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Autografts, allografts, and xenografts are the most widely
used methods to enhance effective reconstruction of bone
defects, but natural donor bone has some deficiencies, such
as limited supply, excessive damage of transplant-supplied-
parts, constrained growth and high complication rates.[1]

Bioactive bone replacement materials provide an alterna-
tive for bone defect repair and regeneration. Augmented
injectable bone scaffold material applied to bone replace-
ment therapies in orthopedics and dentistry has generated
much discussion in bone tissue engineering for bone defect
repair. Injectable cement materials currently in clinical use
and those under research can be classified into three main
categories: polymethylmethacrylate (PMMA), calcium-
phosphate-based bone cements (CPCs), and calcium-
sulfate-based bone cements (CSCs). Of these, the chemical
components of CPCs are most similar to the inorganic
components of bones. CPCs mimic the mineral phase of
bone to formulate a natural lattice for bone tissue to
promote natural bone ingrowth and remodeling.[2]

Furthermore, in comparison with the most widely used
PMMA cements, CPCs have a lower exothermic reaction
temperature and promote better osteointegration. For
these reasons, they have become one of the most promising
bone repair materials.[3] Nevertheless, CPCs have some
limitations: (1) Their slow degradation rate and lack of
macroporosity to promote the formation of new bone
make their osteoinduction capacity insufficient for clinical
needs.[4] Modification efforts include fabricating porous/
nano structures and/or drug delivery CPC composites to
promote bone growth; (2) Another drawback is that
the mechanical strength of CPCs cannot match the strength
of human cortical bone; thus, strength modification is
another research direction.

Because of the reduction in cell differentiation and the
decrease in the potential of osteoblasts in osteoporotic
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patients, the purpose of modifying bone replacement
materials for these patients is to promote the differentia-
tion of bone marrowmesenchymal stem cells (BMSCs) and
to stimulate the potential of osteoblasts. The current
approach is to use CPCs as a scaffold and to add BMSCs
and/or osteogenic activity factors. In practice, specific
studies rely on the strategy of combining bioactive-
element-loaded CPCs (scaffold materials) with seed cells.
Under this framework, the largest variable is the bioactive
element, which may be platelet-rich plasma (PRP), bone
morphogenetic protein-2 (BMP-2) or a metal. The
introduction of bioactive elements into CPCs can not
only amplify the inherent bioactivity but can also offset the
side effects of these elements. For example, extracellular
Ca2+ at low concentrations from CPCs can modulate the
conformation of BMP-2, which can enhance Smad1/5/8
and mitogen-activated protein kinase (MAPK) signaling
transduction and further stimulate the expression of
osteogenic marker genes.[5] BMP-2 enhancement of
osteoclast formation can cause bone or scaffold material
resorption. CPC inhibits osteoclast-mediated resorption of
cements, which can offset the increased osteoclast activity
induced by BMP-2.[6] BMP-2, one of the most investigated
osteogenic active substances, has also been loaded on CPC
scaffolding for the acceleration of bone formation. Luo
et al[7] aimed to implant recombinant human BMP-2-
loaded CPC-composite BMSCs into nude mice; their
findings preliminarily revealed the bone remodeling
potential of CPCs and BMSCs as scaffold materials and
seed cells in bone tissue engineering from the perspective of
new bone-forming capability. Li et al[8] also confirmed the
clinical potential of such modifications for bone repair
from the perspective of promoting vascularization. PRP
has also been applied as the bioactive element of the above
framework. Growth factors in PRP can promote bone
repair through local delivery of bioactive agents to
influence critical physiological mechanisms, such as
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inflammation, angiogenesis, and extracellular matrix
synthesis. Generally, incorporating multiple growth fac-
tors into scaffolding promotes greater angiogenesis and
osteogenesis stimulation than the incorporation of a single
growth factor; as the natural compounded liquid phase,
PRP can play the role of a bioactive modification of CPCs
in more aspects than BMP-2.

Somemetals have also been found to have osteogenic activity
and have been used in bone tissue engineering. Examples
include magnesium, strontium and their compounds,
prompting theoretical study into the development of metal-
based CPCs. For example, Sr implanted in CPCs was shown
to increase the expression levels of osteoblast-related genes
and to promote the activity of alkaline phosphatase in an
osteoblast-like cell line and inBMSCs.[9] Considering that the
neurotransmitter calcitonin gene-related peptide can play a
role in promoting bone healing and remodeling, this
substance was added to Sr-modified CPCs by Liang
et al[10] to improve the anti-osteoporosis bioactivity of Sr-
modified CPCs in fracture patients with osteoporosis. The
progressive exploration of the “X-Sr-CPC model” provides
new options for the treatment of osteoporotic bone injury.
Another alkaline earth metal that has attracted substantial
attention is magnesium. Mg in CPCs was found to promote
BMSC adhesion and osteogenic differentiation via an
integrin-mediated mechanism.[11] In addition to revealing
the partial association of magnesium and osteogenesis, that
team evaluated their magnesium/calcium phosphate cements
(MCPCs) in terms of promoting angiogenesis and found that
the angiogenic potential of human umbilical vein endothelial
cells was enhanced in vitro by the MCPC-mediated immune
microenvironment.[12] Similar to the case of Sr-modified
CPCs,Mg-modified CPCs can also regulate osteogenic genes
mediated by growth factors or promote angiogenesis
indirectly by inducing micro-environmental changes, but
which of these alkaline earth metals has the better effect has
not been assessed. Apart from alkaline earth metals, other
bioactivemetal ions also have the potential to accelerate bone
healing in low doses. Among them, copper, cobalt, and
chromium ions are the focus of much attention. Human
essential trace elements, such as Cu2+, Co2+, Cr2+, and Ga3+,
have been introduced into CPCs at low doses to assess their
bioactivity. Cu2+-doped CPC has well established to be anti-
bacterial, angiogenic, and capable of promoting BMSC
differentiation and bone mineralization. Although introduc-
tion of Cu2+ into CPCs imparts notable bioactivity,
cytotoxicity still occurs at high doses. In contrast, Co2+ has
shown controversial results in related studies; therefore, this
approach needs to be confirmed by more tests. The addition
of Cr3+-endowed CPCs was confirmed to positively affect
bone formation, supporting both the proliferation of
osteoprogenitor cells and the resorption of osteoclasts
[Supplementary Table 1, http://links.lww.com/CM9/A315].

Owing to the limited accessibility of infected bone tissue to
systemically administered drugs, localized antibiotic
delivery is a common treatment for post-operative
infections, as implemented by using bone cements as
carriers for antibiotics drugs. Widely used PMMA is only
marginally porous, and the diffusion of antibiotics into the
surrounding bone tissue is limited to the outer surface of the
cement. SCSs have also been reported as carriers for
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antibiotics and are more favorable than PMMA because of
their interconnected microporosity. CPCs not only have the
advantages ofCSCs but also are closer to the composition of
bone. CPCs are mainly modified by metal or are used as
carriers to deliver antibiotic drugs to exert anti-infection
effects. Antibiotic-loaded bone cement treatment reduces
dead space and achieves targeted drug delivery simulta-
neously. The remaining problems to be solved include the
issue that the porosity and mechanical properties of CPCs
can be considerably affected by introducing antibiotics; in
addition, CPCs degrade slowly over a timescale unsynchro-
nized with the release of loaded drugs. To mitigate these
negative effects, CPCs can be modified with drug-loaded
polymers, enhancing the mechanical properties and degra-
dation of the cements through the acidic nature of the
polymer decomposition. Similar to the case of the antibiotic-
loaded polymer composite CPCs, studies on the anti-
bacterial effects of metal-modified CPCs are also highly
active, involving silver-, iron- or, copper-modified CPCs,
with confirmed outstanding non-cytotoxicity and anti-
infective efficacy [Supplementary Table 1, http://links.lww.
com/CM9/A315].

Similarly, we can use CPCs as carriers of anti-tumor drugs
or radioactive materials and inject them into patients to
achieve an anti-tumor effect [Supplementary Table 1,
http://links.lww.com/CM9/A315]. These modifications,
whether sustained release of anti-tumor drugs, magnetic
tumor targeting, or radiological modifications, are
intended to simplify the treatment process and reduce
systemic side effects and pain in patients.

CPC scaffolding is expected to degrade at the same rate that
new bone forms; therefore, when considering these two
balancing factors, the biodegradability of CPCs has been of
concern to researchers. Adding PLGA microspheres, which
degrade faster than CPCs, as porogens for CPCs is the most
commonly used modification strategy. However, PLGA
degradation occurs hydrolytically, generating acidic degra-
dation products, which can carry a risk of a localized
inflammatory response. CPCs modified by other porogens
suchas saccharidemicrospheres have also reported,with the
potential to neutralize the acid from PLGA to some
extent.[13] Another way to accelerate degradation is to
introduce organic phases that can be absorbed more
quickly, such as allogeneic bone powder or autologous
BMSC-PRP [Supplementary Table 1, http://links.lww.com/
CM9/A315]. In addition, CPCs modified with the pre-
eminent metal Sr have also been found to have excellent
biodegradability and an osteoinductive accelerating capa-
bility in some tests for expanding clinical applications.[14]

Due to the limitations in mechanical properties and low
fracture toughness resulting from brittleness, the applica-
tion of CPCs in the treatment of vertebral compression or
burst fractures is poor. To overcome this deficiency, many
reinforcement strategies have been devised, such as adding
fibers to form metallic or inorganic compounds, cross-
linking and adjusting the hardening liquid. Many previous
studies have indicated that certain nanoscale metal oxides,
silk fibroin, chemically activated carbon fibers, chitosan
fibers, and gelatinized starches can also enhance the
compressive strength or anti-washout property of CPCs.
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Incorporation of type I collagen (coI) into CPCs has been
an active research area to enhance the mechanical
properties of CPCs recently as well. It has also been
confirmed that this technique can better promote bone
integration while reinforcing CPCs.[15] However, as the
primary organic phase of bone, crosslinked coI plays a
substantial role in promoting cell adhesion through specific
interactions with ligands and adhering cells; moreover, the
compressive strength of CPCs is negatively modified after
its addition.[16] Due to the indispensable bionic advantages
of coI-CPCs and their inevitable shortcomings, certain
other materials have been considered for secondary
modification. For example, Sr doping in collagen-CPCs
can provide more interlocked microstructures and a higher
compressive strength. Regarding the compressive proper-
ties, the PLGA scaffolding is strong but too stiff; the
fracture toughness of the plain collagen scaffold is
favorable, but its stiffness is insufficient. Thus, introducing
both into CPCs as a compound-modified additive is a
strategy that reflects the complementary advantage effect.
This specific idea can be used to offset the limitations
associated with the preliminary modification [Supplemen-
tary Table 1, http://links.lww.com/CM9/A315].

Binary modifications, including both material and biologi-
cal modifications, usually performed by adding additional
ingredients after unitary modifications for a single primary
purpose: achieving overall efficiency gains. In general,
increasing the porosity of CPCs reduces their mechanical
strength; hence, researchers have aimed to further strength-
en the mechanical properties of CPCs. For example, the
strategy of adding PLGA fiber to CPCs effectively solves the
problems of low mechanical strength and low fracture
toughness. Gunnella and Bungartz et al[17] successively
added certain osteogenic active factors, including BMP-2,
GDF5 protein, and a mutant GDF5 protein, and demon-
strated that the bone formation capacity and angiogenic
effect of PLGA fiber-reinforced CPCs were significantly
improved. Somematerials havemore than one advantage as
prospects for modifiers. Sr-modified CPCs have many
significant features, such as anti-osteoporosis activity,
biodegradation promotion, and high mechanical strength.
Copper not only promotes the proliferation of osteoblasts
but also has an inhibitory effect on bacteria. The collagen
component simulates the organic phase in bone and
improves the fracture toughness of CPCs [Supplementary
Table 1, http://links.lww.com/CM9/A315]. If these modi-
fiers were used as the protagonist of the initial modification,
the next suitable modification would be to address their
defects. The well-ordered modification model is supported
by reliable experimental data and will soon be ready for
clinical application.
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