for research and the potential for commercialization
is high. In fact, many studies have shown that the addition of trace elements will naturally
increase production of important growth factors such as BMP-2 and VEGF [13,14]. Because
these inorganic additives are largely incorporated into the body on a dietary basis and are
used in many important processes in the body, there are distinctive regulatory mechanisms
that inherently deem their use as additives in CaPs safer than the addition of pharmacologics
or biologics.

Incorporation of trace metallic elements into tissue engineering constructs offer low cost,
longer shelf-life with low regulatory burden and low risk as compared to biologics. Due to
these added benefits, trace metallic elements delivery as therapeutic agents is getting
significant attention for the tissue engineering and regenerative medicine applications [15–
17]. The focus of this review is trace elements in CaPs, which have shown significant
osteogenic or angiogenic capability in bone tissue engineering. The purpose of this article is
to review the use of trace elements as additives to CaP biomaterials and to offer insight into
the mechanism of how these next generation biomaterials can enhance both osteogenesis
and angiogenesis for faster patient healing times and high surgical success rates.
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Monovalent Cations
Inclusion of monovalent metallic ions such as sodium (Na+), potassium (K+), lithium (Li+),
and silver (Ag+) into CaP bioceramics have been explored. The interest for Ag+ ion is
because of its antibacterial property. Substitution of Na+, K+ and Li+ monovalent cations
into β-tricalcium phosphate (β-TCP) gives some thermal stability [18]. Among these
monovalent ions, Li+ is the ion of interest that brought attention due to its role in
osteogenesis. Lithium is a fairly new additive of interest to bone substitute. Traditionally, it
is given as a medication to treat bipolar and other psychiatric disorders. Several studies have
noted that lithium treatment may result in a hyperparathyroid condition that is often mild
and reversible [19,20]. What is interesting is that hyperparathyroidism has been linked to
increased rates of bone loss, but the opposite has also been found true in a study [21], where
75 patients treated with lithium were found to exhibit significantly greater bone mass in
several areas compared to 75 normal participants. While these results were not entirely
expected from this study, preliminary findings suggested that patients treated with lithium
experienced a state of lower bone turnover. Other research has noted lithium's ability to
inhibit glycogen synthase kinase3 (GSK3), which is a negative regulator of the Wnt
signaling pathway [22,23]. β-catenin is known for its central role as signaling mediator in
canonical Wnt signaling pathway, and it has been shown that Li+ activates β-catenin
mediated T cell factor (TCF) dependent transcription during bone and cartilage fracture
healing [24]. The Wnt signaling pathway is one of the most important signal cascades bone
formation and the bone remodeling process [25,26]. Figure 1 presents aschematic
demonstration of the importance of Wnt signaling in the various aspects of the bone
formation process [27]. Research has also demonstrated a direct link between BMP
production and an activated Wnt signaling pathway in osteoblasts [28,29]. Lithium
containing CaP coatings on Ti6Al4V has shown increased cellular attachment and
proliferation in a human osteosarcoma cell line [30]. While β-catenin stabilization favors
osteoblastic differentiation once precursor cells are committed to the osteoblast lineage, the
same could interfere with the osteogenic differentiation of mesenchymal cells [24]. Thus,
the activation of β-catenin signaling by Li+ shows its great effectiveness for fracture healing
only when the fracture is treated by lithium treatment. In this sense, lithium has the potential
to be a candidate of interest for inclusion into CaP bone substitutes for orthopedic implant
applications.

Bivalent Cations
Many bivalent trace metallic ions have demonstrated their beneficial effects in bone tissue
engineering applications. Substantial evidence from literature shows that Zn2+, Mg2+, Sr2+,
Cu2+ and Co2+ ions play a vital role either in osteogenesis or in angiogenesis or in both
cases. Zinc (Zn2+) is considered an important essential trace element in human development.
There are several important metalloenzymes that utilize zinc for structure, catalytic or
regulatory actions. One such enzyme that is absolutely vital for the maturation of new bone
formation is alkaline phosphatases (ALP). ALPs are glycosyl-phosphatidylinositol anchored,
Zn2+ metallated glycoproteins that are released during the maturation process of the
osteoblastic cell life cycle and help to catalyze the hydrolysis of phosphomonoesters into
inorganic phosphates [31]. Essentially, their role is to create an alkaline environment that
favors the precipitation and subsequent mineralization of these inorganic phosphates onto
the extracellular matrix that the osteoblasts produce. Dietary deficiencies in zinc are related
to several skeletal developmental defects and may have a role in the prevention of
osteoporosis. During the natural bone remodeling process, zinc is released from the bone
[32]. The excess amount of zinc in the microenvironment due to this release is thought to
stop the osteoclastic resorption process and stimulate the osteoblastic bone building process
[33,34], which makes it an ion of high interest. Zinc doped CaP materials have shown
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increased osteoblastic response in vitro as well as new bone formation in vivo [10,35]. Zinc
phosphate cements are some of the oldest and most widely used cements in the dental
industry.

Magnesium (Mg2+) is an essential element and the 10th most abundant element in the human
body, with about 65% of total body magnesium contained in bone and teeth [36]. High doses
of magnesium in vitro were correlated to responses that suggested magnesium plays a direct
and vital role in maintaining vascular function [37,38]. The presence of Mg2+ induced nitric
oxide production in endothelial cells which is essentially the same mechanism that VEGF
uses to induce angiogenesis [37,38] as shown in Figure 2 [39]. In a yearlong animal study, a
group reported that prolonged magnesium deficiency directly resulted in osteoporosis [40].
Researchers have also found that by doping CaP materials with magnesium, the
densification is improved as well as osteoblastic cellular attachment, proliferation and ALP
production [41]. In vivo studies have noted that hydroxyapatite, a specific composition and
phase of CaP, doped with magnesium phosphate in a femoral bone defect showed greater
osteogenic properties when compared to a pure control [42]. Magnesium has been used
clinically in magnesium phosphate bone cements and in several different bioglass
compositions.

Strontium (Sr2+) is a non-essential element, which is about 0.035 % of its calcium content in
our skeleton system. Sr2+ has bone seeking behavior and has been shown to enhance bone
regeneration when incorporated into the synthetic bone graft. Essentially, because it is very
similar in size and charge to Ca2+, it is thought to displace Ca2+ ions in osteoblastic
mediated processes. Researchers have identified that strontium likely stimulates bone
formation by a dual mode of action. First, it activates the calcium sensing receptor (CaSR) in
osteoblasts [43,44], which simultaneously increases osteoprotegerin (OPG) production, and
decreases receptor activator of nuclear factor kappa beta ligand (RANKL) expression [45].
OPG is a protein that inhibits RANKL induced osteoclastogenesis by operating as a decoy
receptor for RANKL [46]. The OPG/RANKL ratio, then, can be a powerful regulator of
bone resorption and osteoclastogenesis. Figure 3(a) presents a schematic of how strontium
plays its stimulatory role on bone forming osteoblast cells, and inhibitory role on bone
resorbing osteoclast cells. A detail mechanism for osteoblastogenesis activation by strontium
is shown in Figure 3(b) [47]. In the UK, strontium is utilized in the form of strontium
ranelate as a prescriptive treatment for osteoporosis in post-menopausal women. Phase III
clinical trials that began in 2000 investigated the efficacy of strontium ranelate in reducing
vertebral fractures and peripheral fractures, including hip fractures. After 3 years, patients
treated with strontium ranelate showed significant reduction in vertebral fractures (41%) and
hip fractures (36%) compared to patients treated with placebo [48]. Several studies have
shown positive effects of the addition of strontium to CaP materials both in vitro and in
vivo. Weak bonding is a primary reason for failure of a revision total hip arthroplasty (THA)
surgery. In a study, a strontium doped HA based bone cement was used in a goat model to
investigate the outcomes of revisional THA surgeries compared to a conventional
poly(methyl methacrylate) (PMMA) cement. After 9 months, the strontium containing HA
cement was found to have better mechanical bonding than the PMMA [49]. Strontium doped
CaP material was found to increase endothelial cellular proliferation and tubule formation,
both characteristics of angiogenic abilities[50]. Strontium doped material also showed
between 5% and 10% increased new bone growth in vivo over 16 weeks when compared to
a similar material without strontium as shown in Figure 4 [51]. There is no data available
showing induced toxicity caused by the addition of strontium to biomaterials. While
strontium is not used in any US devices, a company RepRegen is already marketing a
grafting product StronBone that contains strontium in the UK.
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Copper (Cu), which is an essential trace element with its highest abundance in the liver
tissue is known for its stimulatory effect on endothelial cells towards angiogenesis [16]. Cu
functions as a cofactor and is an important component for structural and catalytic properties
of many enzymes. Although copper can exist in its oxidized cupric (Cu2+) or reduced
cuprous (Cu+) state, the bivalent Cu2+ has attracted much attention for its role in angiogenic
processes. Cu2+ ions loaded with as low as 22 ng in a dicalcium phosphate dehydrate
(DCPD) scaffold has shown improved in vivo vascularization compared to control DCPD
scaffold without any copper ions [52]. Enhanced activity and proliferation of osteoblastic
cells were observed, when 0.56 μg Cu2+/cm2 was loaded on calcium phosphate cement
(CPC) scaffolds (Brushite: CaHPO4.2H2O) [53]. Copper induced angiogenesis is also
extensively studied in the systems other than CaPs. Increased blood vessel formation is
reported when 560 ng CuSO4 was loaded per collagen scaffold [54]. In the same study,
CuSO4 in combination with 200 ng FGF-2 showed a synergistic effect on microvessel
infiltration into the scaffold, whereas microvessel area was significantly lower in the
scaffold with 200 ng FGF-2 alone. Mesoporous bioactive glass (MBG) scaffolds showed
multifunctional characteristics such as angiogenesis potential, osteostimulation, and
antibacterial properties when copper was doped into MBG [55]. A recent study
demonstrated extended survival of human umbilical vein endothelial cells (HUVECs) in
presence of 10 % CuO in a phosphate-based glass (PG) with controlled 4 ppm Cu2+ ion
release as compared to control PG in absence of copper [56]. Copper induced angiogenesis
is probably caused by the upregulation of VEGF expression [55,57]. There is a lack of
information on extended copper release from biomaterials, and in vivo effect on the
surrounding tissues. More than optimum concentration can cause copper induced cellular
toxicity. Copper can generate reactive oxygen species (ROS) in presence of superoxide
radical anions (*O2

−). These ROS induce oxidative damage to cells through DNA strand
breaks and oxidation of bases [58,59].

Cobalt (Co) is an essential element in human physiology and an integral part of vitamin
B12. The wide application of cobalt–chromium hard-metal alloys (metal-on-metal
articulations) in total joint arthroplasty over the last decade was because of their potential
advantages, including lower wear rate and increased stability compared to conventional
metal-on-polyethylene articulations. Concerns have been raised due to cobalt associated
toxicity resulted from wear, corrosion, and ion leaching from CoCr implants. Like copper,
cobalt also causes oxidative damage to cells by ROS [60]. Increased soluble Co2+ ions level
might cause serious adverse reactions to the surrounding tissues as well as systemic toxicity.
Co2+ ions can activate and increase bone resorbing osteoclast cells differentiation resulting
in osteolysis aseptic implant loosening [61]. Along with the evidence of cytotoxic effect by
Co2+ ions (usually at higher concentration), there are evidences that the presence of Co2+ in
tissue engineering scaffolds stimulate angiogenesis. It has been reported that mesoporous
bioactive glass (MBG) scaffolds doped with 2 and 5% Co2+ significantly enhanced VEGF
protein secretion, HIF-1α expression, and bone-related gene expression compared to pure
MBG scaffolds [62]. Bone marrow stromal cells (BMSCs) showed significant upregulation
of VEGF in culture condition when treated by 100μM CoCl2 [63]. Higher degree of
vascularization and enhanced osteogenesis were reported, when a collagen scaffold seeded
with these CoCl2 pre-treated BMSCs were implanted subcutaneously. One study showed
that hydroxyapatite nanoparticles (HA NPs) substituted with 5 to 12 wt.% Co2+ did not
cause any adverse effect on epithelial caco-2 cells, whereas substantially decreased
osteoblast cells in vitro [64]. Contrary to in vitro results in the same study, Co2+- HA NPs
showed improved osteogenesis and angiogenesis when implanted in a rat model bone defect.
It is believed that Co2+ ions induce hypoxia on the cellular level by stabilizing the hypoxia-
inducible factor (HIF)-1α [65,66]. Cell compensate to this hypoxic environment by
expressing genes (such as vascular endothelial growth factor (VEGF) and erythropoietin
(EPO)) that promote neovascularization and angiogenesis.
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Tri-/tetravalent cations
A growing body of evidence has been indicating that boron may be an essential trace
element to human health, with particular focus on wound healing functions and bone health.
One group has observed that isolated placental nuclei in the presence of boron synthesized
functional RNA molecules that produced the proteins VEGF and TGF-β [67]. Both VEGF
and TFG- β are vital to new bone formation and wound healing, with the method of action
being neovascularization [68]. One study has noted markedly decreased bone formation
capabilities in mice that were treated to a boron deficient diet [69]. Conversely, another
study determined that in addition to a high energy diet, boron supplementation resulted in
not only significantly increased bone mineral density, but also an increase in both
compressive and tensile bone strength [70]. Commercially, boron can be found in certain
Bioglass products (40S5B5), but not with a claim that it enhances bioactivity. It,
traditionally, has been used as an additive to enhance the workability of the Bioglass
products, but as new information emerges on the beneficial properties of boron these claims
may change its status to a bioactive nature.

Silicon (Si), while not labeled an essential trace element to human health, has some very
important functions in the human body. Silicon (Si4+) can be found in bone and connective
tissues in the body [71]. It has been found to be beneficial to cartilage and
glycosaminoglycan formation or function, which may affect bone formation and
maintenance, cardiovascular health, and wound healing [72]. In the early stages of the
biomineralization process, silicon can be found at active calcification sites [73]. During the
later stages of calcification, silicon plays a direct role in mineralization in aqueous
orthosilicic acid (Si(OH)4) form by inducing the precipitation of HA from electrolyte
solutions[73]. Because silicon is the second most abundant element on earth, deficiencies
are rare and difficult to indicate in humans, but in experimental animal models dietary
silicon deficiencies can result in deformed development of bone, low collagen formation and
stunted growth [71,74]. In silicon substituted CaP materials, the presence of silicon can
stimulate biological activity by increasing the solubility of the material, generating a more
electronegative surface and creating a finer microstructure resulting in transformation of the
material surface to a biologically equivalent apatite [75]. Early uses of silicon in CaPs were
investigated as a way to stabilize β-TCP at high temperatures to improve densification and
prevent the formation of α-TCP, a more soluble and unstable form of CaP [76]. In a study
where silicon substituted HA scaffolds were implanted in rabbits at various levels, results
showed that silicon-substituted HA had increased amount of bone growth compared to the
pure HA composition and also affected the osteoclastic resorption rates. Another study
investigated the effects of silicon substituted HA granules in rabbit model and found similar
results [77,78]. Extensive research has also been conducted on high Si content biomaterials
such as bioglass [79–81]. Si has shown its stimulatory effect on cellular activities, such as
proliferation and differentiation of osteoblast-like cells, mineralization of osteoblasts and
osteogenic differentiation of mesenchymal stem cells [79,82]. Although the exact
mechanism of induced bone regeneration by silicon is yet to be understood, it is suggested
that early stage induced bone regeneration by silicon is possibly caused by the synthesis and/
or stabilization of collagen, which is the most abundant protein in bone matrix [71,82].
Aside from the potential osteogenic benefits of silicon addition to CaPs, several recent
studies have noted that silicon may have angiogenic capabilities as well. A In a study
utilizing a non-phosphorous containing calcium silicate material, results indicated that the
presence of silicon induced VEFG expression in human dermal fibroblasts, which in turn
upregulated nitric oxide synthase and nitric oxide production in human endothelial cells
[83]. Similarly, another study utilizing a calcium silicate in a rabbit femur defect was also
able to demonstrate angiogenic effects [84]. Commercially, silicon is found in various
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orthopedic applications from silicate stabilized CaPs to the main component of Bioglass and
a mix of the two.

Manganese (Mn) is an essential dietary trace element and plays an important role in several
metabolic pathways and cellular homeostasis. More importantly, for the purpose of this
review, it has been found to play important roles in cartilage and bone formation. In one
particular study, deficiencies of manganese in young chicks resulted in bone deformation
and significantly decreased levels of serum of important bone markers calcitonin (CT), ALP,
and tartrate resistant acid phosphatase (TRAP); conversely it showed an increase in
parathyroid hormone (PTH) among others [85]. While CT and ALP are known for
osteogenesis, TRAP is a chemical secreted by osteoclasts that is partially responsible for
creating an acidic environment that helps to break down the bone. While it may be
surprising that both osteoclast and osteoblast activities are decreased, researchers have found
that manganese is essential in the binding of integrins to ligands which is the mechanism by
which cells bind to substrates [86]. In the case of osteoblasts and osteoclasts, the ability to
bind to fibronectin and collagen in the extracellular matrix is disrupted. According to the
same study, manganese also seemed to have some role in the parathyroid hormone (PTH)
signaling pathway, which is a key calcium regulator. While many studies have noted an
increase with highly controlled treatments of PTH, primary hyperparathyroidism is related
to catabolic effects that can lead to significant decrease in bone mineral density [87].
Another major role that manganese plays is in manganese superoxide dismutase (MnSOD).
MnSOD helps protect mitochondrial components of the cell from damaging reactive oxygen
species, such as superoxides, that are created during normal cellular respiration. Depleted
manganese levels can increase the occurrence of oxidative stresses which has been shown to
decrease bone mineral density [88]. Figure 5 shows that reactive oxygen species contribute
to increased osteoclastogenesis and decreased osteoblastogenesis, while MnSOD acts to
neutralize the formation of ROS [89]. Incorporation of manganese into CaP materials in low
levels has been shown to stabilize heat treatment of HA and reduce the amount of calcium
oxide, β-TCP, and α-TCP that can be formed at high temperatures [90,91]. Other studies
have noted a markedly increased osteoblastic response including cellular adhesion and
production of osteogenic compounds [90,92]. Although recent research has demonstrated
the beneficial effects of manganese presence in bone biology, there are no commercial
devices that currently utilize it.

Do multiple dopants have any added benefits than single dopants?
As single dopant systems have demonstrated good results, it stands to reason that using
multiple dopants can be used to further increase the beneficial effects of each, within the
constraints of the CaP material stability. A combination of different trace metal ions addition
in calcium phosphates can alter the degradation kinetics, inhibitory effect on
osteoclastogenesis, stimulatory effect on osteogenesis as shown in Figure 6 [93] [94]. In a
system with a magnesium and strontium combination, results showed a desirable, gradual
strength degradation rate over time in a simulated body fluid, SBF, which is an essential
requirements towards efficient bone tissue engineering [93]. Results also demonstrated that
accelerated defect healing demonstrated by greater degree of early bone formation and
enhanced bone remodeling when compared to undoped β-TCP [93]. Decreased in vitro
osteoclastogenesis was observed when zinc and strontium were doped into β-TCP [94].
Markedly accelerated early bone healing was observed in zinc and silicon doped 3D printed
β-TCP scaffolds as compared to undoped β-TCP, when tested in a rat femoral defect model
as shown in Figure 7 [95]. Electrical polarizability of calcium phosphates influences cellular
activity, which is assessed by the stored charge capability. Negatively polarized CaP
surfaces have been shown to favor osteoblast proliferation and differentiation [96].
Significantly increased stored charge density was achieved in 1 wt.% SrO and 1 wt.% MgO
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doped HA compared to undoped HA [97]. In phosphate free calcium silicate scaffolds,
strontium and zinc substitution demonstrated enhanced expression of alkaline phosphatase,
Runx-2, osteopontin, osteocalcin and bone sialoprotein when compared to pure β-TCP
scaffolds [98].

Effect of trace metallic cations in physicomechanical behavior of CaP
bioceramics

Much research has gone into the study of how additives affect the physicochemical materials
properties of CaPs. These changes in mechanical properties and biological responses are due
to the changes in the physicochemical properties of CaPs such as phase, crystallinity,
microstructure, solubility, grain size, mechanical strength and strength degradation kinetics
caused by cation substitution [99]. Thus, synthesis of cation-substituted CaP ceramics has
been the subject of immense interest owing to the critical roles played by these ions in the
biological activity of bone. The physicochemical properties of CaP might vary depending on
whether the dopant is substituting ‘Ca’ or ‘P’ site in the crystal lattice and / or staying in
their respective salt form. Depending on the ionic radius, the substitution of the added
dopant can either stabilize or destabilize the crystal structure of CaPs. The ionic radius of
Ca2+, Sr2+, Mg2+, and Zn2+ are 0.99 Å, 1.13 Å, 0.69 Å, and 0.74 Å respectively. Sr2+

substitution for Ca2+ leads to an increase in the size of the unit cell of the β-TCP lattice,
while substitution of Mg2+ for Ca2+ makes the unit cell smaller. Substitution of Mg2+ for
Ca2+ stabilizes the β phase at a higher temperature by delaying the β to α phase
transformation of TCP. Mg2+ substitution into hydroxyapatite (HA) reduces its crystallinity
due to distortion of the crystal lattice [100]. Si4+ substitution for P5+ into CaP materials
increases the solubility by introducing crystal defects. Sometimes the substitution of one
element in ceramic materials is affected by the presence of another dopant [99].

Critical Issues
There are substantial evidences showing that inorganic trace metallic cations can elicit
added physicomechanical and biological benefits, when added to tissue engineering
constructs. Although a few of the cations discussed in this review can cause toxicity beyond
a certain dose, most of these cations remain non-harmful even at considerably high
concentration [17]. Biodegradation and dissolution of CaPs or even PGs and BGs vary from
composition to composition. One of the major concerns regarding the in vivo metal ions
delivery is the amount of ions getting released, and whether the released amount is within
the therapeutic level to have any positive influence [15,101]. We need to keep in mind what
type of chemical compound we are using for metal ion doping into biomaterials. Because,
sometimes the entire chemical entity might be toxic to the host tissue, even though the
cation itself is not toxic [16]. There is very little information available about the
bioavailability of the inorganic metallic ions, when released in vivo from biomaterials.
Current understanding relating to the mechanism of action of metallic ions at the cellular
level is not well documented. In spite of these current limitations, already available
evidences suggest that further investigation with trace metallic cation doped CaP
bioceramics is going to be very worthy and timely act in bone tissue engineering for early
healing.

The Future of Trace Metal Ions in Bone Tissue Engineering
The use of CaP materials for orthopedic procedures signaled the change of an era of
implants. Technologies shifted from the use of autografts and allografts in bone grafting
applications, to a synthetic that could offer the promise of an alternative that could avoid
additional surgical techniques or use of cadaver material. In coating applications, the use of
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CaPs changed bioinert implants to a bioactive platform that allowed bone tissue ingrowth
onto the surface of the implants allowing for a true biological fixation. As scientists and
researchers discover more about how the biology of healthy bone works, they offer the
promise of another paradigm shift from materials that are simply osteoconductive, to
materials that are osteoinductive. The recent uses of growth factors have proven the
usefulness of manipulating synthetic materials to achieve these goals, besides related cost,
safety, stability have been questioned in recent years.

The use of important trace elements in bone biology in CaP materials have been shown to
alter the healing states of bone and bone growth in a manner that has inherent control
mechanisms. This research may offer the promise of osteoinductivity without the potential
harmful side effects known with pharmacologics and biologics. While preliminary research
into this area has been promising, there is still much that is unknown about how these ions
function naturally. Future research will begin to develop deeper into the mechanistic
behavior of these trace elements to gain a better understanding of how they can be used to
benefit the bone healing and growing process. This information, then, can be used to design
smarter CaP implant materials that offer a targeted healing approach at a defect site. The
potential for design is vast, ranging from a biologically relevant “cocktail” of nutrients
released throughout the lifetime of the implant to a functionally graded material that may
first stimulate angiogenesis and then as it degrades shift to a more osteogenic nature,
releasing the nutrients as they are needed.
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Glossary

Osteoblasts These cells are mononuclear cells that originate from
mesenchymal progenitors. Their primary responsibility is the
production and mineralization of the bone matrix. They
synthesize collagen and glycoproteins and regulate the local
calcium and phosphorous levels that are a key factor in the
biomineralization process.

Osteoclast Multinucleated bone cells associated with the breakdown and
resorption of mineralized bone tissue through enzymatic actions.

Osteoconductivity Is a materials property that refers to the ability of a material to
allow unimpeded bone growth onto or throughout.

Osteoinductivity Is a materials property that refers to the ability of the material to
actively stimulate new bone formation.

Osteogenesis The process of bone growth and regeneration.

Angiogenesis The process of new blood vessel formation. Newly formed blood
vessels are involved in nutrient supply and transport of
macromolecules during bone repair and regeneration.

Bone morphogenetic
protein (BMP)

A growth factor that is critical in embryonic skeletal
development, bone formation, maturation, and repair.

Extracellular matrix
(ECM)

Self-assembled macromolecules generally consisting of
collagens, noncollagenous glycoproteins, hyaluronan, and
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proteoglycans. It works as a reservoir for different cytokines and
growth factors and becomes the keystone for mineralized bone.

Trace Eelements Often referred to as micronutrients consist of any chemical
element that is required by living organisms in minute amounts.
Many trace elements are utilized in cell-produced vital enzymes
and are generally categorized in three categories: Essential –
includes iron, zinc, sodium, magnesium, copper, cobalt,
chromium, fluorine, iodine, manganese, molybdenum and
selenium, Probably Essential – includes nickel, tin, vanadium,
silicon, boron and Non-Essential – includes aluminum, arsenic,
barium, bismuth, bromine, cadmium, germanium, gold, lead,
lithium, mercury, rubidium, silver, strontium, titanium and
zirconium.
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Highlights

The future of bone grafting materials lies in osteoinductive capabilities

Bone requires a variety of important ions to maintain healthy functionality

Addition of important ions to calcium phosphate materials can have beneficial effects
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Box 1 Outstanding Questions

• What long term effects do the trace elements have on physical, chemical and
biological properties of calcium phosphate based bone replacement materials?

• Can trace metal ions be an alternative to biologics in bone tissue engineering?
and / or

• Do the trace elements have any direct effect on osteogenesis and angiogenesis?

• What are the underlying mechanisms that dopants may affect in osteogenesis
and angiogenesis and can they be made to be more effective?
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Figure 1.
Schematic demonstrating the important role of WNT in the various aspects of the bone
formation process. This figure also defines the relationship between osteoblasts and
osteoclasts in the bone remodeling process. Osteoblasts produce RANKL which stimulates
osteoclastogenesis. At the same time, however, osteoblasts also produce OPG which
competitively binds to RANKL to help decrease osteoclastogenesis. The balance of
OPG:RANKL is a very important factor in healthy bone formation. This figure has been
modified from its original version. Adapted with permission from reference [27].
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Figure 2.
Schematic representation of the mechanisms VEGF activates in endothelial cells to promote
angiogenesis. VEGF released by osteoblastic (and other) cells will activate the
transmembrane VEFGR2 receptors in endothelial cells, which in turn will activate several
pathways responsible for angiogenesis, including eNOS, basic fibroblast growth factor
(bFGF), intercellular adhesion molecules (ICAMS), vascular cell adhesion proteins
(VCAM) and matrix metalloproteinases (MMPs). Adapted with permission from reference
[39].
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Figure 3.
(a) A schematic showing the dual mechanism of action by strontium (Sr): stimulatory role
on bone forming osteoblast cells, and inhibitory role on bone resorbing osteoclast cells. Sr
demonstrates its stimulatory effect on osteoblast cells through the activation of calcium
sensing receptor (CaSR) and downstream signalling pathways, which promotes osteoblast
proliferation, differentiation and survival. While the same CaSR and downstream signalling
pathways activation by Sr in osteoclast cells induce apoptosis resulting in decreased bone
resorption. Adapted with permission from reference [47]; (b) A schematic showing how Sr
activates osteoblastogenesis: Sr induces increased production of nuclear factor of activated
Tc (NFATc)/Wnt signaling, prostaglandin E2 (PGE2), activation of fibroblast growth factor
receptor (FGFR) in osteoblastic cells, and reduction of the sclerostin expression (a Wnt
antagonist produced by osteocytes). Adapted with permission from reference [47].
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Figure 4.
I – (a) Shows arrow pointing to defect site in rabbit radiuses directly after implantation.
Radiodensity is much greater than that of surrounding natural bone tissue. (b) Shows defect
site after 16 weeks implantation with strontium doped calcium polyphosphate (SCPP).
Implant is completely integrated into surrounding tissue as evidenced by similar radio
opacity. (c) Shows defect site after 16 weeks implantation with a pure calcium
polyphosphate (CPP) graft. Implantation site is much more radio dense than the surrounding
bone tissue. II – (a) SCPP and (b) CPP tissue sections after 2 weeks stained for collagen I.
Brown color indicates collagen formation. III – (a) SCPP and (b) CPP tissue sections after 2
weeks implantation stained for BMP-2. The red/brown color indicates BMP-2. Adapted with
permission from reference [51].
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Figure 5.
(a) Schematic demonstrating the normal bone remodeling process (left) between osteoblasts
and osteoclasts. Reactive oxide species inhibit OPG production in osteoblasts while
increasing RANKL production allowing increased osteoclastogenesis and subsequent bone
resorption. MnSOD acts to neutralize the formation of ROS. (b) A more detailed look at the
signaling pathways ROS has been shown to influence in both osteoclasts and osteoblasts.
Adapted with permission from reference [89].
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Figure 6.
(a) Effect of dopants on in vitro strength degradation rate of undoped and TCP doped with 1
wt. % MgO-1 wt. % SrO, 1 wt. % SrO-0.5 wt. % SiO2 and 1 wt. % MgO- 1 wt. % SrO- 0.5
wt. % SiO2 compacts soaked for 0, 2, 4, 8, 12 and 16 weeks in SBF( **P < 0.05, *P > 0.05;
n = 6). Adapted with permission from reference [93]; (b) bone remodeling after 12 and 16
weeks in undoped TCP and SrO-MgO doped TCP. A uniform bone remodeling initiation
was observed after 12-week with Sr/Mg doped TCP as compared to undoped TCP. A
uniform and compact interface was observed between MgO/SrO doped implant and newly
remodeled bone compared to undoped TCP. Adapted with permission from reference [94];
(c) Influence of metal ions on tartrate-resistant acid phosphatase (TRAP) expression by
osteoclasts (Inset: Fluorescence microscopy images of cells after 14 days culture: red: actin
cytoskeleton, green: vitronectin receptor αvβ3 integrin, and blue: nucleolus). Adapted with
permission from reference [95]; (d) (i) Photograph of the microwave sintered 3D printed
(3DP) TCP and Sr-Mg doped TCP scaffolds for in vivo implantation, (ii) Schematic of the
distal femoral cortical defect model (anterior view); (e) Photomicrograph of 3DP pure TCP
implants (i and iii), and Sr/Mg doped TCP implants (ii and iv) showing the new bone
formation and bone remodeling inside the interconnected macro and intrinsic micro pores of
the 3DP scaffolds after 12 and 16 weeks in rat distal femoral defect model. Modified
Masson Goldner's trichrome staining of transverse section. OB: old bone, NB: new bone and
BM: bone marrow. Color description: dark grey/black: scaffold; orange/red: osteoid; green/
bluish: new mineralized bone (NMB)/ old bone; (f) Histomorphometric analysis of bone
area fraction (total newly formed bone area/total area, %) showing the new bone formation
induced by pure and Sr-Mg doped TCP at different time points (**p < 0.05, *p > 0.05, n=6).
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Figure 7.
I – (a) Shows the progression of new bone growth into either pure TCP or SiO2/ZnO doped
TCP scaffolds over the course of 12 weeks using Goldner's Trichrome stain. (b) represents
the histomorphological evaluation of same data. (c) Shows vonWillebrand factor staining to
evaluate angiogenesis over the course of 16 weeks. (d) represents quantitative analysis of the
same data. Adapted with permission from reference [95].
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Table

Role of metal ions and their mechanism of action

What role? Mechanism of action

Li+ osteogenesis     ➢ Inhibit glycogen synthase kinase3 (GSK3), which is a negative regulator of the Wnt signaling
pathway [22,23].
    ➢ Activates β-catenin mediated T cell factor (TCF) dependent transcription during bone and
cartilage fracture healing [24]. β-catenin is known for its central role as signaling mediator in
canonical Wnt signaling pathway

Zn2+ osteogenesis     ➢ In the cellular microenvironment zinc is thought to stop the osteoclastic resorption process and
stimulate the osteoblastic bone building process [33,34],

Mg2+ angiogenesis     ➢ Magnesium induces nitric oxide production in endothelial cells which is essentially the same
mechanism that VEGF uses to induce angiogenesis [37,38]

Sr2+ osteogenesis     ➢ Strontium stimulates bone formation by a dual mode of action: stimulatory role on bone
forming osteoblast cells, and inhibitory role on bone resorbing osteoclast cells.
    ➢ It activates calcium sensing receptor (CaSR) and downstream signalling pathways. This
promotes osteoblast proliferation, differentiation and survival, while at the same time induces
apoptosis in osteoclast cells resulting in decreased bone resorption [47].
    ➢ Activation of the CaSR in osteoblasts [43,44] simultaneously increases osteoprotegerin (OPG)
production and decreases receptor activator of nuclear factor kappa beta ligand (RANKL) expression
[45].
    ➢ OPG is a protein that inhibits RANKL induced osteoclastogenesis by operating as a decoy
receptor for RANKL [46].

Cu+ angiogenesis     ➢ Copper induced angiogenesis is probably caused by the upregulation of VEGF expression
[55,57].
Copper induced toxicity: At high concentration, copper can generate reactive oxygen species
(ROS) in presence of superoxide radical anions (*O2

−). These ROS induce oxidative damage to cells
through DNA strand breaks and oxidation of bases [58,59].

Co2+ angiogenesis     ➢ It is believed that Co2+ ions induce hypoxia on the cellular level by stabilizing the hypoxia-
inducible factor (HIF)-1α [65,66].
    ➢ Cell compensate to this hypoxic environment by expressing genes (such as vascular endothelial
growth factor (VEGF) and erythropoietin (EPO)) that promote neovascularization and angiogenesis.
Cobalt induced toxicity: Like copper, cobalt also causes oxidative damage to cells by ROS [60].
Increased soluble Co2+ ions level might cause serious adverse reactions to the surrounding tissues as
well as systemic toxicity. Co2+ ions can activate and increase bone resorbing osteoclast cells
differentiation resulting in osteolysis aseptic implant loosening [61].

Osteogenesis/angiogenesis     ➢ Thought to play a role in the upregulation of transforming growth factor beta (TGF-β) and
VEGF [67]

Mn+2/+3 Osteogenesis     ➢ Is thought to have implications in the parathyroid hormone (PTH) signaling pathway, a key
regulator of calcium [87].
    ➢ Manganese superoxide dismutase (MnSOD) is believed to neutralize the formation of reactive
oxygen species, which contribute to increased osteoclastogenesis and decreased osteoblastogenesis
[89]

Si+4 Osteogenesis/Angiogenesis     ➢ Has been shown to induce angiogenesis by upregulating nitric oxide synthase (NOS) leading to
increased VEGF production [83].
    ➢ Osteogenic mechanisms are not well understood, but has been shown to play a vital role in the
mineralization process [73]
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