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While bone tissue is known for its inherent regenerative abilities, various
pathological conditions and trauma can disrupt its meticulously regulated
processes of bone formation and resorption. Bone tissue engineering aims to
replicate the extracellular matrix of bone tissue as well as the sophisticated
biochemical mechanisms crucial for effective regeneration. Traditionally, the
field has relied on external agents like growth factors and pharmaceuticals

to modulate these processes. Although efficacious in certain scenarios,

this strategy is compromised by limitations such as safety issues and the
transient nature of the compound release and half-life. Conversely, bioactive
elements such as zinc (Zn), magnesium (Mg) and silicon (Si), have garnered
increasing interest for their therapeutic benefits, superior stability, and
reduced biotic risks. Moreover, these elements are often incorporated into
biomaterials that function as multifaceted bioactive components, facilitating
bone regeneration via release on-demand. By elucidating the mechanistic
roles and therapeutic efficacy of the bioactive elements, this review aims

to establish bioactive elements as a robust and clinically viable strategy for

Bone is a complex and hierarchical organ, the
remodelling of which depends on specific macro-
and micro-environments. The primary function
of bone tissue is to provide mechanical stability to
the body and protect major organs. Additionally,
bone tissue exhibits high metabolic turnover,
aiding in maintaining ionic balance within the
body.!” Diseases or traumatic injuries can impair
bone function, making it crucial to restore lost
functionality swiftly and efficiently. Autografts
and allografts remain the benchmark in tissue
engineering, yet their clinical utility is curtailed
by supply constraints and the risk of disease
transmission.** In light of this, there is an urgent
need to develop alternative bone substitutes
through bone tissue engineering, which could
offer functionalities similar to natural grafts
while avoiding associated issues.

For successful bone regeneration, it is vital that
bone substitutes mimic the highly ordered steps
of bone regeneration to a maximum extent. Bone

repair is a dynamic biological process evolving
over time, mainly involving post-operative
bleeding, clot formation, inflammatory response,
angiogenesis, and new bone formation.” The
regulation at each stage impacts subsequent
biological events and ultimately determines
the pace and quality of bone regeneration. The
primary focus has been on integrating growth
factors into bone tissue scaffolds or implants.®
Growth factors like insulin-like growth factors
can activate cellular signalling cascades in stem
cells surrounding bone lesions, thereby inducing
proactive repair, including the angiogenesis
process crucial for tissue regeneration.'’ '
However, the use of these growth factors presents
significant drawbacks, including instability,
immunogenicity, and high costs.”*"* Recently,
many small molecules such as peptides have
attracted researchers’ attention. Yet, controlling
their proper release in the defect area and their
low half-life once implanted in the defect area are
major barriers to their clinical translation.'¢*8
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Biomaterials contain bioactive elements for bone repair

In contrast, employing bioactive elements is an appealing
option, given their known therapeutic effects, higher
stability, and lower risks compared to using biomolecules.
The therapeutic elements released from biomaterials can
regulate tissue regeneration steps in a manner akin to bioactive
molecules. In recent years, researchers have been exploring
the role of multiple bioactive elements in bone regeneration.
Evidence suggests that elements, such as calcium (Ca)," cobalt
(Co),* copper (Cu),* fluoride (F),? lithium (Li),® magnesium
(Mg),* silicon (Si),* silver (Ag),* strontium (Sr),” zinc (Zn),*
can induce osteoprogenitor cell differentiation through
growth factor signalling pathways or stimulate other processes
supporting bone tissue growth.

Biomaterials Translational

Overall, this review meticulously delineates the impact of
bioactive elements during various stages of bone regeneration,
elucidating their mechanisms in osteoimmunomodulation,
orchestrating neuroregulation, stimulating angiogenesis,
and promoting osteogenesis (Figure 1). The comprehensive
analysis of these bioactive ions not only furnishes a robust
theoretical scaffold for ensuing basic research but also unveils
novel therapeutic vistas and design principles for clinicians and
materials scientists. Especially in the milieu of confronting the
limitations inherent to natural grafts and growth factors, the
exploration of bioactive elements emerges as a cost-effective,

low-risk, and viable avenue for bone regeneration.
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Figure 1. The role of bioactive elements in bone regeneration. Created with BioRender.com.

The Process of Bone Regeneration

Bone regeneration unfolds through a meticulously orchestrated
cascade of biological processes: osteoimmunomodulation,
neuroregulation, angiogenesis, and bone formation (Figure 2).
Initially, osteoimmunomodulation, mediated by macrophage
polarisation, establishes a favourable inflammatory landscape.”
Concurrently, neuroregulation or skeletal interoception,
steers physiological responses essential for bone healing.?
Advancing, angiogenesis, directed by endothelial progenitor
and mature cells, forms new vasculature, delivering crucial
resources to the regenerative callus.® Lastly, osteogenesis,
led by cellular entities like osteoblasts and mesenchymal stem
cells (MSCs), governs the synthesis and remodelling of bone
tissue.*!

Osteoimmunomodulation

Osteoimmunomodulation represents a pivotal nexus where
the realms of immunology and bone biology converge, under
the auspices of bone biomaterials, to orchestrate a harmonious
response between bone formation and resorption, thereby
augmenting the bone repair capacity."” *>** The crucible
of this interplay lies in the role of immune cells, notably
macrophages, whose interactions with bone cells and
biomaterials significantly shape the trajectory and efficacy
of bone repair endeavors.**¥ Macrophages, serving as the
quintessential effector cells in immune responses to implants,
are indispensable for promoting osteogenic functionality.
The tapestry of immune-bone interplay is further enriched
by the polarisation dynamics of macrophages into M1
and M2 subtypes, mediating pro-inflammatory and anti-
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Figure 2. The process of bone regeneration. Created with BioRender.com. MSC: mesenchymal stem cell.

inflammatory responses respectively, which are integral for
bone repair across diverse stages.”® While M2 macrophages
are emblematic for promoting bone tissue regeneration,
the spotlight is gradually shifting towards unraveling the
critical role of M1 macrophages in osteoimmunomodulation,
particularly during the early inflammatory stages where they
enhance the recruitment and commitment of angiogenic
and osteogenic precursors.” Recent scholarly endeavors
have also unveiled the central role of exosomes, secreted by
macrophages, in mediating osteoimmunomodulation. These
exosomes, upon internalisation by pivotal cells engaged in de
novo bone formation such as endothelial cells and osteoblasts,
significantly intervene in osseointegration, thereby opening
new frontiers in understanding and leveraging macrophage-
mediated immune modulation for enhanced bone repair.*’ In
summation, osteoimmunomodulation, through the lens of
macrophage-mediated interactions, unveils a complex yet rich
array of mechanisms and interactions that not only deepen
the comprehension of bone repair processes but also propel
the development of novel therapeutic strategies and bone
biomaterials.

Neuroregulation

Neuroregulation, a crucial mechanism orchestrated by the
nervous system, governs the physiological and biochemical
responses across various systems, organs, and cells in the
body.** This regulation is facilitated through the release
of chemical substances, impacting an array of biological
processes. In the realm of bone repair, neuroregulation, either
known as skeletal interoception, emerges as a pivotal player in
fostering the regeneration of bone tissues. It holds a significant

sway in maintaining the equilibrium of bone mass. Moreover,
an assortment of neural factors, including neurotrophic
growth factors, neuropeptides, and prostaglandin E2 (PGE2),
are known to exercise a substantial influence over the
growth, regeneration, and repair processes of bone tissues.*
Neuroregulation manoeuvres the balance of bone remodelling
through diverse mechanisms, such as the activation of TrkA
signalling pathway in osteoblastic cells, modulation of Wnt
signalling pathway, and regulation of PGE2 production and
secretion, thereby propelling the process of bone rebuilding.
The promising horizon of skeletal interoception in bone repair
is further bolstered by the supplementary use of PGE2, which,
by modulating the proliferation and differentiation of stem
cells,and promoting bone regeneration, augments the processes
of bone repair and regeneration.*** Hence, the domain of
neuroregulation not only unveils a profound understanding
of the intricate interplay between neural and bone tissues but
also heralds a promising avenue for advancements in bone
repair methodologies, thereby contributing significantly to the
broader spectrum of regenerative medicine.

Angiogenesis

Angiogenesis, the formation of new blood vessels from pre-
existing vessels, is a cornerstone of bone repair, serving
as the conduit for essential resources to the regenerative
callus, a temporary tissue formed during bone healing. This
process is orchestrated by endothelial progenitor cells and
mature endothelial cells through recruitment, proliferation,
differentiation, and reconstruction, facilitating the sprouting
of microvessels from existing blood vessels.”” * The newly
formed vasculature is indispensable for delivering oxygen
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and nutrients to the metabolically active regenerating callus
and facilitating the migration of inflammatory cells, as well as
cartilage and bone precursor cells to the injury site, thereby
providing a conducive environment for bone regeneration.
The vitality of angiogenesis is underscored during fracture
healing where the creation of new blood vessels is pivotal for
supplying the requisite oxygen and nutrients to the evolving
bone tissue. A sluggish or partial vascularisation process could
hamper the supply of these essential resources to the bone
defect area, which may lead to cell death, thus, emphasizing
the need for prompt and robust angiogenesis during the
bone regeneration. Notably, the angiogenic process is driven
by various growth factors such as fibroblast growth factor,
platelet-derived growth factor, and transforming growth
factor-p (TGF-B), which invoke the proliferation, migration,
differentiation, and vascularisation of endothelial cells and/
or endothelial progenitor cells.**® The intricate biochemical
and physical interplay between angiogenesis and bone repair
processes elucidates a complex yet harmonious orchestration
of events that are crucial for effective bone regeneration.

Osteogenesis

Osteogenesis is the pivotal process of bone tissue formation
and remodelling, orchestrated chiefly by several cellular entities
including osteoblasts, bone marrow-derived mesenchymal
stem cells (BMSCs), osteoclasts, and osteocytes.”! Osteoblasts
are the primary architects of bone formation. They migrate to
the site of bone repair, especially at the implant-bone tissue
interface during implant osseointegration, and govern the
synthesis, secretion, and mineralisation of the extracellular
matrix (ECM). Their activity is markedly enhanced by the
expression of growth factors such as bone morphogenetic
protein-2 (BMP-2) and TGF-p, which facilitate the formation
and mineralisation of bone tissue.””** BMSCs, residing within
the bone structure, BMSCs hold the potential to differentiate
into osteoblasts, a transformation triggered by signals such
as the release of TGF-f1 from neighboring osteoclasts.
This differentiation is a critical step towards the formation
of new bone tissue, setting the stage for further maturation
and mineralisation processes.** ** Osteoclasts are principally
involved in bone resorption, a process vital for the subsequent
bone formation by osteoblasts. The resorption pits created by
osteoclasts serve as the sites for new bone formation, where
osteoblasts deposit the new bone material. Moreover, the
resorption process also releases factors that, in turn, activate
osteoblast proliferation, maturation, and differentiation,
establishing a coordinated homeostatic mechanism integral
for bone remodelling.*® Osteocytes, originating from
osteoblasts that become entrapped within the mineralized
matrix, osteocytes play a crucial role in bone maintenance
and remodelling. They are instrumental in attracting
osteoclasts to implant sites, thereby facilitating the process
of bone remodelling. In the process of bone regeneration,
the orchestrated interplay of these cellular entities is
indispensable.”” % Through a deeper understanding of the
cellular and molecular mechanisms underlying osteogenesis,
novel therapeutic strategies and biomaterials can be developed,
potentially advancing orthopedic and dental applications.

Biomater Transl. 2023, 4(4), 248-269
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The Role of Bioactive Elements in Bone
Regeneration

The role of bioactive elements in
osteoimmunomodulation

Ag

Chen et al.”” developed a titanium dioxide (TiO,) nanotube
loaded with Ag nanoparticles (Ag@TiO,-NTs) that releases
ultra-low amounts of Ag ions to improve immunoregulation
and enhance bone repair. The study demonstrated that Ag@
TiO,-NTs, releasing ultra-low-dose Ag ions, effectively
induced M2 macrophage polarisation and promoted a
favourable osteoimmune environment by modulating
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt),
glucose transporter 1, and autophagy in vitro. In vivo, Ag@
TiO,-NTs enhanced bone formation, reduced inflammation,
and promoted osteoimmune microenvironment compared to
TiO,-NTs and polished Ti surfaces.

Boron

Boron (B) has been demonstrated to amplify pro-inflammatory
conditions by facilitating lymphocyte proliferation and
enhancing nitric oxide and pro-inflammatory cytokine
secretion in lipopolysaccharide-activated macrophages from
B-exposed mice.®® The precise molecular pathways involved
are yet to be elucidated. Contrarily, B ions emanating from
a calcium silicate layer on titanium surfaces have been found
to downregulate pro-inflammatory cytokines and upregulate
anti-inflammatory ones, potentially via attenuating the
activation of the myeloid differentiation primary response
88-nuclear factor-xB (NF-xB) pathway.*!

Ca

Ca, an essential mineral, plays a pivotal role in various
physiological processes, including bone mineralisation,
muscle contraction, and signal transduction in human body.
Bioceramic degradation generated Ca ions, which triggered the
Wnt/p-catenin signalling pathway through calcium-sensing
receptor (CaSR).®> Blocking CaSR activity decreased the
inflow of macrophage-promoting Ca ions, hindered Wnt/p-
catenin signalling and the production of M2-like macrophages,
and attenuated the MSC mineralisation promoted by the
supernatants when they were treated with a CaSR antagonist.
It implies that the Ca ions in bioceramics are dependent on
CaSR-mediated Wnt/p-catenin activation for macrophage M2
polarisation and novo bone production. The Wnt/p-catenin
pathway has been shown to be an important mediator of M2
polarisation in macrophages. During phage M2 polarisation,
[-catenin is activated and transported to the nucleus, where
it binds to the transcription factor T-cell factor/lymphoid
enhancer factor family, triggering transcription of downstream
target genes. As a major inhibitor of the Wnt/B-catenin
signal axis, glycogen synthase kinase (GSK)3B can enhance
the ubiquitination and degradation of [(-catenin, diminish
its protein stability, and limit its nuclear entrance in this
pathway. By increasing the phosphorylation of downstream
GSK3, phosphorylated AKT suppresses its function. It's worth
mentioning that Ca can play a role in Wnt/p-catenin signalling
by boosting the phosphorylation of GSK3.! Extracellular Ca
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influx may positively control the Wnt/p-catenin signalling
pathway by increasing GSK3 phosphorylation, because
GSK3 is a negative regulator of Wnt/B-catenin. As a result,
increased intracellular Ca stimulated the PI3K/AKT signalling
pathway and caused AKT phosphorylation, which was
followed by decreased downstream activity GSK3 due to its
higher phosphorylation, resulting in increased [-catenin
translocation.®

Cu

Cu, a crucial micronutrient, functions as a cofactor in enzymes
related to respiration, oxygen transport, and antioxidant
defence. Cu ions can trigger oxidative damage, potentially
leading to DNA damage and low-density lipoprotein
peroxidation.®” ® For instance, some research demonstrates
the ability of Cu ions to catalyse the production of hydroxyl
radicals via the Haber-Weiss reaction.®® Therefore, Cu ion
levels in the intra and extracellular are tightly regulated to
minimise these effects. Wilson’s disease, characterised by Cu
accumulation, highlights the oxidative potential of Cu, which
can cause organ damage and chronic inflammation.®” Recent
studies have produced varied results regarding the influence
of Cu ions on macrophages. Some studies indicate that lower
Cu concentrations promote anti-inflammatory markers,
while higher concentrations induce pro-inflammatory
markers. Huang et al.68 showed that when macrophages
were cultured on titanium plates containing 0.2 and 2 mM Cu
ions, the pro-inflammatory markers of the cells increased in a
concentration-dependent manner, and the anti-inflammatory
factors (arginine, interleukin (IL)-4, IL-6) decreased in
a concentration-dependent manner. Additionally, the
incorporation of Cu into biomaterials has yielded conflicting
findings. Wang et al.” investigated the inflammatory response
of stainless-steel biomaterials containing nano-Cu. When
it was implanted in mice, the secretion of inflammatory
factors was significantly increased at the early stage, but was
significantly reduced after 2 weeks.”” Further research is
essential to understand the factors governing Cu’s impact on
macrophage polarisation.

F

F is an essential trace element, which can be an effective
osteoimmunomodulatory agent. Wu et al.’”° have shown
that macrophages can be greatly influenced by F-mediated
osteoimmunomodulation. F can stimulate macrophages
to produce a bone immune environment conducive to
osteogenesis and angiogenesis. In their research, 2.4 and 24 pM
sodium F can promote osteogenesis by increasing polyamine
production in macrophages.”””" And macrophages stimulated
by F showed an inhibited inflammatory response. Fluorine
can promote the expression of inhibitor of xB-a to inhibit the
expression of pro-inflammatory genes such as tumour necrosis
factor-a. and IL-6. In vivo, fluorine also can influence other
immune cells such as T cells and mast cells to create an immune
environment suitable for bone regeneration.”

Gadolinium

Gadolinium (Gd) is a rare earth element. Zhao et al.”* developed

Su, J;etal.

multifunctional scaffolds composed of gadolinium phosphate
(GdPO 4), chitosan, and ferroferric oxide (Fe30 4) with a
precise 100 nm pore size, and three-dimensional network
of macropores. These scaffolds, embellished with hydrated
GdPO, nanorods in a c-axis orientation on macropore walls,
were crafted for addressing breast cancer bone metastases.”
The structured architecture and macropores facilitated cell
adhesion and new bone tissue formation. Gd ions released
from the GdPO /chitosan/FeO, scaffolds initiated M2
macrophage polarisation, and led to a significant upsurge in
anti-inflammatory cytokines as indicated by CD206 expression.
Moreover, the GdPO /chitosan/Fe,O, and GdPO,/chitosan
scaffolds markedly stimulated new blood vessel development,
and supported osteogenesis through enhanced vascularisation.

Hafnium

Seweryn et al.”* investigated the immunomodulatory effects
of hafnium (Hf) oxide (HfO, by analysing macrophage
M1/M2  polarisation  utilizing reverse  transcription
quantitative polymerase chain reaction. Following 4
hours of lipopolysaccharide stimulation, an increase in
anti-inflammatory IL-10 expression was observed in
lipopolysaccharide-treated macrophages cultured on HfO,. The
data underline the potential immunomodulatory capacity of
HfO,, and herald promising application in bone regeneration.

Li

Bartnikowski et al.” investigated the effect on bone by mixing
Li carbonate with the biomaterial polymer polycaprolactone to
achieve sustained release of Li. Experimental results showed
that the released Li significantly polarised macrophages
towards an immunomodulatory M2 phenotype, reduced pro-
inflammatory M1 phase, and inhibited osteoclast activity,
demonstrating an effective targeted tissue engineering system
with the potential for further innovative ion release.

1‘75

Mg

Mg is crucial for cellular metabolism, activating over 300
enzymes involved in the metabolism of carbohydrates, nucleic
acids, and proteins.” It is also vital for the structural and
functional integrity of cellular organelles.” In immunology,
Mg modulates white blood cell functions, such as phagocytosis
and lymphocyte production, and exhibits anti-inflammatory
properties.”® Mg deficiency has been linked to heightened
inflammatory responses, including the activation of white
blood cells and macrophages, increased cytokine release, and
excess free radical production.”” Qiao et al.*’ found that Mg ions
induce a distinct cytokine profile, characterised by elevated
levels of C-C motif chemokine ligand-5, IL-8, and IL-1ra, and
a decrease in IL-1. This profile suggests that Mg ions facilitate
monocyte recruitment and maturation into macrophages,
while concurrently inhibiting pro-inflammatory cytokines like
IL-1 through the up-regulation of IL-1ra, thus contributing to
bone formation.

Si

Si ions, emanating from silica-based materials, have been
shown to suppress pro-inflammatory cytokines and M1

www.biomat-trans.com
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markers through the Wnt5a/Ca** signalling pathway, thereby
promoting osteogenesis by enhancing mineralisation and
alkaline phosphatase (ALP) activity in BMSCs.*" %2 Similarly, Si
ions from titanium nanotube arrays also modulate the immune
response by decreasing M1 markers and elevating anti-
inflammatory markers like IL-10 and CD206.** Moreover, Si
ions derived from various titanium-based materials have
demonstrated an ability to inhibit pro-inflammatory cytokine
secretion, such as tumour necrosis factor-e, IL-18, and IL-6, in
vitro, likely via the attenuation of NF-«xB activation.? *

Sr

Sr exhibits a notable potential in modulating macrophage
polarisation, crucial for immune response in bone regeneration.
Zhao et al.* demonstrated that a Sr-Zn-phosphorus (P) coating
on Ti substrates could preferentially steer macrophages
toward the M2 phenotype by activating hypoxia-inducible
factor-1 (HIF-1) signalling through the release of Sr ions and
Zn ions, thereby bolstering bone integration in rat femur with
titanium implants. Concurrently, Yu et al.¥” delineated that Sr
ions doped nanorods array expedited the phenotypic transition
of macrophages to M2, consequently amplifying osteogenic
cytokine and growth factors (TGF-B1 and BMP-2) expressions.
Furthermore, the study elucidated that STSr, (Sr-doped Ti
coated with sodium titanate, prepared via ion exchange at
100°C for 24 hours in 1000 mM 10 mL Sr(CH,COO), solution)
outperformed in vivo in terms of osseointegration, releasing a
higher concentration of Sr ions compared to STSr, (prepared
under similar conditions but with 10 mM 10 mL Sr(CHSCOO)Z
solution). This enhanced Sr ions ion release from STSr,
demonstrated a more consistent and effective stimulation
of macrophage transition to M2, establishing a conducive
environment for bone regeneration.

Zn
Zn, a pivotal element in human physiology, partakes in diverse
cellular responses, profoundly influencing immune function,

Biomaterials Translational

cell division, and skeletal morphogenesis. As an essential
trace element, it is indispensable for specific key enzymes
and transcription factors, which is integral to immune
responsiveness. Optimal Zn levels mitigate inflammatory
cytokine secretion by macrophages, enhance anti-inflammatory
cytokine expression, and maintain an anti-inflammatory milieu.
Zhao et al.®® demonstrated that Zn ions, derived from Zn-
coated materials, modulate macrophage polarisation, inducing
anti-inflammatory and osteoblastic cytokine secretion, thereby
augmenting osteogenic differentiation potential of BMSCs.
According to another study, Zn ions proficiently modulate
activated macrophage polarisation towards the M2 phenotype,
exerting an anti-inflammatory effect.®” The release of Zn ions
from Zn-doped tricalcium phosphate (TCP) has been noted to
amplify tartrate-resistant acid phosphatase and ALP activity in
human BMSCs, and regulate the formation of multi-nucleated
giant cells and RAW264.7 macrophage activity.”

In summary, bioactive elements such as Zn, F, Mg, Ca, Gd,
Hf, and Sr play critical roles in osteoimmunomodulation,
contributing to bone regeneration (Figure 3). Zn ions aid
in anti-inflammatory cytokine expression and osteogenic
differentiation of bone marrow stem cells. F ions influence
macrophages to create an osteogenic and angiogenic
bone immune environment. Mg ions modulate monocyte
recruitment and activation, impacting cytokine profiles
favourable for bone healing. Ca ions, primarily through CaSR-
mediated Wnt/B-catenin signalling, promote macrophage
M2 polarisation and subsequent bone formation. Gd ions in
scaffolds initiate M2 macrophage polarisation and enhance
vascularisation. HfO, shows promise in immunomodulation,
particularly in increasing anti-inflammatory IL-10 expression.
Sr ions in coatings and nanorods induce M2 macrophage
polarisation, consequently amplifying osteogenic cytokines and
growth factors, fostering bone integration and regeneration.
These elements not only modulate immune responses but also
activate signalling pathways crucial for bone tissue engineering
and regeneration.
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Figure 3. The role of bioactive elements in osteoimmunomodulation. Created with BioRender.com.
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The role of bioactive elements in neuroregulation

Cu

In the neuroregulation of bone regeneration, Cu can act as
an intracellular signalling molecule, binding with neurons to
promote new bone formation, and affecting the process of bone
repair. Cu can also regulate the excitability of neurons, having
a significant neural regulation role in bone regeneration.
Moreover, as one of the components of biodegradable metal
implant, Cu can promote bone regeneration. The specific
mechanisms and modes of action require further research to
elucidate.”®

A novel biohybrid biodegradable hydrogel (gelatin
methacrylate, GelMA) that incorporates copper ion-modified
germanium-phosphorus (GeP) nanosheets. These nanosheets
exhibit properties that promote neuro-vascular regeneration
and possess antibacterial activity. The modification of GeP
nanosheets with copper ions improves their stability and
enables sustained release of bioactive ions. The integrated
hydrogel demonstrates a significant enhancement in the
osteogenic differentiation of BMSCs, facilitates angiogenesis
in human umbilical vein endothelial cells (HUVECs), and
upregulates neural differentiation-related proteins in neural
stem cells. In vitro studies with injectable electroactive GelMA/
GeP@Cu biohybrid hydrogel scaffolds show enhanced nerve
differentiation and axon regeneration. These findings suggest
that GelMA/GeP@Cu has great potential as a valuable
biomaterial for neuro-vascularised bone regeneration and
infection prevention in the field of bone tissue engineering.”!

Mg

Mg ions can promote bone regeneration by stimulating
the release of PGE2 through the activation of bone marrow
macrophages. In the early stage of fracture healing (1% week),
Mg ions can significantly increase the concentration of PGE2
in bone and serum, simultaneously activating sensory nerves,
thereby stimulating PGE2 receptor-4 receptors. This induces
the phosphorylation of cAMP-response element binding
protein and upregulation of 5-hydroxytryptamine receptor 2C
in the hypothalamus, ultimately downregulating sympathetic
nerve activity related to bone repair. Under the influence of
the medullary macrophage-sympathetic neuron-osteoblast
neural circuit, this process promotes bone formation.*

A photosensitive conductive hydrogel by incorporating Mg-
modified black phosphorus (BP@Mg) into GelMA. The
combined effect of conductive nanosheets and bioactive ions
released from BP@Mg enhances the migration and secretion
of Schwann cells, which directly promote innerved bone
regeneration through the secretion of nerve growth factor and
brain-derived neurotrophic factor. In an infected skull defect
model, the GelMA-BP@Mg hydrogel demonstrates effective
antibacterial activity and enhances the regeneration of bone
and calcitonin gene-related polypeptide-a (CGRP) nerve
fibres. This phototherapy conductive hydrogel offers a novel
approach to repairing infected bone defects, utilizing skeletal-
associated innervation as a therapeutic strategy.”” Zhang et al.”®
implanted a pure Mg pin into the intact distal femur of rats.
This led to a notable increase in neuronal CGRP levels in the
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peripheral cortex of the femur and the ipsilateral dorsal root
ganglia. CGRP promotes the activation of adenosine 3,5-cyclic
monophosphate-responsive element binding protein 1 and
SP7 (osterix) through calcitonin receptor-like receptor and
receptor activity modifying protein 1. Consequently, this
enhances the osteogenic differentiation of stem cells.”®

Zn

Zn ions can promote the neural regulation of bone repair
through modulating anti-inflammatory pathways. Specifically,
under the influence of Zn, sensory nerve endings secrete PGE2,
which can activate the PGE2 receptor-4 signalling in CGRP*
sensory nerve endings, becoming an intraneural sensory signal,
and thereby activating sensory nerves. This activation, through
the mutual regulation with the central nervous system, realizes
the positive regulation function in bone repair. Additionally,
research has indicated that under the influence of Zn ions,
sensory nerve endings can also release CGRP, which can
promote the proliferation and differentiation of osteoblasts,
thereby better facilitating the process of bone repair.?

Briefly, bioactive elements such as Cu, Mg, and Zn play critical
roles in neuroregulation and contribute to bone regeneration
(Figure 4). Mg ions stimulate bone repair by increasing
PGE2 levels through bone marrow macrophage activation,
influencing the neural circuit encompassing medullary
macrophages, sympathetic neurons, and osteoblasts, thereby
enhancing bone formation. Zn ions enhance neuroregulation
via anti-inflammatory pathways, facilitating sensory nerve
activation and osteoblast function. Cu ions, an intracellular
signalling agent in bone neuroregulation, binds with neurons
to bolster new bone formation and modulate neuronal
excitability. Its role in biodegradable metal implants suggests
potential in bone regeneration, though detailed mechanisms
warrant further investigation.

The role of bioactive elements in angiogenesis

Ag

Ag has a long history for the use of antibiosis, which is a classic
implant material. In recent years, scientists have discovered
that Ag is a functional promoter of bone regeneration.
According to Jeanmonod et al’s study,” Ag acetate can
promote angiogenesis. They implanted Ag acetate-coated
Dacron vascular grafts into the dorsal skinfold chamber in
mice, and discovered that functional capillaries were more
dense than uncoated grafts. Meanwhile, Ag acetate coating
could stimulate the ingrowth of new microvessels into Dacron
vascular grafts. Most importantly, due to the dacron Ag graft
controlling the release of Ag ions, the concentration of Ag ions
wouldn’t be too high to damage the normal cells. Therefore,
Ag acetate-coated Dacron vascular grafts do not induce a
severe inflammatory response.””*> Ag nanoparticles (AgNPs)
also have the function of promoting angiogenesis. Kang et al.”
found that AgNPs induced tube formation on growth factor-
reduced matrix glue, produced reactive oxygen species and
released angiogenic factors vascular endothelial growth factor
and nitric oxide via SVEC4-10 endothelial cells. Therefore,
both Ag ions and nanoparticles can promote angiogenesis.’

www.biomat-trans.com



Biomaterials contain bioactive elements for bone repair

Biomaterials Translational

Periodic Table of the Elements

2
1A

Berylium
Pl

Sodium ium 3 5 6 7 8
228070028 24308 ne wB vB viB viiB ViIiB,

19 20 21 22 23 2 2 2 27

9
viis

Potassium Calcum  Scandum  Tianum  Vanadum

Scandium m  Manganese "
39088 s P o snssts Er

Bt ss0as

Fubidium
Bsagre

55 56 2 7 7 75 6 7

Cacsium Tartalum
152504590 12054788 e384

87 £ 104 105 106 107 108 109

Francium Racium.
s

Actinium Thorum  Proctnium Ui Neptuium  Pltonium  Americium
) 23802881 ) ) @

Neme —»  Hydrogen Boron Carbon
1006

Curium
()

13 14 15 16 17 Helum
A A VA VIA ViIA <002

Aomic Number —» |1 5 6 7 8 9 10

< Symbol

Oxygen Fluorine Neon
<— Atomic Weight 1081 o1 ooy 1599 Pl 20797

13 u 15 18 ” ®

10 n 12 Aluminium Chlorine Argon
VIIB. B 1] ety 28085 0orsmioss 208 3545 Py

28 29 20 3t 32 33 34 35 £

Galium.
w2

edimium Indium Tin A Te
e s Tazio e 260

8 79 80 81 8 83 84 8 £

Mercury Thalium Loag
2352 20438 w2

Bedlum Calfforium  Ensteinium  Fermium
(2} ) @2 )

Figure 4. The role of bioactive elements in neuroregulation. Created with BioRender.com.

B

B, like the previously discussed ions, also exhibits a beneficial
effect on angiogenesis, although the specific mechanisms
remain less explored. B is often integrated into ceramic
biomaterials, such as B-doped bioactive glass scaffolds.
Different concentrations of B in these scaffolds have been
tested, with lower doses (up to 925 pM) demonstrating
enhanced angiogenic effects compared to higher doses
(around 3700 uM).” A similar study showed that lower B
concentrations enhanced endothelial cell proliferation and
tubule formation.”® A in vivo study with B-containing bioactive
glass demonstrated increased angiogenic gene expression
patterns and vascular density.” B has also been incorporated
into composites of polymers and ceramics, Xia et al.” studied
the effects of polycaprolactone containing B-bioactive glass
at different levels (0, 10, 20, 30 and 40 wt%) on angiogenesis,
showing that optimal angiogenic effects were achieved at
specific concentrations (30 wt%), while higher concentrations
(40 wt%) proved cytotoxic to cells. Additionally, when
combined with other ions, B has shown synergistic effects
on vascular endothelial growth factor (VEGF) secretion.
Chen et al.'” studied the effects of B-based glass and Cu-Zn
doped B-based glass on human fibroblast cell lines. The results
showed that VEGF secretion was increased in both cells, but
the latter was more obvious.'®

Cu

Cu is one of the most important elements in humans, which is
the third most prevalent mineral present in the body. Copper
is mainly found in the body as Cu®* and Cu’, and they are
involved in a number of important biological reactions. Cu
has an effect of promoting angiogenesis. Kong et al.*' found
that Cu** can positively affect the expression of angiogenic
growth factors in HUVECs and human dermal fibroblasts.
VEGTF is one of the most important mediators of angiogenesis
during the proliferation phase. Angiogenin (ANG) is a
ribonuclease which is a strong stimulator of angiogenesis and
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interacts with endothelial cells. Cu®* can not only promote
the expression of VEGF, but also regulate the transcription
of angiopoietin and influence the localization of ANG to
enhance its function. Meanwhile, copper has a big effect on
matrix metalloproteinases (MMPs), which can regulate the
activity of VEGF and other growth factors and promote
cell proliferation in angiogenesis.'! Researches have shown
that low concentrations of Cu can stimulate the activity of
MMPs, while high concentrations of copper can increase the
expression of MMPs in fibroblasts. Therefore, Cu ions are
important to angiogenesis in bone formation.'*

Cerium

Xiang et al.'” modified a tissue engineering bone scaffold with
cerium (Ce) oxide nanoparticles and evaluated the impact of
Ce oxide nanoparticles on the growth and paracrine activity of
MSC:s on the scaffold surface. Ce oxide nanoparticles have the
potential to increase MSC proliferation while also inhibiting
apoptosis. Finally, large levels of the angiogenic factor VEGF
were found. As a result of the improved paracrine of VEGF,
endothelial progenitor cell proliferation, differentiation, and
tube forming ability may be enhanced.

Co

Because of its ability to stabilise HIF-1 and hence activate VEGF,
Co ions have been utilised to accelerate vascularisation.'® The
addition of Co ions to silk fibroin/F/calcium phosphide (CaP)
may aid adipose-derived stem cells in the formation of tube-
like structures.'” However, because collagen type 1 matrix
deposition was reduced, cell proliferation and endothelial
network formation were inhibited. Chai et al.*® found that
preconditioning human periosteum-derived mesenchymal
stem cell-seeded tissue engineered constructs with a fine-
tuned solution containing Co increased VEGF secretion and
improved human periosteum-derived mesenchymal stem cell
development and endothelial network formation.
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F

F has been shown to augment angiogenesis in a dose-dependent
manner, demonstrating synergetic regulation of osteogenesis
and angiogenesis by modulating the expression of key factors
such as BMP-2, oncostatin M (OSM), spermine/spermidine
synthase, insulin-like growth factor-1, and VEGF. Wu et al.?2
observed that active angiogenesis was consistently present
in F-treated groups, and attributed this to VEGF expression
under varying F treatments. Further, F was found to stimulate
insulin-like growth factor-1 production, a critical factor in
endothelial cell migration and tubular formation.' Given the
dose-dependent variations in its impact, F exerts multifaceted
effects on osteogenesis, osteoclastogenesis, and angiogenesis.”"

Iron

Shi et al.'” studied the effect of Fe’* release on the angiogenic
response of bone grafts. As a controlled ferric agent, iron (Fe)-
doped octacalcium phosphate was produced. The affinity,
survival, proliferation, and angiogenic differentiation of
HUVECs were all greatly improved by Fe-doped octacalcium
phosphate. The scaffold promoted endothelial cell adhesion
and spreading, as well as angiogenesis, as evidenced by
the development of additional blood vessels and increased
expression of particular markers. Fe** can boost HIF-1o and
VEGEF levels, as well as nitric oxide secretion and endothelial
nitric oxide synthase synthesis, all of which influence
endothelial cell activity and angiogenesis.

Li

Li-incorporated bioactive glass ceramic has been shown to
enhance the pro-angiogenic capabilities of HUVECs both in
vitro and in vivo.” This enhancement is mediated through the
induction of miR-130a in BMSC-derived exosomes, leading
to phosphatase and tensin homolog deleted on chromosome
ten (PTEN) downregulation and AKT pathway activation.
The resultant cellular activities include increased endothelial
cell proliferation, migration, tube formation, and increased
expression of pro-angiogenic genes.

Mg

Mg ions improved the proliferation, migration, and osteogenic
differentiation of BMSCs, as well as having evident impacts on
angiogenesis, by selectively activating the mitogen-activated
protein kinase/extracellular signal-regulated kinase pathway.
Directly promoting the migration of ECs and up-regulating
the production of VEGF in BMSCs increase angiogenesis.'®
The sensory nerve-endothelial cell interaction mediated by
Mg through the CGRP-focal adhesion kinase-VEGF signalling
pathway enhanced the repair of critical size bone defects.'”” Lai
et al.*® have developed a new bioactive porous scaffold using
low temperature rapid prototyping technology, comprising
of poly (lactide-co-glycolide), TCP, and Mg. By incorporating
Mg into the scaffold, they observed that it not only provided a
favourable template for vessel infiltration but also stimulated
neo-angiogenesis. This ultimately led to new bone formation
and remodelling in challenging bone defects, specifically those
associated with steroid-induced osteonecrosis.*

Su, J;etal.

Sr

Sr can play a great effect on bone regeneration, including
immune response, angiogenesis and new bone formation.
Previous studies have shown that Sr-containing materials
have the ability to promote angiogenesis. Yan et al.”’ have
found that appropriate doses of Sr ions (0.2-1 mM) can
enhance the secretion of VEGFA and ANG-1 in HUVECs
and BMSCs co-culture systems, which has the potential to
create an angiogenic microenvironment at an early stage. Sr
not only promotes angiogenesis by stimulating osteoblasts to
secrete angiogenic cytokines,'!” but also significantly promotes
early angiogenesis by regulating macrophage phenotype. Zhao
et al.''" have found that the monodispersed Sr-containing
bioactive glasses microspheres could stimulate macrophages
to exhibit a tendency towards the M2 phenotype and express
high levels of platelet-derived growth factor-BB in vitro. What
is the most important is that this access can play a big role in
the early vascularisation, which is different from the way of
osteoblasts.'!

Si

Si is one of the essential trace elements in human body,
which is necessary in the development and growth of bone
and connective tissue.'? Studies have shown that Si ions
can stimulate angiogenesis. Li and Chang'”® found that the
0.7-1.8 pg/mL Si ions provided by 1/64 and 1/256 diluted Ca
silicate extracts stimulated the proliferation of HUVECs and
upregulate the expression of pro-angiogenic factors (VEGF
and basic fibroblast growth factor). Their receptors activate
the expression of endothelial nitric oxide synthase and increase
the expression of nitric oxide in HUVECs.!"® Zhai et al.'"* have
shown that akermanite ceramics, which is a suitable source
of Si ions, can promote angiogenesis. It can release and keep
the suitable Si ions to induce angiogenesis by increasing
gene expression of pro-angiogenic cytokine receptors and
upregulating downstream signalling, such as nitric oxide
synthase and nitric oxide.'"* Their experiment successfully
demonstrated that akermanite ceramics were the first silicone-
containing ceramics capable of inducing angiogenesis during
bone regeneration. Mao et al.'"® have found that Sr and Si ions
had synergistic effects on osteogenesis, osteoclast formation
and angiogenesis. They use the SMS bioceramics, which
has Sr and Si ionic compositions, to study the influence of
angiogenesis. And they had made the conclusion that SMS
bioceramics can enhance osteogenic differentiation and
expression of preferred angiogenic factors in BMSC from
ovariectomized rats, rebalance the osteoprotegerin/receptor
activator of nuclear factor-xB ligand (RANKL) ratio in BMSC
from ovariectomized rats at early stage, and inhibit RANKL-
induced osteoclast formation at late stage. The effect of Si
ions on promoting osteogenesis and Sr ions on enhancing
angiogenesis and inhibiting osteoclast formation can be well
combined by SMC.'®

Ytterbium

Tang et al.''® used lyophilization and mineralisation techniques
to successfully create magnetic Y-doped hydroxyapatite/
chitosan nanohybrid scaffolds with ytterbium (Yb) dopants as
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well as magnetic SrFe ;O  nanoplates. Yb ions from magnetic  inhibit angiogenesis due to excessive reactive oxygen species
Y-doped hydroxyapatite/chitosan nanohybrid scaffolds only production. The angiogenic potential of Zn varies with the
reached a2 maximum concentration of 0.30 pM, according to  biomaterial’s morphological properties, such as nanoparticle
in vitro tests. The osteogenic and angiogenic properties of configuration.”” Anti-angiogenic aspects of Zn are also
the magnetic Y-doped hydroxyapatite/chitosan nanohybrid being explored for cancer therapeutics by inhibiting tumour
scaffolds were remarkably improved by the Yb dopants and vasculature.’” When combined with Si, Zn can activate
magnetic SrFe O nanoplates. For one thing, the bioactive the p38 pathway, contributing to bone regeneration and
components promoted the migration of endothelial cells, the angiogenesis via cytokine expression.'?* Further investigations
up-regulation of angiogenic protein VEGFA expression, and are warranted to comprehensively understand angiogenic
macrophage polarisation toward M2 phenotype, leading to the roles and underlying mechanisms of Zn.

rapid development of blood vessels in bone defects. In vivo bone
mineralisation was made possible by the sufficient nutrients
and oxygen that the newly created blood vessels provided.

In summary, various bioactive elements such as Mg, Sr,
Si, and Ag play pivotal roles in promoting angiogenesis,

which is instrumental for bone regeneration (Figure 5). Ag,
For another, by activating the BMP-2/Smad pathway in historically recognised for its antibiosis, now stands out as a
the scaffolds, both the Yb dopants and magnetic SrFe ,O,; pone regeneration stimulant, with Ag acetate-coated grafts
nanoplates enhanced osteogenic differentiation of rat BMSCs showing enhanced microvessel ingrowth without inducing
and in vivo bone tissue regeneration, suggesting a beneficial jnflammation. B, integrated into ceramic biomaterials,
influence in the entire osteogenic process. The majority of  demonstrates angiogenic effects at specific concentrations.
bone abnormalities were filled with newly created bone tissues  Cy, vital for angiogenesis, influences angiogenic growth factor
12 weeks after surgery. In order to speed up the repair of bone expression in key cellular components. Co ions, by stabilising
defects, Yb dopants and magnetic SrFe O, nanoplates would  HIF-1, expedite new vessel formation. Ce oxide nanoparticles

be expected. on scaffolds enhance MSC proliferation, subsequently
promoting VEGF secretion. Fe** boosts angiogenesis by
Zn modulating endothelial cell activity. F, in a dose-dependent

The influence of Zn on angiogenesis is primarily regulated manner, orchestrates angiogenesis through osteogenesis
via the Zn-sensing receptor/G protein-coupled receptor 39."7  3nd angiogenic factor regulation. Li-incorporated bioactive
Within a concentration range of 20-60 uM, Zn enhances glass ceramic shows enhanced angiogenic potential both in
human coronary artery endothelial cell viability, proliferation,  vivo and in vitro. Mg ions, channelling through the mitogen-
and angiogenic marker expression.'® Biomaterials such as activated protein kinase/extracellular signal-regulated kinase
5% Zn-Bioglass®-incorporated calcium phosphate cement pathway, have a positive impact on angiogenesis. Sr, through
have been shown to upregulate VEGF and induce tubule VEGF and ANG-1 modulation, plays a significant role in early
formation in endothelial cells.""” Likewise, polycaprolactone vascularisation. Si ions stimulate angiogenesis via BMP-2/
matrices with zinc oxide (ZnO) nanoparticles promote cell Smad pathway activation. Yb dopants in scaffolds combined
proliferation and elevate VEGF and fibroblast growth factor ~with magnetic particles promote angiogenesis and bone
expression, with the nanoparticles also catalysing reactive tissue regeneration. Lastly, Zn mediates its angiogenic effects
oxygen species generation via hydrogen peroxide (H,0,), a through specific cellular interactions, with its potential varying
ZnO byproduct.” Elevated ZnO concentrations, however, based on the morphology of the biomaterial.
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Figure 5. The role of bioactive elements in angiogenesis. Created with BioRender.com.
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The role of bioactive elements in osteogenesis

Ag

Ag could not only promote angiogenesis, but also promote
new bone formation. It has been reported that AgNPs can
promote osteogenic lineage induction and actin aggregation in
new bone formation. These promotions can only be found in
AgNPs, not silver nitrate (AgNO,). These promotions about
AgNPs are achieved by stimulating the physiological activity of
new bone-forming cells. AgNPs have been shown to promote
mineralisation in MC3T3-E1 osteoblasts through microRNA-
mediated upregulation of bone morphogenetic genes. Two
studies revealed that, aside from the elevated expression of
osteogenesis-critical bone morphogenetic proteins, the most
significant transcriptional change was a decrease in osteoclast
markers.'*" 1 AgNPs also foster keratinocyte proliferation,
fibroblast differentiation, and MSC osteogenic differentiation
in vitro."” While the underlying mechanisms remain
unidentified, these activities collectively contribute to new
bone cell proliferation and differentiation, thereby facilitating
new bone formation.

B

B, an essential trace element, plays a pivotal role in various
biological processes, notably bone growth and maintenance.'”
Its supplementation has been linked to enhanced bone
strength and microstructure.'”® Mechanistically, B fosters
osteogenesis via the activation of the Wnt/f-catenin pathway,
particularly through the up-regulation of the transcription
factor transcription factor 7-like 2.'% This suggests its potential
in bone regeneration therapies. Experimentally, B ions, when
released from B nitride nanotubes, have been observed to induce
osteogenesis, evidenced by enhanced protein adsorption,
MSC attachment, and upregulation of osteogenic markers.'*
Furthermore, B-doped bioactive-glass scaffolds, have displayed
promising osteogenic outcomes,”! amplifying cell adhesion,
differentiation markers, and mineralisation. Specifically,
B-enriched bioactive glass scaffolds activated the Wnt/p-
catenin pathway, influencing osteoblastic differentiation.'*
However, while the role of Setd7 in B-mediated osteoblast
differentiation has been identified, additional studies are
required to uncover other potential contributing factors.

Ca

Doping Ca ions can notably accelerate adhesion, proliferation,
and mineralisation of osteoblasts.!** Ca, one of the ions that
form the bone matrix, affect cells and living systems in several
ways. The calcium phosphates in bone tissues cause bone
formation and maturation through calcification.”** Ca ions also
influence bone repair via cellular communication. Ca causes
bone tissue regeneration by accelerating mature bone cells and
inducing bone growth precursor cells through the creation of
nitric oxide."* *¢ Ca ions also activate the extracellular signal-
regulated kinasel/2 pathway,'”” which stimulates osteoblastic
bone production, and the PI3K/Akt pathways,'® which
prolongs the lifespan of osteoblasts. Ca ions also control the
production and resorption activities of osteoclasts. Integrin 31
and vinculin proteins are important factors of focal adhesion
complexes that prove effective on the adhesion, proliferation,
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and differentiation of BMSCs. Ca ions show helpful to the high
expression of integrin 31 and vinculin proteins. Hence Ca ions
increase the protein expression and support cell adherence.
The incorporation of Ca accelerates the proliferation of
stem cells and the early differentiation of osteoblasts in the
cell. The expression of the related proteins like osteopontin
(OPN),'” Runx2 and ALP would verify the conclusion. As
a secretory phosphorylated glycoprotein, OPN adheres to
HA via its distinct binding domain during osteogenesis and
holds the formation of osteoid nodules in vivo, which directly
influence the construction of the three-dimensional structure
of newly formed bone.*® The introduction of Ca ions suggests
the abundant expression of OPN protein and supports the
osteogenic differentiation of BMSCs.

Ce

Ce-doped mesoporous bioactive glass nanoparticles used as
vectors for local administration of Ce have shown to stimulate
the expression of pro-osteogenic genes in Saos-2 cells, as well as
the development and calcification of a primitive osseous ECM.
Westhauser et al.'*! studied the impact of the ionic dissolution
products of mesoporous bioactive glass nanoparticle on
cellular osteogenic differentiation and their ability to form and
mature a primitive osseous ECM. In the presence of Ce-doped
mesoporous bioactive glass nanoparticles, the development
and calcification of a primitive osseous ECM was greatly
enhanced in a positive concentration-dependent manner, as
evidenced by an increased presence of collagen and increased
ECM calcification.

Co

Co-TCP increased the vitality of BMSCs.!™ In vitro, 2% Co-
TCP increased ALP activity, matrix mineralisation, and
osteogenic gene expression in BMSCs. Excessive Co doping,
on the other hand, reduced TCP-induced osteogenesis.
Additionally, Co** can inhibit the osteogenic differentiation
of MSCs by mimicking hypoxia. Hsu et al.'*? have shown that
hypoxia caused by Co** activation of HIF impairing osteogenic
differentiation, as evidenced by reduced ALP activity and
expression of osteogenic markers core-binding factor alpha(1)
(Cbfa1) and osteopontin. There are also some studies have
shown that hypoxia caused by releasement of Co** can
enhance the osteogenic potential of MSC after having a certain
pretreatment.'** The specific influence mechanism of Co needs
to be studied in the future.

Cu

Cu can play a big role in bone metabolism, and severe Cu
deficiency can lead to bone abnormalities, such as decreased
bone strength. Cu can enhance the osteogenic differentiation
of MSCs. The early studies on the effect of Cu on MSCs
in postmenopausal women showed that Cu ions reduced
osteoblast proliferation, increased differentiation by 2 folds,
and, particularly, increased calcium deposition. Cu ions
can enhance cell activity and proliferation and enhance the
expression of bone specific protein.”® Burghardt et al.'*
produced a composite material that deposited copper on a
titanium alloy. The proliferation of MSC was stimulated by 0.1
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mM Cu ions, ALP activity was increased, and mineralisation
was increased 144. And other studies found an increase in the
osteogenic gene expression of collagen type 1, ALP, OPN and
Runx2 from rat BMSCs cultured with Cu-containing calcium
phosphate cement.!** 146

F

F-containing biomaterials have been shown to have osteogenic
properties, which are usually used as implant coating.
F-containing biomaterials also can stimulate the proliferation
and differentiation of osteoblasts in vitro and even promote
bone formation of osteoblasts in vivo.'” Chen et al.'*® have
shown that the coating consisting of F can improve the activity
of adhesion, proliferation and differentiation of osteoblasts,
and has a good biocompatibility. Meanwhile, F can enhance
bone-associated glycoprotein synthesis in BMSCs, leading
to increased mineral deposition. But excessive F intake over
a long period of time can eventually lead to damage to bone
structure. Optimal osteogenic differentiation is achieved
with F ion concentrations of 50 and 500 uM" and osteoblast
mineralisation to be between 0.01 to 10 uM.'" Thus, the
physiological impact of F on skeletal tissue is dose-dependent
in the local environment.

Fe

The addition of Fe ions (Fe**/Fe?*) to calcium phosphate cement
can speed up osteoblast proliferation. Doping Fe into bone
cement boosted MC3T3-E1 cell proliferation and migration
while also increasing their ALP activity and expression of
osteogenic-related genes. The expression of HIF-o increased
after cells were grown with Fe-dicalcium phosphate dihydrate
scaffold extract, enhancing cell chemokine receptor activation
and promoting cell migration.'*

Gallium

Gallium (Ga) is used in medicine mainly in antibacterial and
cancer treatments. Ga nitrate is a drug that speeds up bone
absorption. Short-term Ga therapy can effectively reduce bone
turnover in vivo and increase bone calcium in patients with
bone calcification to treat cancer-related hypercalcaemia.”
According to Strazic Geljic et al."”!, bone cement containing
Ga can significantly inhibit the expression of osteoclast-
and osteoblast-associated genes. And they found that
TCP/phosphate-based scaffolds with single Ga promoted
cell proliferation and significantly inhibited osteogenic
differentiation and osteoclast activity in vitro. For the current
literature, Ga has a range of promising qualities for future
applications in tissue engineering.

Gd

The Gd dopantsin the scaffolds triggered the signalling pathway
(Wnt/p-catenin,'” Smad/Runx2,'> Akt/GSK3p'**), enabling
BMSC:s to proliferate and differentiate into osteoblasts.

Hf

HfO, was found to encourage pre-osteoblasts while
impairing the viability of pre-osteoclasts.”* HfO, stimulates
the expression of OPN, Runx2, and TGF- in osteoblasts
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on the mRNA and protein levels. Meanwhile, the major
regulators of osteoclast differentiation: c-Fos, MMP-9, PU.1,
receptor activator of nuclear factor-xB, and tartrate-resistant
acid phosphatase, are expressed less when HfO, is present.
HfO, stimulates pre-osteoclast death while simultaneously
protecting pre-osteoblast from apoptosis by increasing the
expression of the Bcl-2 transcript. Thus, a technique to stop
the overactivity of osteoclasts during bone repair was raised.
Moreover, HfO, protects pre-osteoblasts from apoptosis not
only by activating specific genes relevant to osteogenesis but
also by inducing the production of miR-17-5p and miR-7a-
5p, two essential regulators of osteoblast proliferative activity
and apoptosis. While miR-16 inhibits MSC production of
important osteogenic markers and calcium mineral deposition
during osteogenic differentiation, miR-21-5p is a well-
known osteogenesis activator. Hopefully, HfO, may be used
as a bioactive agent to modify and activate osteogenesis when
administered to implantable metallic materials.

Lanthanum

Lanthanum (La)-substituted MgAl layered double hydroxide
scaffolds activate the Wnt/B-catenin pathway, thereby
promoting BMSC proliferation and osteogenic differentiation
due to the releasement of La ions. This activation leads to the
upregulation of ALP, Runx2, collagen type 1, and OCN gene
expressions. Additionally, the scaffolds act to obstruct the
NF-«B signalling pathway, significantly diminishing RANKL-
induced osteoclastogenesis.'*®

Li

Li increases bone regeneration via blocking GSK3 and thereby
activating the (-catenin signalling pathway."*® The release of
Li ions stimulated the adhesion and proliferation of BMSCs
more effectively. Furthermore, Li doped mesoporous silica
nanospheres may improve BMSC ALP activity as well as the
expression of osteogenesis-related genes (OPN, ALP, Runx2,
and OCN)."” Mo et al.'® investigated how low concentration
Li stimulation caused BMSCs to proliferate and differentiate
into osteoblasts. They also discovered that adding 500 uM of
Li to the canonical Wnt signalling pathway and osteogenesis
differentiation in BMSCs reversed the inhibitory effect of
10 uM of XAV-939." Huang et al.'® found the RANKL/
osteoprotegerin signalling axis was also involved in these
effects.

Mg

Mg ions, via the PI3K/Akt signalling pathway, can influence
the expression of bone-related genes such as Runx2, ALP,
OCN, and OPN.'!" [n vitro, an appropriate concentration of
Mg ions can greatly enhance pre-osteoblast proliferation and
differentiation, as well as the up-regulation of osteogenic
genes, and in vivo, significant new bone formation.*

Manganese

Manganese ion (Mn?**) has been shown to enhance the
expression of osteogenic genes described in osteoblasts by
increasing ALP activity, collagen type 1, OCN, BMP, and soluble
intercellular adhesion molecule-1. Mn-doped implants have
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been shown to stimulate cell proliferation, cell differentiation
and biological activity, they are promising materials for
bone tissue regeneration.'? Additionally, the release of Mn**
from bioactive glass caused hMSCs differentiation through a
bone route and subsequent mineralisation, according to the
findings.'®* Mn** had a concentration-dependent effect on cell
activities, and a lower Mn?* concentration could encourage
BMSC:s to differentiate into osteoblasts. Wu et al.'** discovered
that Mn?** concentrations below 7.17 g/L stimulated the
proliferation of BMSCs and increased the expression of
osteogenesis-related genes.

Rubidium

Rb, recognised as a crucial trace element in the human body,
is known for its low toxicity.'® Research indicates that
biomaterials infused with rubidium significantly advance
osteoblastic  differentiation, particularly in the middle
and late stages, and also enhance osteogenic capacities. A
pivotal attribute of rubidium is its remarkable antibacterial
properties, establishing it as an effective agent for enhancing
biomaterials.'*® " Tan et al.'"® have developed glass-ceramics
infused with varying levels of Rb. Within the glass matrix,
hydroxyapatite crystals are formed. The incorporation
of rubidium enhances the formation and growth of these
crystals. These rubidium-enriched glass-ceramics demonstrate
superior bending strength compared to their rubidium-free
counterparts. Crucially, the presence of rubidium fosters the
proliferation and adhesion of human hBMSCs and increases
ALP activity. Exhibiting robust mechanical properties,
exceptional bioactivity, and biocompatibility, these rubidium-
modified glass-ceramics hold promise for applications in bone
regeneration.'*®

Scandium (Sc)

ScCl, promotes osteogenesis and inhibits adipogenesis in
the Wnt/B-catenin signalling pathway when used at the
optimal concentration.'”” Moreover, ScCl, can enhance bone
remodelling by improving osteogenic differentiation in lineage
commitment of rBMSCs.

Si

Si is an essential element for the development and growth of
bone and connective tissue. In vivo, water-soluble forms of Si,
chiefly as orthosilicic acid [OSA, Si(OH),]. It can accelerate
bone mineralisation by affecting collagen and inhibits bone
resorption in postmenopausal women."”® And it can also play
an important effect on stimulation of osteoblasts and bone
formation and inhibition of osteoclast formation and bone
resorption. A study has shown that OSA stimulated osteoblast
differentiation at a physiological concentration of 20 uM.'"
Dongetal."?have found that OSA could promote the osteogenic
differentiation of rat BMSCs through the BMP-2/Smad1/5/
Runx2 signalling pathway to participate in the induction of
collagen type 1 and osteocalcin synthesis. Zhou et al.'”* have
found that OSA could accelerate bone formation in human
osteoblast-like cells through the PI3K-Akt-mammalian target
of rapamycin pathway. Zhou et al.'””* have shown that OSA
and Si(OH), could stimulate osteoblast differentiation in
vitro through upregulating miR-146a to antagonize NF-xB
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activation. OSA can also play an effect on osteoclast. A study has
shown that OSA inhibits RANKL-induced osteoclastogenesis
by promoting the expression of miR-130b, which can
counteract the negative effect of oophorectomy on miR-130b
expression in rats.””> miR-130b plays a role in cell proliferation,
differentiation, apoptosis, tumour progression and metastasis,
and serves as a biomarker for recurrence and prognosis. You
et al.'”® have shown that the expression of miR-130b increased
with the application of OSA. In vitro, the overexpression or
inhibition of miR-130b significantly promoted or inhibited the
osteogenic differentiation of osteoblasts under the application
of OSA."7¢ And as the scaffold material, dicalcium silicate is
a good choice used as containing bioactive coating materials
for prosthetic bone implant. It can induce the deposition of
carbonised hydroxyapatite at the material-tissue interface,
form a strong binding with bone tissue, inhibit the formation
of osteoclast, promote the proliferation and differentiation of
human osteoblasts and the expression of bone-related genes.!”

Sr

The addition of Sr in biomaterials reduced the capacity
to generate apatite, but it also encouraged cell division,
proliferation,  differentiation into  osteoblasts, and
mineralisation of the ECM.'® Li et al.'” verified the influence
of Sr** on MSC osteogenic differentiation. Sr** stimulated
noncanonical Wnt signalling to regulate the production
and distribution of the PAR complex, hence regulating
cell division, and the increased cell population contributed
to enhanced osteogenic differentiation. Meanwhile, Sr**
release increased the expression of genes involved in hMSC
osteogenic development; early indicators (Runx2, collagen
type 1) were proportionate to the amount of Sr** released, and
late markers (ALP, OCN) were higher."®* To some extent, Sr**
could prevent osteoclastogenesis on its own. Sr** decreased
osteoclast activity more than recombinant human BMP-2.'!
By inhibiting the RANKL-activated p38 signalling and NF-xB
signalling pathways, Sr-substituted sub-micron bioactive glass
with the combined action of substituted sub-micron bioactive
glass extract and Sr** demonstrated the most inhibitory effect
on osteoclast differentiation.'®

Vanadium

Vanadium (V), a ubiquitous trace element in both plants and
animals, has intriguing biological effects.'® Found in a variety
of oxidation states, from -1 to +5, certain forms like V III, IV,
and V are noted for their insulin and growth factor mimicking
properties at therapeutic levels. Notably, V compounds
influence bone metabolism due to their primary storage in
bone tissue.'® Recent studies have unveiled that a complex of V
(IV) with ascorbic acid can promote osteoblast differentiation
and mineralisation in a lab setting, underscoring its potential
in bone formation.'® The amount of collagen type 1 produced
in osteoblasts was found to be directly correlated with the dose
of the V compound.

Zn

Zn is integral to bone development and is found in calcification
sites such as osteons and calcified cartilage. Its levels in bone
tissue rise with increasing mineralisation. Zn promotes
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osteoblast proliferation and elevates ALP activity within a
narrow dose range (1-50 uM).!*> Beyond this range, osteogenic
activity diminishes. Kwun et al.'"® reported that Zn-deficient
media reduced ALP activity, matrix-related gene expression,
and mineralised matrix deposition in MC3T3-E1 cells. Zn
also safeguards osteoblasts from apoptosis and enhances their
spreading, attachment, and chemotaxis. Furthermore, Zn is
crucial for osteoclastogenesis. Reduced numbers of osteoclasts
were observed in the distal femur growth plates of Zn-deficient
rats.'® ¥ Zn exhibits a dose-response effect on osteoclast
formation and activity, and at certain concentrations, can
induce osteoclast apoptosis.'® ¥ A study by O’Connor et al.'®
showed that Zn deficiency in Turkey poults and Sprague-
Dawley rats led to reduced growth, bone shortening, and
diminished ALP activity. The rats developed osteopenia,
characterised by significant reductions in cancellous bone,
osteoblast surface area, and osteoclast numbers.'”® Thus, the
multifaceted roles of Zn in bone metabolism warrant further
investigation.

Tantalum

Due to exceptional osteogenic activity, corrosion
resistance, and antibacterial adhesion, biomedical tantalum
(Ta) has attracted considerable attention as a promising
implantable material for bone repair. Hu et al."”! developed Ta/
polyetheretherketone composites by blending Ta nanoparticles
with polyetheretherketone for load-bearing bone repair
applications. The incorporation of Ta nanoparticles in Ta/
polyetheretherketone composites resulted in favourable
surface roughness, hydrophilicity, and surface energy, thereby
enhancing the osteoconductivity of fibrous electrospun
polylactic acid (PLA) membranes used in guided bone
regeneration.”” A Ta coating was applied to electrospun PLA
membranes through the deposition of sputtered Ta ions around
the PLA fibres. This Ta-PLA coating greatly enhanced the
attachment, proliferation, and differentiation of preosteoblasts
on the membranes. In vivo studies demonstrated that within
6 weeks, a majority of calvarial defects treated with Ta-PLA
membranes were completely covered with newly formed bone,
while the defects treated with bare PLA membranes showed
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minimal bone coverage.'” In recent years, porous Ta has been
extensively investigated for its regulatory effects on BMSCs. It
plays a crucial role in regulating the proliferation, migration,
and differentiation of BMSCs, making it a widely used material

for bone defect repair.'”*-'**

P

P is a vital element in the human body, comprising
approximately 1% of total body weight as a constituent of
bones."® Culturing human tonsil-derived MSCs in osteogenic
medium containing incremental concentrations of P (a
mixture of Na,HPO, and NaH,PO,) for 14 days increased
their ability to undergo osteogenic differentiation."” Black
phosphorus exhibits the capability to regulate oxidation and
degradation, resulting in the non-toxic byproduct PO,*.
This PO, acts as a mineralisation resource, promoting in
the formation of calcium phosphate (CaP) deposits that
facilitate bone repair.””® '? Introduction of graphene oxide
nanosheets enhances initial cell attachment and wraps around
black phosphorus, enabling continuous release of PO *. This
stimulation of cell osteogenesis promotes the formation of
new bone.” Numerous studies have demonstrated that P-rich
materials can stimulate mineralisation and promote bone
regeneration.”!

Bioactive elements, ranging from trace metals to rare earths,
play a foundational role in bone metabolism and regeneration
(Figure 6). Elements like Ag, Cu, and Zn actively influence
osteogenesis, angiogenesis, and osteoblast proliferation.
Ga and Si, traditionally known for antibacterial and bone
mineralisation effects respectively, showcase potential in bone
turnover and osteoclast modulation. Mn, F, and Co, though
dose-dependent, exhibit promising osteogenic differentiation
impacts. Li, Mg, and Ca ions enhance bone cell proliferation,
differentiation, and overall bone tissue regeneration. Rarer
elements like Rb, Sr, Sc, La, Ce, Gd, and Hf, when doped in
biomaterials, activate specific pathways fostering bone cell
proliferation, differentiation, and osteogenic gene expression.
These elements, in synergy, offer avenues for innovative bone
regeneration therapies.
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Figure 6. The role of bioactive elements in osteogenesis. Created with BioRender.com.
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Challenges and Perspectives

This review comprehensively explores the
mechanisms of bioactive elements such as Zn, Mg, and Si in
bone regeneration. Initially, the review underlines the complex
biological attributes and regeneration process of bone tissue,
involving multiple stages like osteoimmunomodulation,
neuroregulation, angiogenesis, and osteogenesis. Traditional
bone regeneration strategies, although effective, are fraught
with limitations such as stability, immunogenicity, and
cost-effectiveness, often relying on growth factors and
pharmaceuticals. Bioactive elements not only offer therapeutic
efficacy but also superior stability and reduced biotic risks.
These elements are frequently integrated into biomaterials,
serving as multifaceted bioactive components that facilitate
bone regeneration through controllable release mechanisms. In
summary, this review establishes bioactive elements as a robust
and clinically viable strategy for advanced bone regeneration,
contributing to the advancement of bone tissue engineering.

role and

The exploration of diverse elements in bone regeneration
reveals promising prospects, showcasing a preference for
employing a mixture of multiple elements in contemporary
research endeavors. The myriad combinations, encompassing
considerations of concentration and proportion among other
parameters, necessitate rigorous experimental validations
and iterative optimisations, thereby representing a time and
resource-intensive endeavor. The integration of machine
learning (ML) emerges as a potential solution to mitigate this
impasse. ML, representing a facet of artificial intelligence,
flourishes owing to its ability to evolve through data
comprehension over time. It holds the promise to significantly
expedite the screening and optimisation of elemental
combinations for therapeutic efficacy, adeptly understanding
the high-dimensional parameter space, and pinpointing potent
combinations with minimal empirical trials.

Transitioning to the emerging realm of organoids, it unveils
a fertile domain for clinical translational research, albeit the
field of bone organoids remains nascent, with its construction
strategies yet to The architectural
complexities of bone organoids frequently necessitate the

reach maturation.

incorporation of a spectrum of growth factors to stimulate
stem cell differentiation, yet the prohibitive cost of these factors
presents a substantial impediment. The prospective benefits
of bioactive elements in bone organoid construction herald a
paradigm shift. The venture into multi-element incorporation
could outline an economical and efficacious avenue, harboring
the potential to revolutionize the bone organoid research
paradigm. The envisaged synergistic interactions among
these bioactive elements could not merely mimic the complex
biochemical cues indispensable for bone development but
also potentially unveil novel mechanisms underpinning
bone regeneration, thereby augmenting the therapeutic and
scientific horizons in bone tissue engineering and regenerative
medicine.
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