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Abstract. Bone repair has been a challenging issue for a long time. Some recent studies focused
on the incorporation of metallic elements into scafffolds for improving the performance for bone
regeneration. This review explores the use of metallic elements in bone repair scaffolds, focusing
on strontium (Sr), silicon (Si), magnesium (Mg) and Titanium (Ti). These elements enhance
scaffold properties, promoting bone regeneration. Sr5(P0O4)2SiO4 (SPS) bioceramic scaffolds,
fabricated through 3D plotting and sol-gel methods, exhibit superior mechanical strength and
induce osteogenesis and angiogenesis in vitro. Sr and Si ions within the SPS scaffolds upregulate
genes related to cell proliferation, osteogenesis, and angiogenesis. Porous magnesium (Mg)
scaffolds, with their biodegradability and ability to stimulate bone formation, offer an alternative
to traditional metal implants. Mg scaffolds demonstrate good biocompatibility, physical
properties, and osteoinductive potential. Porous titanium (Ti) scaffolds, manufactured through
powder metallurgy, address the issue of stress shielding associated with conventional Ti implants.
The interconnected pore network and controlled porosity of these scaffolds mimic natural bone,
leading to improved biocompatibility and cell interaction.
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1. Introduction

Bone injuries and defects remain a significant challenge in today’s medical field, often requiring
complex surgical interventions and lengthy recovery periods. To deal with these problems, the
fabrication and innovation of effective bone repair scaffolds have been focused by researchers for a long
time in clinical industry. Simultaneously, the exploration of various elemental applications in bone
repair scaffolds has also seen considerable advancements in recent years, greatly improving the
regenerative performance of bone repair scaffolds.

Bone repair scaffolds are three-dimensional structures designed to provide a supportive and stable
environment for the reformation and repair of damaged or lost bone tissue. These scaffolds typically can
be fabricated from multiple types of biomaterials, including some polymers (natural and synthetic),
ceramics, and composites. They are engineered to simulate the extracellular matrix of the original bone
[1]. The structure, porosity, and mechanical properties of the scaffolds play an essential role in
promoting cell attachment, differentiation, and proliferation, as well as the scaffold’s overall integration
with the surrounding environment.

A key recent advancement of bone repair scaffolds is that they are engineered to have the ability to
serve as a delivery platform for small molecules that promote the development of new bone, such as
growth factors and stem cells, which can further enhance the regenerative process [2]. Alongside the
development of bone repair scaffolds, the incorporation of various metallic elements into scaffolds has
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received significant attention in recent years. Several metallic materials, such as titanium, cobalt and
magnesium etc. have been successfully used in other clinical industries. Recent studies have showed
that those incorporated specific metallic elements can significantly improve various characteristics of
the scaffolds, including material strength and porosity. Apart from these, added metallic ions can greatly
induce various genes associated with cell proliferation, cell differentiation, osteogenesis and
angiogenesis etc. In this review three types of metallic elements (strontium+tsilicon, magnesium and
titanium) added bone repair scaffolds will be introduced.

2. Sr5(P04)2Si04 bioceramic scaffold

Bioceramic often occupy an important position in bone regeneration. Recently, strontium (Sr) and
Silicon (Si) have received attention in clinical industry because of their distinguished functions in
bioceramics [3,4]. Si, which is one of the essential trace elements in the body, has been shown its
imperative role for keeping connective tissues such as bone and cartilage articular healthy [5]. It is
immediately involved in the course of biomineralization of newly developed bone and the production
of secreted type 1 collagen [6]. Besides, it also acts as a key role in the synthetic process of cartilage
extracellular matrix (ECM), osteoblast differentiation and growth of bone [7]. Due to these special
characteristics in bone and cartilage regeneration, Si has been broadly adopted in fabrication of
bioceramics and bioactive glass, improving their biological performance [8,9]. Sr is a vital trace element
that has an activity nearly the same as calcium in bone [ 10]. Sr is significantly important for maintaining
the functions of human tissue, increasing the osteoconductive ability of calcium phosphate and
enhancing the mechanical strength of bone tissue [11]. While promoting the differentiation of osteoblast
and suppressing that of osteoclast, Sr exhibits the activity to reduce degeneration of cartilage and
apoptosis of chondrocyte in osteoarthritis therapy [12,13]. Considering of these beneficial traits, Sr-
containing biomaterials have been developed for many years.

Hence, it is deduced that the combination of Sr and Si used in bioceramics may have a better clinical
performance in bone tissue regeneration. Sr5(P04)2Si04(SPS) is a type of mineral with a single-phase
apatite structure, containing Sr, P and Si [14]. It belongs to the family of apatite structure with general
formula of M5(X04)3Z, where M is divalent cations, XO4 as trivalent or tetravalent anions and Z is a
monovalent anion, respectively [15]. In this apatite structure, the charge was imbalanced due to
substitution of tetravalent anion of SiO44- at monovalent anion (X-) and this excessive charge was
balanced by minor loss of trivalent anions (PO43-) to retain the structural stability of SPS [16]. SPS
bioceramic scaffold can be fabricated through 3D plotting technique and sol-gel method. In the study of
Zhu, H et al., 2018, they successfully fabricated 3D plotted SPS bioceramic scaffold. It can be apparently
observed that the scaffold had uniform pores in designed shapes (100 um) and only the characteristic
peaks of SPS phase could be detected in the XRD pattern (Fig. 1).
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Figure 1. (a) the actual picture of plotted SPS bioceramic scaffold. (b). result of XRD [5]
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The compressive strength and in vitro weight lost of SPS scaffolds were much higher than that of f3-
TCP scaffolds with similar porosity [3]. Apart from these physical advancements, SPS bioceramic
scaffolds had stimulatory effects on osteogenesis and angiogenesis in vitro. MTT assay showed that the
proliferation of rabbit bone marrow-derived mesenchymal stem cells (rBMSCs) seeded in SPS ceramic
scaffolds increased significantly. Those proliferated rBMSCs can then differentiate into various types
of cells, forming bone tissues. Simultaneously, a gradual increase in the alkaline phosphatase (ALP)
activity of rBMSCs can be seen. RT-qPCR analysis demonstrated that the expression of osteogenic
genes of BBMSCs were enhanced significantly by SPS extracts in the experimental groups [3]. Notably,
a study of mBMSCs conducted by A. Udduttula et al showed similar results that the expression of genes
of ALP, Runx2 and OCN were induced by SPS extracts. Moreover, it was found that the expression of
genes of VEGF, KDR, eNOS and HIF-1a was up-regulated drastically, which suggested that the
angiogenesis was induced by SPS extracts. Besides, it is showed that rBMSC and HUVECs cultured in
SPS scaffolds presented well-defined actin, stress fibre and cytoskeleton, which are beneficial for cell
migration [16].

To conclude, SPS bioceramic scaffold is a novel strategy with distinguished physical characteristics
for bone tissue regeneration. Importantly, Sr and Si ions in it have remarkable effects on up-regulating
various genes related to cell proliferation, osteogenesis and angiogenesis. Therefore, these results
suggested that 3D-plotted SPS bioceramic scaffold could be an effective strategy for bone tissue
regeneration.

3. Porous magnesium scaffold

Magnesium (Mg) is seen as a promising metallic element used for bone repair scaffold because of its
several distinguished properties. One of them is biodegradability, which is the main advantage of Mg
over currently used metals [17]. While playing a key role in physiology systems, Mg ions have been
shown the ability to stimulate bone formation [18,19]. Moreover, some features of Mg, e.g. high specific
strength and elastic modulus, are proved to be closer to those of natural human bone in comparison with
the other traditional metal implants [20,21]. However, Mg has a key shortcoming: the emission of
hydrogen gas when rapid degradation [22]. To solve this problem, a variety of methods have been
adopted. For example, many methods like microarc oxidation, ion implantation, plasma anodization,
electro-deposition, etc. have been substantiated to improve the corrosion resistance of Mg and greatly
reduce the volume of released hydrogen gas [23].

Magnesium scaffolds can be fabricated via many ways including 3D gel-printing(3DGP), titanium
wire space holder method (TWSH) and Solid free-form fabrication (SFF) method. Lin, T. et al.
successfully produced porous magnesium scaffolds by 3DGP method in 2021. In their study, the optical
density (OD450), namely a specific index regarding to the density of cell, of MC3T3-E1 cells on oxide-
coated Mg scaffolds was higher than the blank group at 24 h. Conversly, the viability is lower than that
of the blank group at 48 h. Specifically, on the oxide-coated Mg scaffolds, it was observed that the cells
were flatter, spreading over almost the whole surfaces of the samples. Simultaneously, oxide-coated Mg
scaffolds can promote osteogenesis and the growth of bone tissue compared to TCP scaffolds, which
are the control groups [24]. Earlier, Liu, Y. J., et al. studied the osteogenic and biodegradative
characteristics of Mg scaffolds in 2014. Firstly, they modified the surface of the Mg porous scaffolds
using microarc oxidation method and then disinfected them with ethylene oxide. Mg scaffolds and
hydroxyapatite (HA) scaffolds were implanted into New Zealand white rabbits. The micro-CT scans
showed that Mg porous scaffolds had a high bioabsorption (7.80 + 0.50mm?*) and could induce more
bone formation (9.29 + 1.27 mm®) compared to HA scaffolds, which induced 1.40 + 0.49 mm® new bone
formation and had 0 mm® bioabsorption. This experiment is a preliminary attempt for the performance
of magnesium scaffolds in osteogenesis and biodegradation, further studies should be conducted on
larger animals with porous Mg scaffolds. Overall, porous Mg scaffold showed good biocompatibility,
physical properties, biodegradability and the ability for osteogenesis, suggesting that it could be a
promising material in bone regeneration industry.
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4. Porous Ti scaffold

Titanium (T1) is one of the metal materials that being used in clinical application due to its outstanding
biocompatibility, specific strength, stiffness, and corrosive resistance etc. Conventional Ti implants’
Young’s modulus (110GPa) are much higher than that of bone tissue (4-30GPa). This imbalance may
cause load redistribution, implant loosening or autogenous bone fracture. The consequence of this
imbalance is known as stress shielding. Stress shielding effect is the principal factor responsible for
instability of the interface between the scaffolds and the tissues [25]. One of the solutions to this issue
is using porous structure instead of cast material [26]. Dabrowski, B. et al. manufactured Ti porous
scaffolds by powder metallurgy (PM) technique in 2019. The Ti porous scaffolds showed good porosity
with open pores in a 3-dimensional network under SEM investigation. Additionally, they found that the
Young’s modulus of the Ti porous scaffolds (8 GPa for total porosity of 45% and decrease to 1 GPa for
porosity of 75%) is much closer to that of the natural bone in comparison with that of the conventional
Ti scaffolds. Because of the samples with 75% porosity had some similar traits with cancellous bone,
they were then examined by XRD and electrochemical test. In XRD test, no residual phases induced by
space holder materials were observed. This meant that paraformaldehyde, a space holder, does not affect
the phase composition of the Ti scaffolds. Furthermore, it apparently improved the porosity, pore size,
also homogeneity of the pore distribution.

In electrochemical test, porous Ti scaffolds were observed to have 100 times-smaller values of
polarization resistance, compared to those of cast Ti scaffolds in the same conditions. After that, EIS
test was conducted to investigate the corrosive potential. It is showed that the corrosive potential for
porous ones on 80 mV is smaller than for solid ones in 0.9% NaCl electrolyte solution. Therefore, these
results proved that the porous titanium scaffolds had lower corrosive resistance 26. Similarly, Chen, Y.
et al. successfully produced porous TI scaffolds with powder metallurgy approach in 2017. In this study,
they used spherical magnesium powder, which facilitated cell migration, as the space holder as per a
review by Loh et al. [27]. Firstly, the density of the samples was examined to be 2.25 g/cm’, which is
close to the average bone mineral density (BMD) of human (approximately 3.88 g/cm?® for males and
2.90 g/cm? for females respectively). This characteristic helps patients to be more comfortable and keeps
the failure rate of the implant surgery low. In addition, they also demonstrated that the porous structures
had an excellent interconnected pore network (above 95% pores are interconnected). Moreover,
according to the Micro-CT analysis, the porous Ti scaffolds exhibited a great consistency between the
designed porosity and the obtained one, with uniformly distributed pores in round and complete shapes.
Then, the Young’s modulus (ability for solid materials to resist deformation) and yield strength of
scaffolds with different porosity were determined. Figure. 2 shows the compression stress-strain of CP
(commercially pure) scaffolds and those Ti scaffolds with different porosity.
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Figure 2. samples after compression test [28]
The results showed that the elastic modulus for samples with 30% porosity is 44.2 GPa, samples with

40% porosity is 24.7 GPa, and samples with 50% porosity is 15.4 GPa [28]. Importantly, it has been
shown that human bone’s elastic modulus ranged from 4 GPa to 30 GPa, which meant that the values
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of elastic modulus for all these samples are similar with those of natural bone [29]. Furthermore, the
yield strength analysis proved that the samples with 50% porosity had even larger values than that of
the human bones, and the ones with 40% porosity had the closest values of yield strength and stiffness
to the natural bone. At last, the scaffolds were seeded with hMSC:s to test interaction with cells. They
observed that hMSCs appeared to gather in the pores of the scaffolds, distribution of cells was
heterogeneous, cells exhibited a partially spread morphology and the viability of the cells were the same
as the conventional tissue culture plats. Taking together, these properties of the porous Ti scaffolds are
proved to be a promising biomaterial for bone repair scaffolds [27].

5. Conclusion

The addition of metallic elements in bone repair scaffolds has been widely regarded as a promising
strategy for bone tissue regeneration. This review has explored the potential of three key elements:
strontium (Sr), silicon (Si), and magnesium (Mg), highlighting their individual contributions to scaffold
properties and their synergistic effects when combined.

Sr5(P0O4)2Si04 (SPS) bioceramic scaffolds, enriched with Sr and Si, demonstrate superior
mechanical strength, and exhibit induced osteogenesis and angiogenesis in vitro. The presence of these
elements upregulates genes associated with cell proliferation, differentiation, and vascularization,
making SPS scaffolds a promising candidate for bone tissue regeneration. Porous magnesium (Mg)
scaffolds, with their biodegradability and ability to stimulate bone formation, offer an alternative to
traditional metal implants. The use of Mg in scaffolds addresses the limitations of conventional materials,
promoting bone regeneration and minimizing the risk of implant-related complications. Porous titanium
(T1) scaffolds, manufactured through powder metallurgy, address the issue of stress shielding associated
with conventional Ti implants. The interconnected pore network and controlled porosity of these
scaffolds mimic the properties of natural bone, leading to improved biocompatibility, cell interaction,
and enhanced bone regeneration. The research presented in this review suggest that the integration of
metallic elements into bone repair scaffolds holds great promise for innovative and effective strategies
for bone tissue repair. Further study is needed to optimize the design, as well as the fabrication of these
scaffolds, ensuring their efficacy and safety in clinical applications in the future.
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