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Strontium (Sr) and strontium ranelate (SR) are commonly used therapeutic drugs for patients suffering from
osteoporosis. Researches have showed that Sr can significantly improve the biological activity and physico-
chemical properties of materials in vitro and in vivo. Therefore, a large number of strontium containing bio-
materials have been developed for repairing bone defects and promoting osseointegration. In this review, we
provide a comprehensive overview of Sr-containing biomaterials along with the current state of their clinical use.

For this purpose, the different types of biomaterials including calcium phosphate, bioactive glass, and polymers
are discussed and provided future outlook on the fabrication of the next-generation multifunctional and smart

biomaterials.

1. Introduction

The skeleton is a vital organ in the human body that protects
important organs, maintains human movement, regulates the endocrine
system, and maintains mineral as well as nutrient stability [1,2]. Bone
tissues are formed during the growth process and the stability of bone
mass is maintained via continuous matrix renewal [3]. Bone formation is
achieved via interactions of two cell types: osteoclasts that absorb the
calcified bone matrix and osteoblasts that are responsible for new bone
formation [4]. Before adulthood, osteoblast-mediated bone formation
exceeds bone resorption, leading to bone growth [5]. In adulthood, bone
absorption and bone formation exhibit a dynamic balance to maintain a
certain amount of bone mass [6]. In old age, this balance is broken: bone
absorption is stronger than bone formation, resulting in negative bone
balance [4,7,8]. At this stage, there is faster bone remodeling, fracture of
bone trabeculae, and changes in bone trabecular structure, resulting in
reduced bone strength [9]. The persistence of this state leads to osteo-
porosis [10]. Osteoporosis is a metabolic bone disorder that is charac-
terized by low bone mass and micro-architectural bone tissue
deterioration [11]. Fracture risk for osteoporosis patients is much higher
than that of normal people [12]. With the increase in the aging global
population, osteoporosis has become an important cause of fractures
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[13]. In the United States, more than half of individuals aged 50 years of
age have osteoporosis or low bone mass [14]. Given that osteoporosis is
closely associated with estrogen levels and age, in postmenopausal
women and elderly people, osteoporotic fracture prevention and treat-
ment are essential to reducing the risks of osteoporotic fractures [15,16].

There are different types of chemotherapies for osteoporosis treat-
ment, which include (i) bisphosphonates, (ii) denosumab, (iii) intermit-
tent parathyroid hormone, (iv) sclerostin, and (iv) strontium ranelate
(SR) [17]. The molecular structure of SR consists of two non-radioactive
Sr?* and a ranelate ion. The absorption of ranelate ion is low due to its
high polarity and thus quickly excreted from the body through the kid-
ney. Therefore, Sr?* is the main component of SR that plays a pharma-
cological role [18]. Compared to other osteoporosis drugs, SR has two
pharmacological effects [19]. First, SR activates OPG/RANKL/RANK,
NF«B, and other signaling pathways to inhibit osteoclast activities and
survival [20-23]. Second, SR enhances alkaline phosphatase (ALP) ac-
tivities, collagen synthesis, and expressions of osteoblast markers such as
bone sialoprotein (BSP) and osteocalcin (OCN), leading to increased
osteogenesis [24]. However, long-term systemic use of SR is associated
with serious adverse reactions. In 2013, the European Drug Adminis-
tration limited the indication of SR to the treatment of severe osteopo-
rosis as its increased use enhances the risk of myocardial infarction,
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thromboembolic events, serious skin reactivity, and other diseases
[25-27]. In addition, pharmacokinetic studies have shown that the oral
bioavailability of SR is very low, and oral calcium (Ca) or a high Ca diet
can significantly reduce the bioavailability of SR [18]. Therefore, studies
on bone tissue engineering have proposed a new strategy for the treat-
ment of bone defects during osteoporosis i.e., implanting strontium
(Sr)-containing biomaterials (SrBMs) to continuously release Srt
locally. A series of SrCMs have been extensively investigated [25,28-30].
These materials are of great significance in the treatment of
osteoporosis-associated critical bone defects and compression fractures.

This review summarizes the applications of SrBMs in bone tissue
repair. We comprehensively elucidated on structural characteristics and
biological effects of these advanced biomaterials (BMs). Based on pub-
lished experimental studies, we analyzed the focus of research in this
field and predicted the development trend of SrBMs in the future.

2. Mechanisms of Sr at cellular and molecular levels
2.1. Effects of Sr on osteocytes

Osteoporosis is a common orthopedic disease that often leads to
pathological fractures and has a serious impact on the daily life of pa-
tients. As a common therapeutic drug for osteoporosis, Sr activates
various signaling pathways in bone cells, promotes osteoblast prolifera-
tion as well as differentiation, and inhibits osteoclast activities (Fig. 1)
[10,31]. In this chapter, we summarized the positive effects of Sr on bone
cells at molecular and cellular levels.

Sr?* stimulates the extracellular calcium-sensitive receptor (CaSR) to
activate various signaling pathways. The ERK1/2-MAPK, Wnt/fp-Catenin,
and Akt signaling pathways rely on CaSR to play their regulatory roles on
osteoblasts [10]. Physiologically, CaSR is a member of the G
protein-coupled receptor superfamily that plays a key role in regulating
Ca®* concentrations in the extracellular fluid [32]. The binding of Ca**t
and CaSR activates the receptor, which undergoes structural changes,
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thereby triggering cascade reactions of phospholipase C and
cAMP-dependent signal transduction pathways [33]. Moreover, CaSR is
activated by other divalent/trivalent metal cations, which are less
effective than Ca*t [34]. Compared to the other divalent metal cations,
Sr?* is a complete activator of CaSR, and its efficacy is close to that of
Ca?" [35]. This is because the ionic properties of Sr* and Ca?* are quite
comparable [36]. They are both spherical, double-charged alkaline earth
metal cations with similar physicochemical properties, and have a sig-
nificant affinity for oxygen-containing ligands [18]. In vivo, they exhibit
analogous osteogenic characteristics [18].

Physiologically, Sr>* activates extracellular signal-regulated kinase
(ERK) 1/2 phosphorylation to regulate the biological behaviors of oste-
oblasts [37]. Sr induces cyclooxygenase (COX)-2 and prostaglandin E2
(PGE2) expressions by activating the ERK signaling pathway [38,39].
Prostaglandins (PGs) are potent regulators of bone cell functions [40].
They act on osteoblastic as well as osteoclastic lineages to stimulate and
inhibit bone resorption and formation [41]. In vivo, PGs are produced by
actions of COX on the arachidonic acid that is released from membrane
phospholipids by phospholipase [42]. COX-2 is rapidly and transiently
induced in response to various stimuli (cytokines, growth factors, and
hormones), which are key regulators of bone cell metabolism [43,44]. In
a previous study, Sr>* was used to reverse the inhibitory effects of glu-
cocorticoids on bone marrow mesenchymal stem cells (BMSCs). It was
found that dexamethasone-induced ERK phosphorylation in BMSCs was
reduced and the ERK signaling pathway was reactivated by Sr?* treat-
ment. Moreover, ERK signal pathway activation by Sr was alleviated by
treatment with the ERK signal pathway inhibitor (U0126). These results
suggest that Sr enhances osteogenesis and matrix mineralization via the
ERK signaling pathway [45].

The Sr** promotes osteoclast apoptosis via the OPG/RANKL/RANK
signaling pathway [46]. The OPG/RANKL/RAN signaling pathway has
been extensively studied. Identification of the OPG/RANKL/RANK sys-
tem as the dominant, final mediator of osteoclastogenesis represents
major advances in bone biology [47,48]. Initially, osteoprotegerin (OPG)
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was found to be synthesized as a 401 amino acid peptide, with a
21-amino acid propeptide that was cleaved, resulting in a mature protein
of 380 amino acids [49]. As a soluble decoy receptor belonging to the
tumor necrosis factor (TNF) receptor superfamily, preliminary cloning
and identification of OPG is the first step leading to the disintegration of
this system [50]. The OPG mRNA is expressed in many tissues, including
the lungs, heart, kidneys, liver, stomach, gastrointestinal tract, brain and
spinal cord, thyroid, and bone [51]. Functionally, OPG inhibits osteoclast
differentiation and activity [52]. It interferes with interactions between
receptor activators of nuclear factor kappa-B ligand (RANKL) and RANK,
which further inhibits osteoclast differentiation [53]. Shortly after its
discovery, researchers used OPG as a probe for expression cloning and
identified its ligand to be OPG-L/ODF [53]. Moreover, RANKL and
OPG-L/ODF have been established to be identical in terms of function
[53]. Human RANKL is a polypeptide composed of 317 amino acids [54].
It exists in two forms: the 40-45 kDa cell membrane binding form and the
31 kDa soluble form, which are split from 140 or 145 full-length forms
[54]. RANKL mRNA is expressed at the highest levels in the bone, bone
marrow, and lymphoid tissues [52]. Its main roles in the bone are to
promote osteoclast differentiation, and activities and inhibit their
apoptosis [55]. With the discovery of OPG/RANKL, the RANK receptor of
RANKL was also identified [56]. The RANK receptor on osteoclast cells is
the only receptor of RANKL on these cells [56]. This was revealed by the
fact that RANK gene knockout mice suffered from severe ossification due
to a lack of osteoclasts [57]. Sr>t enhances OPG expressions and inhibits
RANKL expressions [58]. Even though Sr?* has no real effects on RANKL
proteins in cells, it indirectly affects RANKL membrane localization [59].
With increasing OPG protein production, membrane-related RANKL
levels decrease [59]. This explains why Sr?t enhances the proliferation
and differentiation of osteoblasts and inhibits osteoclast activities.

The Wnt signaling path is divided into dependent p-Catenin proteins
and independent B-Catenin proteins, which can regulate late bone for-
mation and bone resorption [60]. Mature osteoblast p-analysis of mice
with increased and loss of catenin function mutations showed that
Wnt/p-Catenin signaling significantly increased bone mass due to
decreased bone resorption, but did not affect bone formation [61].
Moreover, Wnt in mature osteoblasts/f-catenin signal promotes OPG
expressions while inhibiting osteoclast formation [62]. These findings
indicate that the Wnt/p-Catenin signaling pathway plays a key role in
bone anabolism. Independent -Catenin signaling path, Wnt5a, as a Wnt
ligand, binds the Ror2 receptor on osteoclast precursors to promote
RANK expressions and increase bone resorption activities [63]. The Sr2t
can enhance classical and non-classical Wnt signaling pathways [64].
Sr2t upregulates B-catenin to activate transcription factors such as Runx2
[65]. Sr2* inhibits the expressions of Wnt pathway inhibitors, prevents
B-catenin degradation, and promotes osteogenic differentiation [65].
Moreover, Sr?*t activates the CaR of mesenchymal stem cells (MSCs) to
stimulate Wnt secretion and upregulate the expressions of f-catenin and
FZD8 receptors to enhance osteogenesis [66].

2.2. Effects of Sr on osteoimmunomodulation

The immune microenvironment of the bone defect is one of the
important factors affecting bone reconstruction and repair. The design of
orthopedic BMs is gradually transitioning from biological inertia to
immunomodulation [67]. Studies have shown that Sr2t can regulate the
immune microenvironment in bone tissue to promote bone and vascular
regeneration [68,69]. First, Sr?" can affect the polarization direction of
macrophages [70]. Macrophages are important regulators of innate and
adaptive immunity, often derived from monocytes. When the body is
injured, macrophages not only clear dead cells and cell debris through
phagocytosis and activate specific inflammatory factors but also secrete
proteins or cytokines that stimulate wound healing through paracrine
signaling [71]. The different functions of macrophages are related to
their polarization direction. As an important defense line for human
immunity, macrophages must respond quickly to pathogens or foreign
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damage signals to remove foreign objects or damaged and apoptotic cells
[72]. At this point, macrophages polarize in the M1 direction. M1 mac-
rophages (proinflammatory macrophages) mainly secrete proin-
flammatory cytokines such as tumor necrosis factor-a (TNF-),
interleukin-1 (IL-1), and IL-6, attracting other immune cells (e.g., CD4™"
T cells, CD8™" T cells, and dendritic cells) to participate in the recruitment
of cells at the wound site, the clearance of pathogens, and the initiation of
acute inflammatory reactions, thereby laying the foundation for subse-
quent bone tissue repair [73]. Generally, the powerful proinflammatory
effect of M1 macrophages determines the destroyed destiny of substantial
bone tissues. However, several recent studies have generally believed
that moderately activated M1 macrophages are beneficial for osteogenic
differentiation of MSCs mediated by oncostatin M (OSM) or bone
morphogenetic protein 2 (BMP2) [74,75]. Contrary to M1 macrophages,
M2 macrophages (anti-inflammatory macrophages) are associated with
tissue repair, remodeling, and healing. The inhibitory cytokines used by
M2 macrophages to resist inflammation mainly include interleukin-1
receptor antagonist (IL-1RA), IL-10, and transforming growth factor
beta (TGF-f). IL-10 and IL-1RA are known to promote osteogenesis and
inhibit osteoclast activity [76]. Research has demonstrated that Sr2t
promotes macrophage polarization in the M2 direction, resulting in a
beneficial osteogenic microenvironment that supports bone regeneration
[70]. However, this osteogenic effect has a strong dose dependence.
Some studies have shown that excessive M2 macrophages may lead to
pathological osteogenesis, which is because M2 macrophages can also
secrete a large number of fibroblast cytokines, leading to the formation of
fibrosis [77]. Moreover, an excessive polarization of macrophages to-
wards the M2 phenotype causes a reduction in M1 macrophages. Studies
have shown that M1 macrophages play a positive role in regulating
osteogenesis, and very few M1 macrophages are not conducive to the
construction of an osteogenic microenvironment [78,79]. Therefore,
how to generate the optimal M1/M2 ratio is an important factor in
determining the bone repair ability of BMs. Confirming the optimal Sr**
range and regulating macrophages to promote bone healing will be one
of the issues that Sr-containing bone repair materials must overcome.

T lymphocytes constitute the primary constituent of the adaptive
immune system, and when activated, they can stimulate osteoclast ac-
tivity by activating RANKL, thereby increasing bone resorption. T lym-
phocytes can also release interferon-y to interfere with TNF receptor-
related factor 6 (TRAF6), a key signaling pathway for RANK/RANKL,
which can inhibit osteoclast formation by blocking the activation of this
signaling pathway [71]. Currently, research on the direct impact of Sr**
on T lymphocytes are very limited. The impact of Sr** on lymphocytes
may be another direction for studying the bone immune environment in
the future.

2.3. Effects of Sr on angiogenesis

Blood vessels play a crucial role in promoting the regeneration and
repair of segmental bone defects. Blood vessel deficiency can lead to
severe necrosis at fracture sites [80]. Insufficient blood supply after the
bone injury is a major cause of poor fracture healing, affecting the re-
covery of approximately 10% of bone fracture patients [81]. Excellent
bone tissue engineering materials should be able to promote local
vascularization. It has been reported that Sr activates multiple signaling
pathways and enhances the expressions of angiogenesis-related genes
[82-84]. Vascular endothelial growth factor (VEGF), as one of the most
potent mediators of bone formation, is expressed by hypertrophic
chondrocytes of the growth plate [85]. The VEGF protein exerts its
angiogenic functions in ATDC5 chondrocytes in an autocrine/paracrine
manner [86]. Zhu et al. [87] found that Sr?* enhances VEGF expressions
in rat chondrocytes, and the higher the concentration of Sr** within a
certain range, the higher the VEGF levels. In vitro, SR was shown to
enhance VEGF expressions in the femoral head, thereby improving the
pathological damage caused by femoral head avascular necrosis [88].
Angiotensin-1 (ANG-1) is an agonist that is required for endothelial cell
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survival, proliferation, and vascular maturation [89]. Ang-1 and VEGF
regulate angiogenesis to varying degrees, VEGF induces vascular
germination and growth while Ang-1 mediates vascular remodeling and
maturation [90]. Yan et al. [91] and Yu et al. [39] confirmed that Srt
enhances VEGF and Ang-1 expressions. Hypoxia-inducible factors (HIFs)
are transcriptional complexes that are heterodimers consisting of HIF-«
and HIF-B subunits [92]. The hypoxia-inducible factor 1-alpha (HIF-1a)
regulates VEGF's transcriptional activation of hypoxia and insulin-like
growth factor-I (IGF-I) to stimulate vascular growth [93,94]. In a previ-
ous study, Sr-modified titanium (Ti) alloy implants significantly
increased HIF gene expressions in human umbilical vein endothelial
cells. Compared with the untreated group, Sr-modified implants exhibi-
ted a stronger ability to induce angiogenesis [95]. Moreover, Sr activates
the PI3K/AKT/mTOR signaling pathway to induce angiogenesis [96].
The PI3K/AKT pathway is involved in various cellular processes,
including cell proliferation, migration, and survival, and also contributes
to vascularization [96]. mTOR, a key kinase downstream of this pathway,
is involved in angiogenesis [97]. Guo et al. [98] found that SR-induced
AKT and mTOR protein expressions in HUVECs were markedly
increased. However, after PI3K/AKT inhibitor treatment, AKT and mTOR
protein expressions were inhibited while the in vitro angiogenesis abili-
ties of HUVECs were alleviated [98]. These results confirm that SR pro-
motes angiogenesis via the PI3K/AKT/mTOR pathway.

3. SrBMs
After decades of development, BMs are widely used in the clinical

treatment of bone defects [99]. The development of BMs in bone tissue
engineering has gone through three stages. The first stage was the
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generation of bio-inert materials with excellent mechanical properties,
which are used to treat injury- or disease-related bone defects. The sec-
ond stage was the generation of biocompatible second-generation ma-
terials with a high affinity for surrounding tissue structures to support
bone growth (bone conductivity). The third stage was the generation of
bioactive materials with super bone conductivity, bone induction, bone
integration, and significant anti-inflammatory/anti-infection abilities. In
the future, the Sr element will play a great role in bone tissue engi-
neering. First, StBMs greatly enhance the biological activities of mate-
rials [25]. BMs that slowly release Sr in the body can also result in good
bone integration under the conditions of osteoporosis [19]. Herein, we
summarize SrBMs, including calcium phosphate (CaP) ceramics, bioac-
tive glasses (BGs) and polymers. These materials can be used to make
bone scaffolds, cement, and coatings. The osteogenic and angiogenic
effects of these materials at the cellular level and in vivo were also
discussed.Table 1

3.1. Sr-containing CaP ceramics

Bone tissue is composed of ~70 wt% CaP nanocrystals with apatitic
structures that are heterogeneously nucleated on a three-dimensional
(3D) collagenous matrix and includes various bioactive ions. The disor-
dered nature of this apatite (Apt) phase is conducive to regulating the
dynamic biological processes of bone metabolism, making this abiotic
mineral phase a “living inorganic crystal” [100]. Inspired by bionics, CaP
materials have been widely used in orthopedics and dentistry, including
synthetic bone graft substitutes and coatings on the surface of metal
implants. Research and use of CaP materials have achieved impressive
success, such as improving the clinical survival rate of femoral

Table 1
Summary of Sr-containing materials in the bone tissue engineering.
Material Chemical compound Implant type In vitro result In vivo result Reference
CaPs Sr, CaP Scaffold Promote cell adhesion and induce (Ca + Sr)/P = 1.64 in the HA layer = None [114]
close to natural bone tissue
Sr, CCP Scaffold Promote the growth of bone cells in the high calcium environmentand ~ Promote rabbit's bone [115]
inhibit the growth of bone cells in the low calcium environment formation
Gelatin, Sr, CaP Scaffold Promote the proliferation of human osteoblasts None [119]
SrPG, p-TCP Scaffold Promote osteoblast growth and inhibit osteoclast activity Promote bone growth and [120]
angiogenesis
Gelatin, Sr, BCP-PVA Scaffold Promote osteoblast proliferation and differentiation None [121]
PCA, citric acid, potassium Bone cement None Nove [132]
citrate, Sr, CaP
Sr, HA, a-TCP, DCPD, Bone cement Enhance osteoprogenitor cell proliferation and osteogenic None [133]
differentiation
Sr, DCPD, BaSO4 Bone cement Promote the expression of osteogenic and angiogenic genes Promote the formation of [134]
o-TCP bones and blood vessels
Sr, HA Coating None Improve bone integration in [144]
osteoporosis rats
BGs Sr, BGs Scaffold None Promote bone growth [156]
Sr, Mg, BGs, Chitosan Scaffold Promote apatite formation None [160]
Sr, BGs Nanoparticles Promote osteogenic differentiation of MSC None [164]
Sr, BGs Nanoparticles ~ Promote the polarization of macrophages toward the M2 direction None [165]
Sr, BGs Nanoparticles ~ Promote osteoblast phenotype and inhibit osteoclast growth None [166]
Sr, BGs Bone cement Promote MSC osteogenic differentiation and HUVEC tubular formation =~ Promote bone regeneration at [167]
bone defects
Polymer SrCO3, MgHPO,4-3H,0, Scaffold Promote osteoblast proliferation and differentiation Promote hip bone [181]
Mg(OH),, PCL regeneration in horses
Sr, CPP, PMMA Bone cement Promote cell growth and mineralization deposition None [194]
Sr, PMMA Bone cement None None [195]
Sr, BGs, PMMA Bone cement Promote cell proliferation Stimulate the new bone
formation
Sr, SA Hydrogel Promote differentiation of osteoblast None [205]
Sr, SA, BGs Hydrogel Promote chondrogenic differentiation of cells and affect the Promote cartilage [207]
polarization of macrophages regeneration
Sr, CMC Hydrogel Promote the proliferation and mineralization of osteoblasts None [214]
Other Sr, CaSiO3, CaS04-2H,0 Bone cement Promote osteoblast activity and proliferation None [220]
BMs Sr, CaSiO3, CaS04-2H,0, Bone cement None Promote bone and blood vessel [221]
Chitosan regeneration
Sr, TiO, Coating Promote the activity of osteoblasts under the condition of osteoporosis ~ Enhance bone integration in [230]

the osteoporosis model
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Table 2
Summary of effects of Sr/Sr*" addition on physicochemical properties of BMs.
Materials  Physicochemical properties Reference
HA Improved mechanical strength, increased solubility, [111,
decreased crystallinity, and increased d-spacing and 112]
crystal cell unit parameters.
B-TCP Increase elastic modulus and mechanical strength [113]
BGs Increase crystallinity, crystallization starting point, [150]
crystallization peak value, and degradation rate
SA As the concentration of strontium ions increases, the [204]
crosslinking degree and elastic modulus of SA increase,
and the swelling and degradation rate decrease
CaSO4 Decrease the degradation rate [221]

components in total hip implants [101]. Currently, CaP materials that
have been extensively studied include hydroxyapatite (HA), tricalcium
phosphate (TCP), octacalcium phosphate (OCP), and biphasic calcium
phosphate (BCP), composed of HA/TCP [102-104]. HA is the main
component of bone's inorganic phase and was first used to prepare
bioactive materials. However, unmodified HA has several serious draw-
backs. For example, large particles may cause local aseptic inflammation,
poor mechanical properties make it difficult to replace the load-bearing
site, and the slow degradation rate requires the patient to bear the pain
of removal surgery [105-107]. Additionally, a very rapid biodegradation
rate means that this material cannot match the growth rate of a new
bone. To solve this problem, researchers mixed HA and TCP at different
ratios to prepare BCP, which combines the advantages of TCP and has a
controllable degradation rate [108] However, too fast a biodegradation
rate means that it cannot match the growth rate of new bones. To solve
this problem, researchers mixed HA and TCP at different ratios to prepare
BCP, which combines the advantages of HA and TCP and has a control-
lable degradation rate [109]. OCP is an important phosphate component
in natural bones, which is a precursor of HA, and converts to HA during
bone formation. Unlike TCP, the degradation rate of the OCP material in
vivo matches the rate of bone formation, enhancing its potential to
become a new generation of bone tissue replacement materials in the
future [110]. It is noteworthy that CaP alone cannot achieve good bone
integration under osteoporotic conditions. Therefore, Sr** — with the
ability to inhibit osteoclast activity and promote osteoblast differentia-
tion — is bound to CaP materials. In the current stage of research,
Sr-containing CaP materials have been developed into bone scaffolds,
bone cements, and implant surface coatings, and have achieved excellent
results.

It is well known that Ca®* in the lattice structure of HA can usually be
replaced to some extent by divalent cations. The substitution amount
changes the crystal structure of Ca and also leads to structural defor-
mation and changes in the phase stability, solubility, and reactivity, as
well as in the mechanical properties of the material [111]. One study
showed that doping Sr*" into the lattice of HA can affect the physico-
chemical properties of materials, including improving their mechanical
strength [112]. These results are also applicable to other CaP materials.
For instance, Xu et al. [113] found that after adding 30 and 50% of Sr to
B-TCP, the elastic modulus and hardness of the sample were significantly
improved. The reason behind this is complex. Some people believe that
because Ca in HA is replaced by Sr’>* with a larger radius, its lattice
parameters will elongate and the basic crystal structure will deform
[111]. However, the specific reason why Sr improves CaP materials re-
mains unclear and warrants further exploration. Nonetheless, the most
important role of Sr/Sr?* is not to improve the mechanical properties of
the material. Sr containing CaP materials are believed to continuously
release Sr2* locally, thereby improving bone mineral density and me-
chanical properties in osteoporosis.

When Sr-containing CaP materials are developed into bone scaffolds,
they can effectively improve bone integration at the bone scaffold
interface and promote bone regeneration. A study has shown that as an
additive to CaP, Sr has a stronger osteogenic activity than some
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commonly used therapeutic ions. Li et al. [114] compared the abilities of
CaP scaffolds doped with different therapeutic elements (magnesium
(Mg), Sr, and zinc (Zn)) to induce HA. The Sr doped scaffolds were the
only ones that exhibited the ability to induce the Apt layer. Although we
believe that the addition of Sr/Sr?* has a positive impact on the osteo-
genic ability of CaP scaffolds, this osteogenic effect may be influenced by
the internal environment. One study found that Sr®* in different con-
centrations of Ca%" environments had completely different effects on
cells. Sr?* can inhibit osteoblast functions by suppressing ALP activities
and inhibiting osteopontin as well as osteocalcin absorption under
standard Ca®" concentrations (1.8 mM). Conversely, elevated Ca?t
concentrations (9 mM) enhance the bone regeneration effects of Sr2*
[115]. Thus, proper Ca/Sr should be selected when preparing
Sr-containing CaP scaffolds to ensure their effects on osteoblasts are
promoting rather than inhibiting. Although Sr?* can improve the me-
chanical properties of CaP materials to a certain extent, it is not sufficient
to change the physicochemical properties of CaP materials themselves.
For instance, Sr containing HA materials still have shortcomings such as
fragility and poor plasticity [116,117]. More importantly, CaP materials
only simulate natural bone in composition and significantly differ from
the bone in structure. Therefore, modifying CaP materials with poor
plasticity is an effective strategy to change their mechanical properties.
The composite CaP material obtained by adding natural or synthetic
polymer particles to the CaP material exhibits good mechanical proper-
ties and biocompatibility [118]. The modified CaP material is process-
able, and precise simulation of bone tissue can be achieved through some
special manufacturing techniques. Wu et al. [119] developed a gelatin
Sr—CaP scaffold with directional osteogenesis. The scaffold is manufac-
tured via the freeze-drying method, which can simulate the bone tissue
by introducing a unidirectional temperature gradient to control the ice
crystal network to form axial holes. This manufacturing method can
adjust the structure of the scaffold hole to make it close to the natural
bone. As an adhesive, gelatin improves the plasticity of CaP scaffolds. He
et al. [120] combined Sr-containing phosphate-based glass (SrPG) with
B-TCP and used the extrusion micro drilling technology to prepare
three-dimensional interconnects scaffolds (Fig. 2). The scaffolds exhibit a
channel-shaped square large hole (>650 pm) formed by extrusion, a
channel-shaped circular large hole (>570 pm) formed via micro drilling
and abundant micropores. This structural design is more suitable for cell
adhesion on scaffold surfaces. The addition of BGS has improved the
compressive strength of p-TCP. In vivo and in vitro, the release of Sr2t
inhibited osteoclast activities and improved osteogenic activities. A
considerable number of new blood vessels and new bone tissues were
formed in scaffold holes implanted in rabbit femoral defects. Mohapatra
and Rautray [121] mixed gelatin, Sr containing HA, and $-TCP to prepare
a novel BCP scaffold. Compared with the traditional CaP scaffold, this
new scaffold can control the degradation rate of the scaffold in vivo by
adjusting the proportion between components and adapting better to the
dynamic bone defect healing process.

The CaP cement (CPC) was first proposed in the 1980s by Brown and
Chow in the United States [122]. In the beginning, CPC was only used to
treat maxillofacial defects and fractures [123]. Currently, various for-
mulas of CPC have been developed to meet the treatment conditions of
specific diseases [124]. Compared with polymethyl methacrylate
(PMMA), the main advantage of CPC is that it can solidify in vivo [125].
The orthophosphate powder of various components is mixed with a
liquid to form a plastic paste, which solidifies and hardens when
implanted [126]. Compared to polymerization-solidified PMMA, CPC is
the result of dissolution and precipitation, and precipitation crystal
entanglement is the cause of cement solidification [127]. The coagula-
tion reaction of CPC is nonexothermic; thus, it is often used as a carrier
for protein drugs [128]. Moreover, CPC has excellent biological activ-
ities. It can directly combine with the bone, thus, there is no need to
worry about poor bone integration [129]. However, poor mechanical
strength limits the further application of CPC [130]. In recent years,
polymer-modified CPC has significantly improved its mechanical
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Fig. 2. Fabrication of three-dimensional (3D) interconnected bioceramic scaffolds using extrusion-microdrilling [120]. (A) Schematic diagram of manufacturing
bioceramic scaffold and its effect in vivo and in vitro. (B) a) Schematic diagram of the extrusion-microdrilling process for preparing 3D interconnected green bodies. b)
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extrusion-microdrilling samples. (C) X-ray diffraction (XRD) patterns. (D) Photographs of Masson's trichrome staining in femoral defects implanted with E-TCP,

EM-TCP, and EM-TCP/SrPG scaffolds at the 6th week postoperatively.

properties and is considered to have the potential to replace PMMA bone
cement [131]. Sr/Sr** can improve the mechanical properties of CPC to a
certain extent. More importantly, CPC-containing Sr can achieve better
bone bonding under conditions of osteoporosis. Sun et al. [132] added
polycarboxylic acid (PCA), citric acid, potassium citrate, and Sr to CPC to
develop a high-strength bone cement. It has not been determined
whether the mechanical strength of this bone cement is superior to that of
PMMA. But, the Sr-containing CPC can compensate for the difference in
mechanical strength between it and PMMA by enhancing peripheral
bone integration in osteoporosis. To further verify this supposition, Lode
et al. [133] performed balloon kyphoplasty of human cadavers and
revealed that the mechanical properties of Sr-containing CPC are
completely suitable for this type of surgery. Furthermore, Wu et al. [134]
documented that Sr-containing CPC has significant angiogenic capac-
ities. Compared with CPC, the number of new blood vessels formed by
Sr-containing CPC after implantation in rats was significantly increased
(Fig. 3).

In recent years, some modification technologies have significantly
improved the mechanical properties of CaP scaffolds; but these scaffolds
still have the disadvantage of poor mechanical properties. The prepara-
tion of CaP coatings on different metal substrates has attracted wide-
spread attention in the past few decades. CaP and its composite coatings
have been proven to improve osteogenic activity, corrosion resistance,
and even antibacterial properties of the surface of metal prostheses
[135]. Studies have shown that the biological effects of CaP coatings in
vivo are related to the type of CaP material, Ca-phosphorus ratio, surface
morphology, and additives [136-138]. Currently, researchers have pro-
posed various strategies for functionalizing CaP coatings, including the
addition of proteins, growth factors, and therapeutic ions to cope with
complex internal environments [139-141]. Among them, Sr-containing
CaP coatings are considered to be an effective strategy for inhibiting
bone resorption at the implant interface and promoting bone integration.

Because Sr is a high-temperature-resistant metal element, the method of
coating Sr-containing CaP mainly depends on the type of the CaP mate-
rial and the base material. For high-temperature phase CaP (HA, TCP),
plasma spraying is the most commonly used coating method in clinical
practice. However, the potential for coating cracking during heating and
cooling is a serious disadvantage of this coating method, especially in
long-term clinical applications, which may cause inflammatory reactions
and even osteolysis [135]. To overcome this shortcoming, Boyd et al.
[142] used magnetron sputtering (MS) to combine Sr into an HA lattice to
form SrHA coating and found that surface morphologies of the coating
changed significantly with an increase in StHA amounts. Christensen
et al. [143] found that Sr in the SrHA coating prepared by MS can be
effectively released into the surrounding bone tissue. In addition, some
chemical methods for preparing Sr—CaP-containing coatings have ach-
ieved good results. For instance, Li et al. [144] prepared SrHA coating on
Ti implant surfaces via sol-gel and showed good bone integration effects
in osteoporosis models. This proved the feasibility of preparing SrHA
coatings by sol-gel to improve implant fixation in osteoporotic bones.
Ding et al. [145] developed a SrHA-containing CS coating and investi-
gated the effects of SrHA with different degrees of substitution on bone
tissue. This coating can be loaded with 100% SrHA and is expected to be
widely used in orthopedics, dentistry, and craniofacial surgery to pro-
mote bone regeneration.

3.2. Sr-containing BGs (SrBGs)

BGs is a type of medical BM with good biocompatibility and can
regenerate and repair bone defects. In 1969, Professor Larry L. Hench of
the University of Florida decided to prepare a degradable glass with high
Ca content and near ternary eutectic in NapO-CaO-SiO2 in the
Nap0-Ca0-SiOo-P205 system and named Bioglass or 45S5 [146]. The
new proposed definition of a bioactive glass is “a non-equilibrium,
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Micro-CT 12 weeks after implantation.

non-crystalline material that has been designed to induce specific bio-
logical activity” [147]. When BGs is implanted in the body, chemical
reactions mediated by ion exchange occur between BGs surfaces and the
surrounding biological fluids, resulting in the formation of a layer of
hydroxycarbonate apatite (HCA) at the bone/implant interface [148].
This stage is very comparable to the CaP mineral stage of mammalian
bones. Furthermore, the ions and degradation products released from
BGs can activate the expression of genes related to osteogenesis and
angiogenesis, which has led to BGs becoming a popular material for bone
defect repair [146]. The manufacturing process of BGs includes the
traditional melting method and the sol-gel method. Compared with the
traditional melting method, the sol-gel method has been proven to pre-
pare highly uniform and nanosized BGs (nBGs) [149]. Since doping glass
by introducing therapeutic ions into the sol is relatively easier than
traditional melt quenching routes, various functionalized BGs have been
developed in succession [150]. Among different therapeutic elements,
adding Sr?* to BGs to improve bone remodeling in osteoporosis has
received considerable attention. In SrBGs, some Ca is replaced by Sr,
resulting in changes in its physicochemical properties and reactivity in
contact with biological fluids. Kargozar et al. [150] provided a detailed
overview of the changes in physicochemical properties caused by Sr
replacing Ca2* or Na* in BGs. In this chapter, we focus on the repair

effects of different SrBGs materials on bone defects in an osteoporotic
environment.

As a new strategy for the treatment of bone defects in osteoporosis,
SrBGs scaffolds have been extensively studied for performance and in vivo
evaluation. Currently, the preparation methods of porous BGs scaffolds
include foaming, template, freeze-drying, and 3D printing [151-154].
The principle of foaming is to introduce gas into the reaction system
through physical or chemical means during the process of material
molding, and as the bubbles stabilize, the material has a porous structure
[155]. Erol et al. [156] prepared 3D SrBGs scaffolds using a melt polymer
foaming process. They demonstrated that such scaffolds can continuously
release Sr>* in a synthetic body fluid (SBF) for a long time. However,
excessive temperature can lead to the loss of biological activity of the
material. Nommeots-Nomm et al. [157] introduced a new foaming
technology, a gel-casting foaming process. The advantage of this tech-
nology is that the gelatin temperature-controlled gel is used instead of the
original polypropylene polymerization to prevent the reduction of the
biological activity caused by the crystallization of glass particles during
sintering due to excessive temperature difference. In rabbit models,
SrBGs scaffolds exhibited the ability to support and maintain bone
growth for a long time. The template method is a common method for
preparing porous scaffolds. Its principle is to create a space for the
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material reaction using a template designed in advance. After the reac-
tion is completed, the template is removed to obtain a porous scaffold. A
template-prepared Sr-based mesoporous bioactive glass (MBGs) scaffold
has been proven to effectively stimulate the proliferation and differen-
tiation of BMSCs and promote new bone formation in bone defects under
osteoporotic conditions [158]. However, the main limitation of this
method is its high brittleness, which limits its clinical application.
Freeze-drying is a porous scaffold manufacturing technology that is
performed at low temperatures and low pressure. The main principle is to
process aqueous raw materials into specific shapes, freeze the water into
ice, and then dry the raw materials under a vacuum. The space occupied
by the original ice can form a pore structure [159,160]. This method
preserves the physical structure and appearance of the raw material and
prevents a decrease in the biological activity caused by high-temperature
crystallization. Guo et al. [161] prepared an Mg and Sr co-doped bioac-
tive glass/chitosan (MSBG/CS) composite scaffold wusing the
freeze-drying method and demonstrated that this composite scaffold has
good mechanical properties and Apt inducing ability (Fig. 4). Among the
manufacturing technologies of porous BGs scaffolds, 3D printing tech-
nology has the most potential for clinical application. Compared with
other manufacturing technologies, 3D printing technology can simulta-
neously control the macro and microstructure of the scaffold to achieve
dual matching with natural bone tissue [162]. One study showed that the
compressive strength of the Sr-based MBGs scaffold manufactured using
3D printing technology is 170 times higher than that manufactured using
the template method [163]. This type of high-strength scaffold can be
used in load-bearing areas such as the hip and knee.

In the past few decades, the development of nanotechnology has
revolutionized BGs materials. BGs nanoparticles (NPs) are capable of
producing higher mechanical strength and bioactive materials [164]. At
present, the main preparation method for biological NPs is the sol-gel
method. To obtain NPs with better dispersion, the traditional sol-gel
method is divided into two steps: (i) hydrolyze alkoxy organometallic
compounds in the precursor to hydroxyl compounds under acidic con-
ditions, and (ii) condense hydroxyl compounds to produce almost
monodisperse NPs under alkaline conditions. To further prevent the
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polymerization of NPs, it is necessary to freeze-dry and calcine the
samples prepared using the sol-gel method [164]. StBGs NPs can effec-
tively promote the osteogenic differentiation of stem cells. The main
mechanism is for the NPs to enter the vesicles of human MSCs through a
mixed endocytosis mechanism and maintain continuous degradation to
release ions [165]. The mechanism of intracellular degradation has also
been observed in macrophages, and the presence of SrBGs NPs in the
macrophages’ vesicles does not cause a decrease in cell viability. When
SrBGs NPs are cocultured with RAW264.7 cells, the cells polarize to-
wards the M2 population, which promotes regeneration, rather than the
M1 population, which promotes inflammation [166]. These results
demonstrate the good immune induction of SrBGs NPs. In addition,
SrBGs NPs have been shown to selectively affect osteoblasts. For
example, SrBGs NPs enhance the mineralization ability of osteoblasts
while interfering with osteoclast formation in vitro [167]. In addition,
another new type of bone cement composed of SrBGs NPs has attracted
significant attention from researchers. This nano bone cement has a
unique solidification method: the ions released by nBGs in the disodium
hydrogen phosphate (NaaHPO4) solution precipitate on the surface of the
NPs together with the ions in the solution. The precipitate is composed of
Ca - Sr - Si oxides and is in an amorphous phase, enabling the NPs to
form a network and harden. This nanoparticle bone cement exhibits a
higher surface area, approximately 9 times higher than that of traditional
CPC [168]. Moreover, when nano bone cement is immersed in SBF, ul-
trafine Apt nanocrystals are produced, resulting in a considerable protein
molecular adsorption level (approximately 160 times that of CPC). This
new type of self-hardening Sr-containing nBGs bone cement exhibits
excellent bone defect repair capabilities in vivo and in vitro (under oste-
oporosis). Through the release of various therapeutic ions, it is expected
to become a substitute for PMMA and CPC (Fig. 5) [169].

3.3. Sr-containing polymer

Polymer is a material with good biocompatibility, controllable
degradation rate, and good flexibility [170]. Its excellent properties make
it a popular choice in bone tissue engineering [171]. The first batch of
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Fig. 4. The freeze-drying method was used to synthesize the Mg and Sr co-doped bioactive glass/chitosan (MSBG/CS) composite scaffolds [161]. (A) The fabrication
process of MSBG/CS composite scaffold. (B) The cross-linking of CS. (C) SEM images of MSBG/CS composite scaffolds immersed in SBF solution for 14 days.
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TRAP staining and pit formation assay.

biodegradable scaffolds for clinical use is made of natural polymer ma-
terials (sodium alginate (SA), chitosan, collagen, etc.) because they
interact well with various cell types and do not induce any immune
rejection [172]. However, the mechanical strength of natural polymers is
poor and they cannot be used as bone scaffolds for load-bearing sites
[173]. Therefore, synthetic polymer scaffolds came into being. Compared
with natural polymers, most synthetic polymer scaffolds are cheap [174].
Synthetic polymers have high strength, high elasticity, and high biode-
gradability, are lightweight, and perfectly match the 3D printing
manufacturing process [175]. Although synthetic polymer materials
have excellent performance, their low biological activities, and hydro-
phobic surfaces inhibit the attachment of osteoblasts, leading to low bone
induction and bone conduction capacities [176]. Thus, some bioactive
materials have been mixed with polymer materials [177]. Sr-containing
polymer materials have been extensively studied in the past decade.
Sr/Sr?* has been contained in polymer powder to form a highly bioactive
material.

3.3.1. Sr-containing poly(e-caprolactone) (PCL)

PCL has good biodegradability, chemical stability, thermal stability,
histocompatibility, and solute permeability [178]. Compared with other
polymers, PCL has a higher compressive strength; thus, it is widely used
in fields with higher requirements for mechanical properties [179]. PCL
has a relatively slow degradation rate in vivo, which ultimately degrades
into water and carbon dioxide under the catalysis of body fluids [180].
However, this degradation rate is not fixed and is affected by factors such

as processing technology and geometric shape [181]. Based on this
property, PCL materials can be used as carriers for various drugs. It is well
known that PCL materials can either be used as additives to improve their
mechanical properties by mixing with Sr-based CaPs or BGs or can be
used alone as carriers for Sr/Sr2* to be developed into scaffolds or
coatings to exert effects. For instance, Golafshan et al. [182] developed
an MgPSr-PCL composite scaffold with high mechanical strength. This
support has been proven to have a compressive strength of 4.3 MPa and
support up to 50 cycles without plastic deformation. In addition, the
scaffold has ultra-high bone inductivity and can induce osteogenic dif-
ferentiation of stem cells without the addition of bone inducers (Fig. 6)
[182]. Such Sr/Sr2+—containing PCL materials can replace unstable and
expensive growth factors to impart biological activity to materials.

3.3.2. Sr-containing PMMA bone cement

The first-generation bone cement in the world was PMMA bone
cement, which was developed by Charnley in 1960. It is the most widely
used bone cement today [183]. The PMMA bone cement is composed of a
powdered PMMA copolymer and a liquid methyl methacrylate (MMA)
monomer [183]. During operation, the liquid mixture can be converted
into high-strength solid bone cement after the above two substances are
mixed and stirred [184]. The polymer can reach 90% of its ultimate
strength within 1 h of mixing [185]. Galibert et al. first proposed the
reinforcement of vertebral compression fractures with PMMA bone
cement via percutaneous vertebroplasty (PVP) in 1987 [186]. They
injected the PMMA cement into the compressed cone to mechanically
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Fig. 6. Sr-containing 3D printing MgP/PCL biological
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stabilize the fracture [187]. This method has a revolutionary significance
in the treatment of bone compression fractures [188]. PMMA is a bio-
logically inert material that is not reabsorbed after being injected into the
human body [189]. However, PMMA is highly associated with bone
cement leakage, which can be as high as 65% in osteoporosis patients
[190]. Cement leakage may result in serious complications, including
life-threatening pulmonary embolism, cerebral embolism, and acute
respiratory distress syndrome [191]. Apart from avoiding improper op-
erations, the prevention of osteoporosis reduces bone cement leakage
risks [192]. This is because osteoporotic fractures form cavities that are
easy to leak the bone cement after injection [193]. Another disadvantage
of PMMA is that when two monomers polymerize, they release a lot of
heat, which may cause damage to the body [194]. Due to these limita-
tions, various biological modifications have been performed on PMMA to
improve their osteogenic activities and reduce bone cement leakage
risks. A variety of Sr-containing PMMA bone cements have proven to
have better mechanical properties and biological activity, Such as Liu
et al. [195] developed a Sr-containing calcium polyphosphate (SCPP)
modified PMMA. Compared with ordinary PMMA, this bone cement has
stronger biological activities and low reaction temperatures (Fig. 7). In
another study, Goni et al. [196] prepared a Sr-containing bioactive
glass-modified PMMA (SrBGs/PMMA) bone cement. This type of mixed
bone cement has low maximum exothermic temperatures, slow setting
time, and high injectability. Cui et al. [197] proved that the
SrBGs/PMMA bone cement has better performance and stronger osteo-
genic capacities. They found that 12 weeks after implantation in rats, a
new bone was formed around the SrBGs/PMMA bone cement, while the
connective tissue was only formed in the PMMA bone cement. These
bone cements reduce the heat released by mixing the bone cement by
reducing the proportions of PMMA in bone cement, and bone cement
bioactivities are further improved by Sr modifications. However, they
only revealed that the Sr-modified PMMA bone cement promotes bone
integration under physiological conditions, and more studies should aim
at elucidating their significance in treating bone defects in osteoporosis
models.

3.3.3. Sr-containing hydrogel
Hydrogels are excellent carrier materials that have gained wide
attention in the past decade [198]. They are hydrophilic three-position
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network structure gels [199]. As drug carriers, they can control the
speed and time of drug release, and maintain a certain drug concentra-
tion in damaged parts to achieve therapeutic effects [200]. Their physi-
cochemical properties determine the drug release rate and duration
[200]. Compared with other coating technologies, hydrogel coatings can
control Sr/Sr*" release, which can avoid the negative impact of excess or
insufficient Sr/Sr?*

SA, a natural polysaccharide, is a by-product of iodine and mannitol
and is extracted from kelp or sargassum alginate [201]. Under mild
conditions, SA can crosslink with sr?* to form hydrogels [202]. The
gelling environment of SA is mild, which avoids the inactivation of active
substances such as proteins, cells, and enzymes [203]. Due to these
characteristics, SA has a wide range of applications in the medical field.
As a carrier of Sr?*, SA hydrogel has natural advantages. The sodium ion
on the SA G unit can exchange with Sr?*, and the G unit stacks to form a
cross-linked network structure, forming a hydrogel. As the concentration
of strontium ions increases, the crosslinking degree and elastic modulus
of SA increase, and the swelling and degradation rate decrease. There-
fore, the physicochemical properties of the SA hydrogel can be adjusted
based on Sr?t concentration [204]. Sr-containing SA can deliver sr?t to
bone defects in the form of a coating or scaffold. However, there may be
some worrying issues. First, the binding force between the SA hydrogel
and base material is not strong enough, which may cause the coating to
fall off too quickly and release the drug in undesignated areas [205]. To
solve this problem, Yuan et al. [206] used dopamine as an adhesive to
enhance adhesion between the coating and implant and achieved good
results. In addition, SA as a carrier may have an early explosive release,
especially for unmodified SA [207] According to the current research,
most of the Sr?*-crosslinked SAs have not exhibited significant cytotox-
icity; however, this issue has been largely considered by researchers. Cai
et al. [208] reported a new type of Sr-containing BGs-crosslinked SA
hydrogel. Sr?* is first released from BGs, then cross-linked with SA, and
finally released to osteochondral defects through the degradation of SA.
This model prevents the short-term burst release of Sr?* directly from the
hydrogel. When this composite hydrogel is injected into the cartilage
defect model, it stimulates macrophages and polarizes to the M2
phenotype through the local release of Sr?t, and then promotes the
chondrogenic differentiation of BMSCs (Fig. 8).

Carboxymethyl cellulose (CMC), a white fibrous or granular powder,

10



X. Sheng et al.

PDA

9 9,

Uncoatem
SCPP

PDA coated ="

SCPP D/SCPP

Dopamine
Tris-HCI

e P -
00 i i
o 0 SCPP-.\\

Caz* POZ

PO Ca

¥ e
ﬁ(

Materials Today Bio 20 (2023) 100636

PDA are capable of
absorbing Ca?*

B Cc

SCPP/PMMA

PMMA SCPP/P D/SCPP/P

Fig. 7. Sr-containing calcium polyphosphate and polyamine-modified PMMA bone cement [195]. (A) Preparation, characterization, physicochemical properties, and
bioactivity of composite bone cements. (B) Micro-CT of PMMA bone cement composite. (C) The confocal microscopy images of adhesion and growth of MG63 cells on
PMMA composite bone cement.

nucleus

D/SCPP/PMMA

f-actin

merge

SA/BG__ SA/SIBG

A -.SI’Z‘ 8 C

R . -
- -

w
I >
C
B SA/BG SA/SrBG Normal 8
----- - R <
— A s L .in{{um
oc ¢ .=
& RC,
RC i o oc =
= L
©
i ")
& " 200um ,
k; < os » . 8 .
RC ;
R& ac QcC ocC 20pm O h

Fig. 8. Sr crosslinked sodium alginate bioactive glass hydrogel [208]. (A) Schematic diagram of Sr cross-linked sodium alginate bioactive glass hydrogel. (B)
Safranin-O/fast green staining and IHC for COL I. (C) The gross appearance of pellets cultured in different extracts. (D) HE staining, AB staining, Safranin-O staining,
and IHC for COL II of pellets cultured in different extracts.

11



X. Sheng et al.

is an anionic polymer compound with a molecular weight of several
thousand to several million Da [209]. Interestingly, the dispersion of
CMC in water can form a transparent colloidal solution, a CMC gel [210].
Due to its low toxicity and immunogenicity, good responsiveness,
biodegradability, and biocompatibility, the CMC gel has become one of
the most promising materials to be used as drug carriers [211]. With
increasing studies on hydrogels, researchers have shifted their attention
from ordinary hydrogels to intelligent response hydrogels. Various
intelligent hydrogels that can respond to changes in environmental
conditions, including temperature, electric field, pH, or other conditions
have been developed [212,213]. The CMC can be cross-linked in
different environments, including metal ions, radiation, and natural
polymers [214]. An Sr?* crosslinked CMC hydrogel coating can promote
bone regeneration on implant surfaces. Lopa et al. [215] coated CMC
hydrogel loaded with Sr?* and BMSCs on the surface of macroporous Ti.
They found that when the SrCly concentration in the hydrogel was 5
pg/ml, it significantly improved the osteogenic differentiation abilities of
BMSCs, and increased the expressions of the calcified matrix, type I
collagen, and ALP activities. Lovati et al. [216] investigated the car-
boxymethyl cellulose hydrogel loaded with Sr?* and human BMSCs. The
bioactive hydrogel and BMSCs exerted synergistic effects in enhancing
bone deposition. Therefore, they postulated that using Sr>* loaded CMC
hydrogels and seeding BMSC prosthesis implants is an effective strategy
for improving the bone integration abilities of implants.

3.4. Other SrBMs

As a BM that is widely used in clinical practice, calcium sulfate
(CaS04) has various advantages, including good biocompatibility and
degradability, sufficient sources, convenient sterilization, and other
characteristics [217]. CaSO4 cement has been approved by the US Food
and Drug Administration (FDA) to be used in clinical bone defect treat-
ment [218,219]. In the body, CaSO4 can be completely degraded and
absorbed through humoral-mediated dissolution and cell-mediated
phagocytosis and does not have any significant impacts on Ca levels in
blood [218]. However, if the CaSO,4 degrades too fast, the biological
support of the material is lost, the bone conduction activity is reduced,
and the fibrous tissue is formed in the filling area, which is not conducive
for bone matrix mineralization and affects new bone remodeling [220].
Sr/Sr?* plays a crucial role in the modification of CaSO4 bone cement by
improving osteogenic activity and slowing down the degradation rate.
Wang et al. [221] reported a two-phase bone cement composed of
Sr-containing Ca silicate (Sr-CSi), and CaSOy in vitro experiments have
shown that the addition of Sr—CSi improves the biological activity of the
composite and delays the release of Si*" and Sr**, as well as the
biodegradation of the cement. However, the specific mechanism by
which Sr?" affects the degradation of CaSO, bone cement is yet to be
elucidated. Miao et al. [222] also proved that the Sr-containing CaSO4
bone cement has good biodegradability. In vivo and in vitro, the
Sr-containing CaSO4 cement effectively promoted bone regeneration.

Titanium dioxide (TiO) coatings are usually prepared on Ti alloy
surfaces by electrochemical techniques or hydrothermal methods. TiO2
coating with micro and nanostructures prepared by chemical reaction not
only endows the Ti alloy with certain biological activity but also im-
proves the wear and corrosion resistance of the Ti alloy surface. The TiOy
nanotube structure formed on the surface of Ti by anodic oxidation is
considered to be a good carrier, and the local release of drugs can be
achieved by storing Sr/Sr?* in the nanotube to promote osteogenesis
[223-226]. However, anodic oxidation is limited by the fact that it
cannot control the drug release rate in TiOy, which may cause large
amounts of Sr?* to be released around the implant, leading to cytotox-
icity and affecting bone regeneration [227]. Therefore, a new coating
technology, namely micro-arc oxidation, has been developed by
increasing the external electric field voltage and enhancing arc discharge
on material surfaces [228]. Compared with anodic oxidation, the coating
prepared by micro-arc oxidation has higher wear and corrosion
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resistance [229]. The micro-nano surface produced by micro-arc oxida-
tion has higher hydrophilicity and can better immobilize the coating
materials to achieve sustained drug release [230]. Shen et al. [231]
prepared Sr-TiO3 coating by micro-arc oxidation and proved that it has
excellent biocompatibility. The coating — when containing with high
concentrations of Sr>* — does not only cause cytotoxicity but also
effectively promotes the regeneration of bone defects in osteoporosis
models (Fig. 9).

4. Co-doping of Sr with therapeutic ions

In recent years, the strategy of using therapeutic ions as additives has
achieved significant success in the field of BMs (see Table 2). Currently,
researchers have sought to promote tissue regeneration, increase anti-
bacterial activity, and improve bone integration by doping different
therapeutic ions in some BMs such as HA and BGs. Although the impact of
each therapeutic ion combination is currently being studied, the poten-
tial for binary, ternary, and mixed element doping is considered to have
greater practical applications. Synergistic effects between different ele-
ments can produce more complex effects, possibly endowing BMs with
more and stronger therapeutic functions (Table 3). In this section, we
discussed the physicochemical properties of BMs which co-doping Sr
with other therapeutic ions and their effects on cell behavior, providing a
new reference for the future development of multifunctional SrBMs.

4.1. Iron (Fe)-Sr co-doping

Fe is an essential element in human life activities. It is involved in
several complex metabolic processes, including hemoglobin synthesis,
the conversion of blood sugar into energy, and the production of enzymes
[117]. During bone growth, a Fe-deficient diet at an early age may result
in the inhibition of osteoblasts, which can greatly affect bone develop-
ment. Conversely, excessive Fe in the body can inhibit osteogenic activity
and lead to osteoporosis in children, adults, and postmenopausal women
[232]. In recent years, research on Fe-Sr co-doped materials has mainly
focused on the field of HA materials. HA lattices have 10 known Ca sites
that can be occupied by external ions and alter their physicochemical and
biomechanical characteristics [232]. Studies have shown that different
ions have different substitution positions in the HA lattice. In Sr-doped
HA materials, a low Sr content (<1%) is conducive to the substitution
of Ca-I sites, while a high Sr content is conducive to the substitution of
Ca-II sites. For Fe, the Ca-II site (6-fold coordination) is favorable for Fe?*
substitution, while the Ca-I site (4-fold coordination) allows for Fe®t
substitution. The Fe-Sr co-doped HA material developed based on the
above theory has been proven to have good biocompatibility [232]. As
scaffold materials, the addition of Fe and Sr improves the mechanical
properties of HA and accelerates angiogenesis and bone regeneration
after implantation in vivo [112]. As a nanocarrier, the addition of Fe
endows HA materials with a certain degree of magnetism, which pro-
vides potential advantages for their application in high-temperature and
targeted drug delivery systems through external magnetic fields. A study
has shown that Sr-Fe co-doped HA NPs can load more chemotherapy
drugs and enhance efficacy. Furthermore, Sr-Fe-HA exhibits super-
paramagnetism, enabling it to be directed to specific locations through
the application of an external magnetic field [233]. However, some
findings are also worth our attention. Firstly, in materials containing high
doses of Sr-Fe-HA, research on the release and controllability of Sr and Fe
ions still has significant limitations. Moreover, studies have shown that
when Fe3' replaces Ca in HA, the thermal stability of the material
significantly decreases [232]. Therefore, replacement with large doses of
Fe®' may affect the storage of drugs.

4.2. Silver (Ag)-Sr co-doping

Although SrBMs have been proven to have good osteogenic activity,
their poor mechanical properties and antibacterial properties limit their
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Fig. 9. Preparation of Sr-containing TiO, coatings by micro-arc oxidation [231]. (A) Schematic diagram of micro-arc oxidation treatment. (B) AFM images of different
samples. (C) Schematic diagram of phenotypic regulation by peroxidase pathway in high Sr group. (D) Representative micro-CT scan images of different groups.

Table 3
Summary of co-doping Sr with other therapeutic ions.
Ions Function Reference
Sr-Fe Promote osteogenesis and endow materials with magnetism [112]
[232,233]
Sr-Ag Improve antibacterial properties [234-238]
Sr-Zn Improve antibacterial properties, osteogenesis, and [239-242]
antioxidant properties
Sr-Co Promote angiogenesis and antibacterial properties and [243-246]
endow materials with magnetism
Sr—Cu Improve antibacterial properties and osteogenesis [247]
Sr-F Improved antibacterial, mechanical properties and [248-251]
osteogenesis
Sr—Mn Improve corrosion resistance and osteogenesis [252,253]

clinical application. As a long history of antibacterial agents, Ag and Ag™
have strong antibacterial effects and a broad spectrum of antimicrobial
activity [234]. Ag silver preparations possess excellent antibacterial
properties; however, if their concentration surpasses a particular
threshold, they can have harmful effects on human cells [235]. Some
researchers have proposed that the addition of secondary chemicals is an
effective strategy to eliminate the side effects of Ag preparations and
maintain their antibacterial properties. A previous study has shown that
the addition of Sr to Ag-doped CaP powder can effectively counteract the
negative effects of Ag and improve the mechanical properties and oste-
ogenic activity of the material [236]. Although Sr can counteract the
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cytotoxic effects of Ag, it does not inherently impede the release of Ag,
and the cytotoxicity of Ag might resurface once the Sr has been released
entirely. Therefore, Huang et al. innovatively adopted graphene oxide
(GO) to slow down the release of Ag" and Sr** in Ag-Sr co-doped HA
materials, effectively reducing the cytotoxicity generated when high
concentrations of Ag+ are released [237]. The combination of Ag-Sr
co-doped HA and frozen gel composed of silk fibroin and chitosan can
also effectively prevent the cytotoxicity caused by ion burst release
[238]. These modification strategies could be applied in the treatment of
infectious bone defects in the future.

4.3. Zn-Sr co-doping

It is well known that Zn is an essential trace element in the human
body and it plays an important role in bone formation. As a metal ion
with both antibacterial and osteogenic functions, Zn?" can not only
enhance the expression of osteogenic-related genes but also effectively
inhibit the proliferation of Staphylococcus aureus [239]. When Zn and Sr
are doped into BGs, they significantly affect mechanical properties,
including dissolution behavior and the glass transition temperature (Tg)
[240,241]. In addition, the antioxidant properties of BGs show a dose
dependence on Sr and Zn. When the release concentrations of Sr and Zn
are limited to below 10 and 2 ppm, respectively, BGs can exhibit good
antioxidant behavior by enhancing cell viability and eliminating oxida-
tive stress reactions [240]. One study pointed out that in Sr—Zn co-doped
BGs, the release of Zn can stimulate osteogenic differentiation and



X. Sheng et al.

proliferation of stem cells and promote the formation of Apt layers in
simulated body fluids, while the release of Sr can only promote the dif-
ferentiation of stem cells but cannot promote their proliferation, and
inhibit the formation of Apt [242]. This antagonistic effect may be
related to the dissolution behavior of Sr and Zn in simulated body fluids.
However, research on Zn-Sr co-doped CaP materials is limited. There-
fore, this antagonistic behavior warrants further investigation in the
future.

4.4. Cobalt (Co)-Sr co-doping

Co is an element with therapeutic potential. Although Co has been
treated as a toxic element for a long time, researchers have found that at
low concentrations, it can pass through HIF-1a pathways to induce cell
hypoxia, thereby increasing the expression of vascular endothelial
growth factor (VEGF) to promote angiogenesis [243]. Some studies have
shown that Co can enter HA through hydroxide (OH) channels or replace
Ca sites, endowing HA materials with certain antibacterial and magnetic
properties [244]. Therefore, researchers conducted in-depth studies on
the angiogenesis ability of Co-Sr co-doped BGs materials. It was found
that at a certain concentration, Co-Sr co-doped BGs materials showed no
significant cytotoxicity and their excellent ability to promote osteo-
genesis and angiogenesis in a rabbit bone defect model has been proven
[245,246]. These findings provide a new approach for the repair of bone
defects and the regeneration of the hard/soft tissue interface. However,
whether high-dose Co-doped materials have cytotoxicity and whether Sr
and Co have synergistic effects deserve further discussion.

4.5. Other element-Sr co-doping

Copper (Cu) is an important element that participates in the synthesis
of various enzymes and proteins. Cu can stimulate vascular regeneration
and inhibit bacterial proliferation in vitro. Sr-Cu co-doped MBGs can
maintain the continuous release of two metal ions, enhancing the anti-
bacterial and angiogenesis capabilities of the material [247]. Unlike
other dopants, fluorine ion (F™) is a non-metallic anion that can replace
the hydroxide ions (OH™) in Apt to form fluoroapatite (FA). Compared
with pure Apt materials, the addition of F~ increases the compressive
strength and osteogenic activity of the material [248,249]. Interestingly,
the two studies gave opposite conclusions. The experimental results of
Ganjali et al. [250] showed that Sr-doped FA coatings increase cellular
activity and antibacterial activity of the scaffold surface. Shahrouzifar
et al. showed that Sr-doped FA scaffolds have poorer biocompatibility
and bioactivity compared with Sr-doped Apt scaffolds and pure FA
scaffolds [251]. The reasons for this difference may be related to the
manufacturing method of FA and the dosage of the doped ions. Manga-
nese (Mn) is a trace mineral with a radius very close to Ca2+, which al-
lows Mn®" to enter osteoblasts through Ca channels to regulate the
differentiation of osteoblasts [252]. Studies have shown that when Mn?*
is doped into a bioglass, it can effectively stimulate the expression of ALP
[253]. In addition, in CaP materials co-doped with Sr, the addition of
Mn?* further increases the osteogenic activity of the material while
improving its corrosion resistance [252]. This is because Mn?* and Sr?*
reduce the unit volume and particle size of HA, thereby increasing the
density of HA coating and reducing the corrosion current in physiological
body fluids.

In summary, there are numerous types of therapeutic elements co-
doped with Sr, and remarkable achievements have been made in
increasing antibacterial activity and osteogenic activity. However, it is
undeniable that research on such materials is very limited and insuffi-
cient, and most studies cannot explain whether there is a synergistic ef-
fect between therapeutic elements and Sr, as well as whether doping
doses can ensure biosafety. Therefore, future research should focus on
the synergy between elements and explore the optimal content ratio to
achieve the best therapeutic effect.
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5. Expectations
5.1. Long-term Sr delivery composites

The use rate of oral bisphosphonate in osteoporosis treatment is much
higher than that of SR. This is not because the therapeutic effect of
bisphosphonate is better than SR, but because orally administered SR has
many side effects. To ensure patient safety, only patients with severe
osteoporosis can use SR. To reduce the side effects of oral SR, there is a
need to develop a BM that can release Sr2* for a long time (in years).
Various SrBMs have been developed to address fractures and bone de-
fects in osteoporosis. However, osteoporosis is a systemic disease that
does not disappear because local fractures are cured. Long-term oral anti-
osteoporotic drugs remain the only approach for patients with osteopo-
rosis to prevent such fractures. We propose a strategy to prevent and treat
osteoporosis by replacing oral drugs with BMs, which release Sr?* over
an extended period. Because we cannot predict whether the risk of this
invasive implant surgery is lower than the risk borne by long-term oral
medication. Therefore, we believe that this strategy is only suitable for
patients who have developed fractures or bone defects and need BM
implantation for treatment. This material can prevent or treat osteopo-
rosis by locally releasing Sr>" into the blood, which then reaches the
bone tissues throughout the body via blood circulation. It may be the
combination of Sr-containing coating and Sr-containing implant. The
coating outside the implant can ensure that Sr>* in the implant is not
released. When the coating is slowly degraded, Sr?* in the implant begins
to be slowly released, thereby extending the release time of Sr>*. This
material should have a stable Sr*>* release rate as it should load a large
amount of Sr**. When released too fast, it can easily result in serious
cytotoxicity. The load and release rate of Sr?* can be adjusted according
to the severity of the patient's condition. If this composite material can be
successfully developed, it may be able to avoid the long-term drug use-
associated psychological, gastrointestinal, and liver function pressures
in osteoporosis patients.

5.2. Treatment of bone tumors using 8°Sr-containing materials

Metastatic bone tumors are a serious threat to human health. Lung
cancer, breast cancer, thyroid cancer, and prostate cancer are prone to
distant bone metastasis [254-257]. Therefore, studies are aimed at
establishing appropriate strategies to inhibit the progression of bone
malignancies and alleviate the pain caused by bone malignancies. 3°Sr,
trade name Metatron, is a drug that provides palliative treatment for
patients suffering from bone pain due to metastatic bone tumors [258].
When intravenously administered, 8°SrCl, replaces Ca in bone HA. This
radioactive drug is excreted through the kidneys and feces, and about
30%-35% of the radioactive drug remains in the bones [258]. Since the
absorption rate of 8°Sr by bone tumor cells is much higher than that of
healthy bones, it can inhibit tumor development and relieve pain [258].
However, large doses of radiopharmaceuticals can result in significant
bone marrow suppression after intravenous administration, followed by
a decrease in leukocyte and platelet counts. This may result in other
complications, such as anemia, infection, or internal bleeding [259].
Therefore, there is a need to develop a BM that can be completely
degraded in the human body, fix 8°Sr in it, and implant it into the tumor
cell aggregation site for continuous release. In this way, the amount of
radioactive substances entering the body circulation is far lower than that
of intravenous administration, and local high-dose drugs can also effec-
tively inhibit tumor cell proliferation and metastasis.

5.3. Injectable Sr-containing hydrogel for fracture

It is well known that the probability of fractures in patients with
osteoporosis is much higher than in healthy individuals. In some cases,
fractures associated with osteoporosis are not serious; however, the
imbalance in the ratio of osteoblasts to osteoclasts in the body may cause
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anonunion of fractures. Clinically, patients are often required to take oral
bisphosphonates to treat or prevent this type of disease. Although oral
bisphosphonates are effective in preventing and treating osteoporotic
fractures, the side effects of long-term oral bisphosphonates, such as
gastrointestinal disorders, renal burden, and bone necrosis, cannot be
overlooked. Researchers have proposed strategies for the subcutaneous
administration of drugs to prevent osteoporosis and fractures [260].
Therefore, we plan to develop a biodegradable Sr-based hydrogel that
can be used for nonvertebral fractures. It can be injected subcutaneously
into the fracture site to improve the osteogenesis of the fracture site and
the immune microenvironment to promote fracture healing. This type of
hydrogel is temperature sensitive. When injected into the fracture site, it
can respond to the body temperature and become a gel immediately, and
can be adsorbed in the fracture or bone defect area. It is noteworthy that
this treatment strategy is not suitable for an osteoporotic population with
large bone defects because the mechanical strength of this injectable
hydrogel may not be comparable to that of bone tissue temporarily.
Furthermore, how to accurately inject the hydrogel into a specific site is a
challenge that must be solved, especially for deep fractures.

6. Conclusion

SR/Sr are well-known drugs for osteoporosis treatment. Apart from
oral administration, Sr is widely used in BMs. As a metal element with
osteogenic activities, Sr is doped into various BMs and released locally for
a long time to promote new bone formation. Studies on SrBMs are only
limited to cell and animal experiments, clinical applications and large-
scale production are still far away. These materials should be verified
as having the ability to play expected roles in the human body. Moreover,
the stability, durability, economic benefits, and repeatability of materials
are key factors for their commercialization. Finally, treatment and sur-
gical indications as well as potential complications after implantation of
these materials should be elucidated further.
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