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Bone defects, which can be caused by factors such as trauma, tumor, or

osteomyelitis, are clinically common. They lessen the weight a bone is able

to bear and cause severe pain to the patient. Although bone transplantation is

the gold standard for treating bone defects, it is not suitable for all patients due

to its poor availability, risk of spreading disease, and possibility of requiring a

secondary surgery. Bone cement as a filler for bone defects can fill any shape of

bone defect, and can quickly solidify when injected, providing mechanical

strength sufficient for supporting the normal physiological activities of the

bone. However, traditional bone cement lacks the ability to induce bone

regeneration. Recently, various methods for enhancing the bone

regeneration ability of bone cement have been developed, such as adding

bone morphogenetic proteins, mesenchymal stem cells, and inorganic

substances to bone cement. These methods not only ensure the original

biological properties of the bone cement, but also improve the bone

cement in terms of its mechanical strength and ability to induce bone

regeneration. The aim of this review is to overview the process of bone

regeneration, introduce improved bone cement formulations designed to

promote bone regeneration, and discuss the clinical application of bone

cement and its possibilities for future improvement.
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Introduction

Bone has a strong regenerative capacity under normal conditions. The repair potential

of bone and its surrounding microenvironment, including inflammatory cells, endothelial

cells, and Schwann cells, persists throughout adulthood, enabling damaged bone tissues to

return to their homeostatic functional state (Schlundt et al., 2021). However, this self-

healing method can only repair small bone defects. Infection, trauma, and bone tumor

resection cause large bone defects; so, the normal physiological structure of the bone

cannot be regained without medical intervention (Gillman and Jayasuriya, 2021).

Autologous bone grafting, allogeneic bone grafting, and xenografting are the best

ways to solve bone defects in clinic, among which autologous bone grafting is

considered the gold standard for bone grafting (Schmidt, 2021). Since an autologous

bone has the same function as the bone surrounding the defect, the success rate and fitting

rate of autologous bone grafting are high; thus, autologous bone is an ideal filler for

repairing bone defects. However, the availability of autologous bone for transplantation is
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limited, and not everyone is a good candidate for autologous

bone grafting. Moreover, infection and massive blood loss with

autologous bone grafting can occur at the donor site (Myerson

et al., 2019). These unfavorable factors limit the widespread

application of autologous bone grafting. Bone allografts and

xenografts, although widely available, are costly and difficult

due to strict requirements for aseptic preservation and aseptic

implantation. Furthermore, allografts and xenografts still pose a

risk of disease transmission (Artas et al., 2018; P Baldwin et al.,

2019; Hurle et al., 2021), and bone xenografts can even lead to

immune rejection. Therefore, bone grafting methods are

gradually moving toward the use of biomaterials to repair

bone defects.

Biomaterials suitable to replace bone grafts need to have

several properties (Elgali et al., 2017). The first is biological

histocompatibility; that is, the material must be able to adapt

to the injury environment in the local bone defect, and it must be

compatible with the surrounding bone tissues and extracellular

matrix so as to avoid damaging surrounding cells. A

biocompatible scaffold can provide a favorable

microenvironment for cell migration, proliferation, and

differentiation, while possessing a degradation rate that

matches bone repair and regeneration (García-Gareta et al.,

2015; Zhu et al., 2021a). The second is pores conducive to the

transport of nutrient metabolites and the inward regeneration of

bone. Studies have shown that a small pore size is not conducive

to cell infiltration and migration, and a large pore size cannot

provide sufficient attachment area for bone regeneration (Zhu

et al., 2021a). Excessive pore size is also not conducive to the

stability of the filler. The third is mechanical tolerance; that is, the

filler should locally adapt to the mechanical strength of the

surrounding bone. This can be achieved through a

phenomenon called mechanotransduction, in which cells

respond to mechanical signals from their surroundings

(Dupont et al., 2011). The fourth is being capable of inducing

osteogenesis; bone cement can include bone morphogenetic

proteins (BMPs) or other factors conducive to bone

regeneration to achieve this (Li and Liu, 2017).

In recent years, many bio-tissue engineering materials for

bone repair and regeneration have emerged, such as bone blocks

(Chaushu et al., 2019), bone chips, bioglass (Duan et al., 2020),

and implantable bandages for inducing osteogenic differentiation

(Okuchi et al., 2021). These fillers are good substitutes for

autologous bone and xenografts for bone defect repair.

However, bone blocks need to be cut according to the shape

and size of the defect during the operation, which increases the

operation time and is not suitable for clinical application

(Chaushu et al., 2019). Transplantable bandages induce bone

regeneration but fail to compensate for mechanical strength in

bone defects (Okuchi et al., 2021). The poor toughness of bioglass

is also not conducive to topical application (Duan et al., 2020).

Although 3D printing technology can be used to fabricate fillers

with good mechanical strength, printing must be started a few

days before surgery (Liaw and Guvendiren, 2017). Compared to

these fillers, bone cement has unique advantages as a filler for

small bone defects. Bone cement can fill the bone defect at the

injection site and set quickly to provide goodmechanical strength

(Palmer et al., 2016). This can save operation time. Moreover,

bone cement has good cytocompatibility and biocompatibility

and can induce osteogenesis (Bimis et al., 2017). However, it has

some serious potential complications, including bone cement

implantation syndrome (BCIS) (Hines, 2018). BCIS can lead to

severe cardiac arrhythmias, hypotensive shock, and even cardiac

arrest. In addition, bone cement can leak into the surrounding

environment, such as the venous system, which can lead to

cardiac embolism (Song et al., 2020). Although the incidence

of these adverse reactions is low, researchers still need to improve

the setting properties of bone cement. The addition of natural

organic substances such as alginate, chitosan, and gelatin to bone

cement can improve the toughness, mechanical strength, and

porosity of bone cement, thereby enhancing the ability of bone

cement to induce bone regeneration and reducing its sequelae

(Liu et al., 2021a; Wu et al., 2021). New bone formation is mainly

caused by the joint action of osteoblasts, osteoclasts, and

extracellular matrix at the site of injury (Katsimbri, 2017).

Bone cement is relatively weak in regulating the osteogenic

microenvironment. In recent years, platelet-rich plasma

(PRP), an osteogenic growth factor, has been added to bone

cement to promote bone repair (Hakimi et al., 2010; Shen et al.,

2021; Tian et al., 2021). This new type of bone cement not only

retains the mechanical strength and biocompatibility of the

original bone cement but also provides growth factors for

bone formation (Scheme 1; Table1, 2). In this review article,

we introduce new types of bone cement developed to promote

bone repair and regeneration, and we discuss the clinical

SCHRME 1
Schematic illustration of bone cement promotes bone
regeneration in bone defect.
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application of bone cement, as well as possible directions for

future improvement.

Bone regeneration

Bone regeneration is usually accomplished by the mutual

regulation of osteoblasts, mesenchymal stem cells (MSCs) and

extracellular matrix (ECM).

Osteoblasts

Osteoblasts are the only cells that can generate bone in

vertebrates. Osteoblasts produce collagen to provide a scaffold

for matrix mineralization. When the bone tissue matures,

osteoblasts are embedded in the bone matrix and undergo

structural changes to become osteocytes (Bonewald, 2011).

After bone formation, active osteoblasts quiescent on the bone

surface gradually evolve into bone lining cells. When a bone

defect occurs, the quiescent bone lining cells on the bone surface

turn into osteoblasts. Bone-lining cells are an important source of

osteoblasts in adulthood (Mizoguchi and Ono, 2021).

Osteoclasts, which are derived from hematopoietic stem cells,

are capable of bone resorption. Under normal conditions,

osteoblasts and osteoclasts are in relative balance in vivo to

regulate osteogenesis and development (McDonald et al.,

2021). When a bone defect occurs, the balance of osteoblasts

and osteoclasts is disrupted. Induces bone mineral deposition

through the regulation of calcium and phosphorus.

Mesenchymal stem cells

Stem cells have a strong ability to self-renew and differentiate into

specific cells in the body. MSCs are the most commonly used stem

cells for the treatment of bone diseases in preclinical research and

clinical work (Saeed et al., 2016). MSCs in the bone marrow can

differentiate into osteoblasts, adipocytes, or chondrocytes depending

on the environment in which they exist. MSCs are considered

precursors of osteoblasts and modulators of osteoclasts (Shang

et al., 2020). The differentiation of MSCs into osteoblasts mainly

depends on BMPs (Ponzetti and Rucci, 2021). BMPs have been

reported to recruit bone marrow mesenchymal stromal/stem cells

(BMMSCs) to the resorbed site during bone resorption to prevent

bone resorption (Bal et al., 2020). MSCs reach the damaged site to

generate a primary cartilaginous callus, which subsequently

undergoes revascularization and calcification to gradually form

normal bone tissues (Yorukoglu et al., 2017; Shang et al., 2020).

Intramembranous osteogenesis and endochondral osteogenesis of

bone regeneration depend on MSCs (Gresham et al., 2020).

Bone extracellular matrix

ECM is secreted by cells into thematrix and is mainly composed

of hydroxyapatite, collagen fibers (type I in bone tissues and type II

in cartilages), and trace elements (Gresham et al., 2020). As a scaffold

for cell adhesion and proliferation, the ECM is primarily responsible

for bone strength. Bone ECM dynamically interacts with osteoblasts

and osteoclasts to regulate new bone formation during regeneration

(Alcorta-Sevillano et al., 2020; Lin et al., 2020). In addition, studies

TABLE 1 Improved PMMA bone cement promotes bone regeneration.

Bone
cement
type

Supplementary
materials

Components Polymerization
temperature

Result References

PMMA PEG BMP-2 — This system was capable of loading a model protein for
BMP-2 at efficiencies of up to 100%

De Witte et al.
(2020)

mineralized collagen — MC-modified PMMA bone cement was associated with
better vertebral height restoration in the long term

Zhu et al. (2021b)

MgAl-layered double
hydroxide (LDH)

— 88.2°C PMMA&LDH boosts bone growth by 2.17- and 18.34-fold
increments compared to the PMMA groups at 2 months

Wang et al.
(2021)

graphene oxide (GO) — 72 ± 1°C Thermal stability and enhanced mechanical properties have
been achieved in nanohybrids vis-à-vis pure bone cement

Sharma et al.
(2017)

chitosan/graphene oxide — 15.9% reduction Cs/GO nanocomposite powder to the PMMA bone cement
cause to increase the compressive strength by 16.2%, the
compressive modulus by 69.1% and the bending strength
by 24.0%

Tavakoli et al.
(2020)

MgO — — It is of great interest to compare the bone repair effect using
Mg2+versus other bioactive ions (such as Si or Sr ions53) in
PMMA bone cements

Li et al. (2020b)

Biphasic calcium Phosphate — — The incorporation of BCP into PMMA-based bone cement
would promote cell adhesion, proliferation, differentiation
of BMSCs, and osteogenesis

Zhang et al.
(2018)
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TABLE 2 Improve bone cement to promote bone defect regeneration.

Bone
cement
type

Supplementary
materials

Components Compressive
strength

Porosity Result References

Calcium
phosphate
cement

MMSs — — 2–60 nm MMSC provided space for more tissue
ingrowth and induce anti-inflammatory
M2 phenotype polarization of
macrophages, angiogenesis and new bone
formation

Tan et al. (2021)

β-tricalcium phosphate — 39.6 ± 3.8 MPa — The new CPC + 20%TCP possessed good
cytocompatibility, acceptable injection
force, higher compressive strength
(increased by 63%), and greater
odontogenic expression

Gu et al. (2021)

PLGA Alendronate 4–6 MPa — ALN-loaded CPC/PLGA presents
clinically acceptable handling, suitable
compressive strength, and a controlled
ALN release

van Houdt et al.
(2018)

Calcium-deficient
hydroxyl apatite Alginate

preosteoblast
cells

— — α-TCP could be loaded with quercetin,
which was released in a sustained manner
throughout the entire 120 days testing
period

Raja et al. (2021)

PLGA Si-Zn 45 MPa 20%–25% PLGA microspheres and Si/Zn dual-
elements incorporation within the CPC
scaffolds synergistically enhanced bone
regeneration

Liang et al.
(2020)

Brushite Cu 27 MPa — Cu-loaded brushite cements showed good
antibacterial properties and cell affinity

Li et al. (2021a)

Collagen BMP-1 11.7 MPa 175 μm The presence of granules boosted both
bone tissue growth as well as implant
degradation behavior

Lee et al. (2017)

Chitosan 12 MPa 56.80 ±
0.84%

CPC-complex system as a development for
targeted localized drug or cell delivery for
augmented bone regeneration

Lee et al. (2019)

Alginate BMMSCs PRP — 267.43 ±
98.01) μm

The CPC scaffold is an effective alternative
bone substitute for the management of
critical size bone defects when used in
combination with BMMSCs and PRP

Li et al. (2021b)

SCPP fibers Dopamine — — D/SCPP fibers could effectively reinforce
CPC cement and overcome some
disadvantages of it

Wang et al.
(2020)

Magnesium
Phosphate
Cement

O-CMC — 33.8 MPa 13.8% TheMg2+ release was related to the amount
of O-CMC, which affected the degradation
rate and the pH of the extracts of the
OMPC samples

Gong et al.
(2020)

Citric acid 76 MPa 15% The citric acid is possible to obtain
composite cements which surpass the
advantages of high compressive strength
and bioactivity of its components

Wang et al.
(2019)

— Chondroitin
sulfate

29.67 ± 1.45 MPa 12.2% CS-MPC had the highest compressive
strength of 30 MPa, which was 58% higher
than that of MPC.

Shi et al. (2021)

CaMgP — 13.4 MPa 9.2% Bone healing with complete
osseointegration of the CaMgP pastes into
the bone defects and successive resorption
of the materials depending on the calcium
content

Ewald et al.
(2019)

Citric acid — — — Citrate elevating the osteogenic function of
osteoblasts and angiogenic function of
vascular endothelial cells depending on the
dosage

Wu et al. (2020)

(Continued on following page)

Frontiers in Materials frontiersin.org04

Xia et al. 10.3389/fmats.2022.929618

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.929618


have found that ECM has a unique ability to induce osteogenesis

through type I collagen (Komatsu et al., 2018). Hydroxyapatite is the

main inorganic component of bone tissues with osteoinductive and

osteoconductive properties. Angiogenesis precedes osteogenesis

during bone regeneration (Oliveira et al., 2021). Various

cytokines can be used in bone regeneration delivery technology

to modulate the ECM to promote bone regeneration, such as

platelet-derived growth factors (PDGFs), BMPs, insulin-like

growth factors (IGFs), transforming growth factors (TGFs-ß),

vascular endothelial growth factors (VEGFs), and osteoinductive

GFs (Khojasteh et al., 2013). Therefore, the currently common bone

cements that promote bone regeneration mainly regulate

osteoblasts, MSCs and ECM. Next, we will introduce the

currently commonly used bone cements to promote bone repair.

Improve bone cement

Polymethyl methacrylate bone cement

Polymethyl methacrylate (PMMA), a thermoplastic synthetic

polymer synthesized by the polymerization of MMA monomers,

has excellent properties, such as transparency and good tensile

strength, mechanical properties, and processability (Forte et al.,

2021). PMMA is widely used clinically in corneal transplantation

(Talati et al., 2018), cranioplasty (Siracusa et al., 2021), denture

repair (Tieh et al., 2021), vertebral fracture repair (Patel et al.,

2021), and joint replacement (Rupp et al., 2021). However,

PMMA bone cement hinders bone formation due to biological

inertness, non-degradability, and potential cytotoxicity. High

polymerization temperatures also lead to the death of

surrounding osteoblasts and osteoblast-related cells, and the

subsequent formation of a fibrous membrane hinders the

osseointegration of PMMA cement to bone (Li et al., 2020a).

Studies have found that bone tissue necrosis occurs within 1 min

under conditions of more than 50° (Li et al., 2020a). In addition,

free radicals from monomers after polymerization are a major

source of adverse events (Saruta et al., 2021; Paz et al., 2019).

Based on these unfavorable factors, PMMA cannot form

biological bone tissues locally. Therefore, research on modified

bone cement based on PMMA has been conducted in recent

years (as Table1).

Bone morphogenetic protein-2 (BMP-2) is an important

osteogenic growth factor in bone tissue regeneration. The

technical difficulty encountered in using BMP-2 to repair

bone defects is in delivering BMP-2 to the defect site while

TABLE 2 (Continued) Improve bone cement to promote bone defect regeneration.

Bone
cement
type

Supplementary
materials

Components Compressive
strength

Porosity Result References

Portland Bone
Cement

Magnesium
glycerophosphate

— 30 MPa — The novel cements have a suitable self-
setting time and the controllable
degradation rare with the change of the
content of MG.

Ding et al.
(2018)

Chitosan — — — APC-CT material exhibited satisfactory
biocompatibility with SHED, maintaining
favorable cell viability and attachment, and
did not induce apoptotic cell death

Subhi et al.
(2021)

C3S — 12.9 MPa 61% 3D-printed C3S bone cement scaffolds
have excellent pore structure and high
mechanical strength

Camilleri et al.
(2014)

C3S MBG 12 MPa 70% C3S/MBG30 scaffolds could induce new
bone formation, but the C3S/
MBG30 scaffolds significantly improved
the osteogenic capacity

Pei et al. (2016)

C2S — 19 ± 2 MPa 25–100 μm C2S bone cement has good compressive
strength and achieved the highest BIC and
bone formation percentage on the 60th day

Zuleta et al.
(2017)

MBG CSC 2.9 MPa — PSC/CS promote the fracture healing and
reduce the postoperative complications

Zhu et al. (2017)

Borate Bone
Cement

Chitosan Sr 20 ± 1 MPa — The Sr-BBG cement showed a better
capacity than the BBG cement to
regenerate bone at the implant–bone
interface

Shi et al. (2021)

Chitosan Sr 23.2 MPa — An increase in Sr substitution resulted in
an increase in the injectability and setting
time of the cement but little change in its
compressive strength

Cui et al. (2020)
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maintaining its biological activity and local survival for a long

time (Shen et al., 2021). De Witte et al. (2020) prepared

degradable PMMA nanoparticles for the delivery of BMP-2. P

(MMA-co-MAA) nanoparticles optimized for the controlled

delivery of BMP-2. The hydrophobicity of PMMA and the

hydroxyl groups on the surface of MMA increased the affinity

of the nanoparticles for BMP-2. The addition of ester groups in

the cross-linking increased the degradability of the nanoparticles

and facilitated the release of BMP-2. This improved method not

only promoted the degradation of PMMA but also increased the

FIGURE 1
(A) Schematic illustration of layered double hydroxide-modified bone cement for promoting bone repair. (B) Temperature change during the
reaction of the B polymer. (C) Scanning electronmicroscope image of PMMA and LDH. (D)Osteogenic differentiation ability was assessed by alkaline
phosphatase (ALP) staining assay on day 14 of in vitro cell experiments (blue stained area represents alkaline phosphatase). (E) In vivo assay to assess
osteogenic differentiation. Relative gene transcript levels of osteogenic markers (i.e., runt-related transcription factor 2 (Runx2), ALP, p38, and
P-p38) in human bone marrow-derived mesenchymal stem cells on day 7. An increased ratio of P-p38 to p38 indicates the activation of the
p38 MAPK signaling pathway. Reproduced with permission from (Wang et al., 2021).
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delivery of BMP-2. The study confirmed that the nanoparticles

had a 100% BMP-2 loading rate and had the potential to promote

osteogenesis and angiogenesis to form vascularized bone (De

Witte et al., 2020). Although nanoparticles can deliver BMP-2 to

promote bone repair, they cannot change the unfavorable factors

of PMMA bone cement itself, such as the lack of osseointegration

and high elastic modulus (Rho et al., 2012). Mineralized collagen

(MC) consists of type I collagen fibers and hydroxyapatite. The

use of MC to improve PMMA in the treatment of osteoporotic

pyramidal compression fractures has been reported (Hakimi

et al., 2010). Zhu et al. (2021b) improved PMMA bone

cement for the treatment of cone collapse using MC (Zhu et

al., 2019). Compared with PMMA bone cement, MC-PMMA

reduces the elastic modulus of the original PMMA bone cement

and possesses biological activity more suitable for bone

regeneration. Furthermore, it was found via computed

tomography (CT) that the MC in MC-PMMA bone cement

was replaced by new bone, and the new bone was more stable

than PMMA. The incidence of re-fractures was also significantly

reduced in patients after the application of MC-modified PMMA

bone cement. However, not all mineralization improvements to

bone cement can improve the performance of bone cement. For

example, adding hydroxyapatite to improve PMMA reduces the

compressive strength of bone cement (Kim et al., 2004). Wang

et al. used magnesium-based polylactic acid microsheets to

modify PMMA. This modification not only reduced the

damage caused by PMMA to osteoblasts due to high

polymerization temperature but also released magnesium ions

to promote osteogenesis. In addition, the microsphere structure

on the surface after lactate dehydrogenase degradation was also

beneficial for bone formation (Figure 1) (Wang et al., 2021). In

addition, Sharma et al. improved PMMA bone cement with

amine group-functionalized graphene, which reduced

cytotoxicity and improved the toughness of bone cement.

Significant calcification was observed 20 days after bone injury

(Saeed et al., 2016; Tavakoli et al., 2020). PMMA bone cement

can also be improved by mixing it with magnesium oxide or

calcium phosphate since these compounds promote bone

formation (Zhang et al., 2018; Li et al., 2020b).

In conclusion, various inorganic materials can be mixed with

PMMA bone cement to promote bone repair and regeneration.

However, the porosity, biocompatibility, and mechanical

strength obtained by mixing different ratios of PMMA with

inorganic materials are different. In clinical practice, we can

design bone cements with different characteristics according to

the needs of different diseases for clinical selection.

Calcium phosphate cement

Calcium phosphate has unique biocompatibility,

osteoconductivity, and bone-mineral-rich fractions that make

it a promising bone-replacement material (Best et al., 2008).

Calcium phosphate bone cement has plasticity and can be set into

a suitable shape to fill bone defects as needed. However, calcium

phosphate cement has a dense structure and poor

biodegradability, which is not conducive to the ingrowth of

living tissues. Additionally, its mechanical strength cannot

meet the load-bearing capacity of the bone in the defect

(Lobenhoffer et al., 2002; Liu et al., 2019). In recent years,

researchers have optimized the properties of calcium

phosphate bone cement to ensure that it has good

biocompatibility and bone regeneration ability (as Table 2).

Tan et al. improved calcium phosphate bone cement using

MgO (Tan et al., 2021). MgO is added to maintain the

morphological structure after in situ curing. It was found that

the addition of MgO reduced the temperature released during the

curing process of bone cement, and released magnesium ions

promoted the increase of M2 macrophages in the anti-

inflammatory immune microenvironment (Gu et al., 2021).

Macrophages persist at the site of injury for 2–3 weeks,

providing a favorable environment for bone repair. At the

same time, a large number of osteoblasts are present around

the microspheres at the 12th week. Macrophages, as

inflammatory and immune-related cells, can release growth

factors and chemokines (such as BMP-2, BMP-4, and TGF-

β1) in bone defects to promote the recruitment of fibroblasts to

the defect (Yang and Liu, 2021). However, studies show that

macrophages are not involved in the early stages of fracture

healing (Schlundt et al., 2018).

Alendronate sodium, the most commonly used drug for the

treatment of osteoporosis, increases bone mineral density

(Vertesich et al., 2021). Hence, researchers have speculated

whether the application of alendronate sodium can maintain

the bone density of the bone defect in the early stage. In an

animal study, mice treated with alendronate for 4 weeks

exhibited a 139% increase in bone volume (Vertesich et al.,

2021). In one study, alendronate was added to calcium

phosphate bone cement, and poly (lactic-co-glycolic acid)

(PLGA) was used to make porogen to promote the

degradation of CPC/PLGA to release alendronate and form a

porous structure. Although the calcium phosphate cement itself

did not degrade, alendronate was released from the modified

cement for up to 148 days. When alendronate sodium is

clinically used for the treatment of osteoporosis patients, it

promotes local bone formation. However, the alendronate

released from the cement did not increase bone formation

within the defect. Instead, new bone formation was detected

around the defect area. Although there was no good explanation,

the researchers speculated that it may have been due to the lack

of alendronate sodium to induce the migration of preosteoblast

cells to the center of the defect (van Houdt et al., 2018).

Raja et al. (2021) replaced alendronate with quercetin and

used calcium-deficient hydroxyapatite-alginate to fabricate core-

shell bone cement (Raja et al., 2021). Quercetin is to control the

metabolism of bone tissue regeneration through sustained release
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over a long period of time. Alginate is an anionic polysaccharide

that changes shape when cross-linked. The purpose of the core-

shell structure was to deliver preosteoblast cells to the site of bone

injury. Cells were loaded on core-shell beads for 50 days

(Figure 2). Cell growth was evident at the center of the

nucleocapsid structure, but not in alginate. In addition, it was

found that adding antibiotics could also control local infection,

which is beneficial to bone formation (Liu et al., 2021a). Trace

elements such as magnesium ions, zinc ions, strontium ions, and

copper ions can also regulate the phenotype of macrophages and

FIGURE 2
(A) Schematic of the processing of core−shell beads. (B) Fluorescencemicroscopy images of live/dead cells in core−shell beads (indicated with
white dotted lines) cemented in PBS for 14, 35, and 50 days. Yellow arrows indicate cells showing growth and elongation, and red arrows indicate
cells that retain their spherical shape in alginate. (C) Drug release profile from core−shell beads over the course of 120 days with different
concentrations of quercetin. (D) Cumulative drug release at specific time points (in days). 0–30 days (green region): fast drug release, followed
by decreased but stable release; 30–60 days (yellow region): constant and stable drug release; and 60–120 days (red region): declining drug release
with time. (E) X-ray diffraction patterns of final core−shell beads after the addition of quercetin. Reproduced with permission from (Raja et al., 2021).
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promote bone repair and regeneration (Lin et al., 2019; Liang et

al., 2020; Miao et al., 2020; Li et al., 2021a; Tao et al., 2021).

A simple bone cement material has insufficient pores in the

middle, and osteocytes cannot grow toward the center of the

bone cement; so, stable new bone cannot be formed. Degradable

particles mixed with bone cement can remedy the lack of voids in

bone cement. Biphasic calcium phosphate bone cements

(BCPCs) composed of hydroxyapatite and tricalcium

phosphate have good biodegradability (Gauthier et al., 2001;

Rattanachan et al., 2020). Lee et al. prepared a bone substitute

material (CPC-ccMCG-B) by adsorbing BMP-2 and porous

particles to the surface of HAp through collagen fibers (Lee

et al., 2017). The incorporation of porous particles facilitates the

maintenance of the biocompatibility of the material. The study

found that CPC-ccMCG-B provided sustained release of BMP-2

over 30 days. Compared with pure calcium phosphate cement,

CPC-ccMCG-B can also significantly induce angiogenesis.

Neovascularization helps osteoblasts recruit and form new

bone in bone defects. A significant increase in the quantity of

trabecular bone was observed within 4 weeks of implantation.

However, the liquid-to-powder ratio (L/P) affected the

compressive strength of CPC-ccMCG-B. The higher the L/P

ratio, the greater the fluidity of the cementitious material and

MCG, and the lower the compressive strength of CPC-ccMCG-B

(Lee et al., 2017). Adding chitosan fiber as a reinforcing material

to bone cement can improve the compressive strength of bone

cement (Lee et al., 2019; Miao et al., 2020; Rattanachan et al.,

2020).

MSCs have excellent inductive differentiation potential,

which is conducive to promoting bone regeneration (Saeed

et al., 2016). Li et al. cultured autologous BMMSCs for 7 days

and encapsulated them in calcium phosphate bone cement in

combination with PRP (Li et al., 2021b). PRP releases growth

factors such as PDGF, TGF-β1, and VEGF, which benefit

angiogenesis and macrophage activation, thereby stimulating

host bone formation (Hakimi et al., 2010). This new bone

cement has better mechanical properties and excellent

biocompatibility than previous CPC. Although different

implantation methods have certain negative effects on PRP-

induced bone regeneration, the combination with stem cells is

beneficial for bone healing (Li et al., 2021b). At 6 and 12 weeks

after implantation, calcium phosphate cement mixed with

BMMSCs and PRP had stronger osteogenic ability than

calcium phosphate cement alone. Although the internal

loading factors of bone cement can promote bone

regeneration, the surface compatibility of calcium phosphate

bone cement is still a problem. Dopamine-encapsulated

strontium-doped calcium phosphate improves the mechanical

properties of bone cement and enhances the cytocompatibility of

the cement surface with surrounding bone tissues (Wang et al.,

2020).

In conclusion, calcium phosphate bone cement is currently

the most commonly used inorganic bone substitute material, and

it still has great untapped potential. Thus far, it has been

demonstrated that chitosan, alginate, and inorganic ions can

be used to improve the mechanical strength and porosity of

calcium phosphate bone cement. However, a major technical

difficulty remaining to be solved is in delivering growth factors to

the defect site and in increasing the duration of action while

ensuring their survival rate in order to enhance bone defect

repair.

Magnesium phosphate cement

Magnesium phosphate bone cement is known for its rapid

setting, high strength, and rapid biodegradation capabilities

(Mestres and Ginebra, 2011). In the process of bone repair,

the ability of magnesium ions to promote the proliferation and

differentiation of osteoblasts gives magnesium phosphate bone

cement unique advantages over other types of bone cements

(Wang et al., 2014). Although not as rich in bone minerals as

calcium phosphate bone cement, magnesium phosphate bone

cement can still have a wide range of applications due to the

magnesium ions. However, under humid conditions in the body,

the phosphate in the magnesium phosphate cement matrix will

dissolve, resulting in changes in the surrounding pH and a

decrease in the mechanical strength of the cement (Liu et al.,

2019). This is undesirable since mechanical strength is an

important factor for bone defect repair. Moreover,

magnesium phosphate bone cement will generate a lot of

heat before setting, and this heat will damage the cells

around the defect, causing these cells to lose their ability to

repair bone (Ostrowski et al., 2016). Therefore, magnesium

phosphate cement alone is not a good material for local

filling in bone repair. Reducing the changes to pH caused by

magnesium phosphate bone cement is a relatively difficult work;

so, there have been few studies on improving magnesium

phosphate bone cement.

Magnesium phosphate and ammonium ions can form

struvite with high absorbability under neutral conditions

(Fuchs et al., 2021). Struvite has high mechanical strength,

which can, to a certain extent, compensate for the decrease in

mechanical strength caused by pH changes. However, the

synthesis of struvite results in amine emissions (Wenisch et

al., 2003), which is a difficult problem to solve. Gong et al.

(2020) used potassium dihydrogen phosphate (KH2PO4) as a

source of phosphate to solve the problem of amine emissions

and simultaneously synthesized K-struvite. They also

introduced non-toxic and degradable natural oxy-

carboxymethyl chitosan (O-CMC) into magnesium

phosphate cement (MPC), denoting the product as OMPC,

to improve the cement’s compressive strength. The addition of

oxygen-carboxymethyl chitosan enhances the mechanical

properties and cytocompatibility of potassium MPC. The

study confirmed that the improvement in compressive
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strength was related to the added O-CMC. The porosity of the

OMPC-2.5% group is the lowest at 13.8%, while the

compressive strength reaches the maximum value of

33.8 MPa. The study also demonstrated that OMPC released

magnesium ions to promote cell proliferation and bone repair.

Furthermore, O-CMC reduced the pH value of the solution,

which made up for the decrease in bone cement strength caused

by phosphate dissolution (Figure 3) (Gong et al., 2020).

Although potassiummagnesium phosphate bone cement has

many advantages, its short clotting time is not conducive to

clinical application (Wang et al., 2019). Shi mixed different

proportions of chondroitin sulfate (CS) with MPC to

FIGURE 3
(A) Clotting time of OMPC scaffolds. (B) Porosity and compressive strength of OMPC scaffolds. (C) In vitro degradation of OMPC scaffolds. In
vitroweight loss rate of OMPC scaffolds immersed in Tris-HCl solution. The first 3 days had the fastest degradation rate, with a loss of about 5% of the
total weight of all OMPC groups. On day 28, the weight reduction rate of OMPC-5 reached 15.11 wt%. (D) pH values for all OMPC groups. The
incorporation of O-CMC slightly lowered the final pH of OMPC. (E) Osteogenic differentiation results of MC3T3-E1 cells cultured on OMPC
scaffolds. The expression levels of osteogenic differentiation-related genes were measured on days 7 and 14. Reproduced with permission from
(Gong et al., 2020).

Frontiers in Materials frontiersin.org10

Xia et al. 10.3389/fmats.2022.929618

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.929618


synthesize new CS-MPC composites (Shi et al., 2021). CS

promotes calcium deposition in the extracellular matrix and

osteogenic differentiation of BMMSCs (Manton et al., 2007).

It was found that 2.5% CS-MPC had the highest compressive

strength, at 29.67 ± 1.45 MPa, and the lowest porosity, at 12.2%.

Cells on CS-MPCs were detected on days 3 and 5, and it was

found that the expression levels of osteogenesis-related genes

COL1, RUNX2, and OCN were also higher than those in the

MPC group. In addition, magnesium phosphate powder was

added to calcium phosphate bone cement to prepare premixed

cement CaxMg(3-x) (PO4)2 (x = 0.25 and 0.75) (Ewald et al., 2019).

It was found that the porosity of premixed bone cement in PBS

in vitro increased to 16%–25% after 30 days without a consequent

decrease in compressive strength. This may be related to the

release of the oil phase. In addition, citrate can inhibit hydration

and improve the mechanical strength of bone cement, and it can

also regulate the energy metabolism pathway of MSCs to induce

osteogenic differentiation and angiogenesis of MSCs (Ma et al.,

2018; Binu et al., 2013; Hurle et al., 2018). Wu et al. loaded citrate

into magnesium phosphate bone cement and found that it not

only improved the curing time, compressive strength, and

cytocompatibility of bone cement but also promoted

peripheral vascular and osteogenic differentiation (Wu et al.,

2020).

In conclusion, although magnesium phosphate bone cement

has its unique advantages, it is difficult to improve and has

significant negative effects. Hence, little research on improving

magnesium phosphate bone cement has been conducted.

Although natural bioactive substances can make up for certain

drawbacks, magnesium phosphate bone cement is still rarely

used clinically. Some researchers have mixed calcium phosphate

cement withmagnesium phosphate cement to prepare a new type

of cement. This new type of bone cement has certain minerals

and mechanical strength, but it is difficult to manufacture.

Different ratios of calcium phosphate and magnesium

phosphate will need to be comprehensively assessed in order

to guide the development of new bone cements that meet specific

needs. Overall, magnesium phosphate bone cement still requires

much development before it becomes suitable for clinical

application.

Portland bone cement

Portland cement is widely used in the treatment of dental pulp,

and its main components are tricalcium silicate (C3S) and Dicalcium

silicate (C2S) (Kaur et al., 2017). C3S and C2S can stimulate the

proliferation and osteogenic differentiation of bone, and they both

have good biocompatibility. However, Portland cement has low

resistance to early compression and a long setting time, which do

not meet the clinical requirements of bone defect repair (Wu et al.,

2015). When C2S and C3S come in contact with water, silicic acid

and calcium hydroxide are immediately produced. Phosphate and

calcium hydroxide form hydroxyapatite (Sharma et al., 2020). Ding

et al. (2018) mixed magnesium glycerophosphate (MG) with

Portland cement to synthesize a new type of bone cement. MG

can not only promote the degradation of bone cement to release

phosphate but can also release magnesium necessary for bone

regeneration. Glycerol phosphate is the basic substance of

metabolism throughout the life cycle. The study showed that the

compressive strength of bone cement reached 30MPa on the 7th day,

and hydroxyapatite was formed on the surface, which provided a

good foundation for new bone formation (Ding et al., 2018). In

addition, studies have shown that chitosan can induce silicate bone

cement to upregulate osteogenic markers and induce matrix

mineralization (Subhi et al., 2021). However, Portland cement is

hydraulically hard and reduces porosity over time (Camilleri et al.,

2014). Once the porosity is reduced, it is not conducive to cell growth

and nutrient metabolism. A possible solution is to use 3D printed

scaffolds to tune pore morphology and porosity as needed (Pei et al.,

2016). Yang et al. (2017) used silicate bone cement to prepare

scaffolds to enhance bone repair and regeneration (Figure 4). The

formation of nano-needle-like structures on the surface of scaffold

pores was conducive to the attachment and diffusion of bonemarrow

stem cells. The scaffolds had a maximum compressive strength of

12.9 MPa and a porosity of 61%. This porosity is too high, which is a

common problem among 3D printed scaffolds. Although larger

porosity is beneficial for cell growth, it leads to a decrease in

compressive strength (Yang et al., 2017). Studies have shown that

although the compressive strength of this 3D-printed scaffold is not

as good as that of calcium phosphate cement, it has exceeded that

reported in other literature (0.9–8.7MPa) (Camilleri et al., 2014;

Zuleta et al., 2017). This type of scaffold is only suitable for the repair

of non-load-bearing bones.

Mesoporous bioactive glasses (MBGs), most of which are

silicates, have excellent biocompatibility and tunable surface

porosity (Wu and Chang, 2012). In bone regeneration, MBGs

can promote the expression of osteogenesis-related genes (Wu et

al., 2010). However, MBGs are brittle at low sintering temperatures,

leading to rapid collapse of the porous structure (Ghamor-Amegavi

et al., 2020). Gou et al. developed yolk-shell granule-like bone

cement with silicate and MBG for promoting bone regeneration

(Ghamor-Amegavi et al., 2020). This bidirectional calcium

phosphate bone cement rapidly degraded and released MBGs in

rabbits. The highest bone volume fractions (BV/TV) were shown at

8–12 weeks post-implantation. Bone fragility caused by osteoporosis

was also lessened (Wang et al., 2014). In another study, MBG was

mixed with calcium sulfate to form a high BG content injectable BG/

calcium sulfate composite cement. The composite bone cement

degraded slowly, and the mass loss of calcium sulfate cement

reached 52% after soaking in simulated body fluid (SBF) for

4 weeks. Although its compressive strength is not high, it satisfies

the bone repair of vertebral body compression fractures (Zhu et al.,

2017). As previously mentioned, metal ions can improve the

biological properties of Portland cement. Copper ions, for

example, can induce bone marrow mesenchymal cells to release
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hypoxia-inducible factor and vascular endothelial growth factor,

which contribute to the revascularization of bone defects (Bejarano

et al., 2017). Copper ion-doped hydroxyapatite exhibits antibacterial

activity and promotes bone regeneration (Zhang et al., 2020).

Portland cement is not as widely used as calcium phosphate

cement. However, for small bone defects, such as those in teeth,

Portland cement still has a certain application value. Due to its

low compressive strength, Portland cement cannot be used for

the defect repair of limb bones. Improved Portland cement can be

used to repair vertebral fractures, but its application is currently

limited to animals. Additionally, silicate bone cement needs to be

further improved to expand its clinical applicability.

FIGURE 4
(A) 3D printed C3S bone cements with different shapes. (B) Nanoneedle and nanosheet structures formed by C3S bone cement scaffolds in
Na2HPO4 aqueous solution and (NH4)2HPO4 aqueous solution. (C) Compressive strength, Young’s modulus, and porosity of C3S scaffolds at
different curing times (0, 1, 3, 7, 14 days). (D) X-rays of C3S–NN scaffolds after being implanted for 1 month, 3 months, and 6 months. Reproduced
with permission from (Yang et al., 2017).
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Borate/borosilicate bone cement

Borate bone cement is a kind of bioactive glass made by

partially or totally replacing SiO2 with B2O3 (Huang et al., 2006).

The degradation rate can be regulated by changing the ratio of

B2O3 and SiO2. Boron can reduce the hydration temperature and

delay the solidification reaction. Borate cement with vancomycin

can repair 87% of bone defects in the treatment of osteomyelitis

(Cui et al., 2014). Strontium (Sr) can stimulate the expression of

the MSC solid gene and inhibit the activity of osteoclasts to

promote bone regeneration (Zhang et al., 2015). Zhang

developed an injectable glass bone cement (Sr-BBG) by

mixing strontium and chitosan with borate bone cement

(Figure 5) (Zhang et al., 2015). Bone cement has good

biological activity, osteogenesis capacity and the release of Sr

in a controlled manner. The setting time of Sr-BBG bone cement

FIGURE 5
(A) Physical properties of BBG and Sr-BBG cements: injectability, initial setting time, and compressive strength. (B) Weight loss of BBG and Sr-
BBG cement, and the amount of Sr2+ ions released from the Sr-BBG cement into the SBF. (C) SEM images showing the attachment of human bone
marrow-derived mesenchymal stem cells (hBMSCs) on BBG and Sr-BBG cement after culturing for 3 days. (D) CCK8 proliferation experiments on
days 1, 3, and 7: hBMSCs cultured on BBG and Sr-BBG cement. (E) The expression levels of osteogenic differentiation-related genes were
measured on days 7 and 14. (F)Newly formed bone and bone-implant contact (BIC) index of BBG and Sr-BBG cement implanted at 4 and 8 weeks in
critical-sized rabbit femoral condyle defects. Reproduced with permission from (Zhang et al., 2015).
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was 10.6 ± 1.2 min. The expression of osteogenesis-related genes

could be detected within 7 days in vivo. Increasing the proportion

of strontium resulted in longer setting times but did not affect the

compressive strength. In addition, the new bone formation and

implant contact index of Sr-BBG were significantly better than

those of BBG (Cui et al., 2020). In view of the rapid setting of

magnesium phosphate bone cement, Li et al. incorporated

magnesium phosphate into borosilicate bone cement to

prepare a composite bone cement (MPC-BG). The study

found that the coagulation time of magnesium phosphate

bone cement was delayed after adding BG. However, the

compressive strength was affected when the MPC/BG ratio

exceeded 3:1 (Li et al., 2020a).

Although borosilicate-loaded growth factors have achieved

certain success in promoting bone repair, their inherent stability

is poor. Most borate cements are used to improve the mechanical

strength of PMMA cements (Cui et al., 2017; Funk et al., 2018;

Cole et al., 2020), since it is still difficult to use borosilicate bone

cement alone in clinical practice.

Calcium aluminate bone cement

Calcium aluminate cement has higher mechanical properties

and a lower curing temperature than calcium phosphate cement

(Oh et al., 2004). However, this kind of bone cement has a long

setting time, which is not conducive to clinical application. A

study found that the addition of lithium chloride can reduce the

setting time of calcium aluminate cement without affecting the

compressive strength of the cement (Acuña-Gutiérrez et al.,

2017). In vivo experiments also confirmed the absence of

cytotoxicity after the addition of lithium chloride. However,

this modification method cannot ensure that there are

sufficient calcium ions around the cement to promote bone

repair. Calcium chloride modified calcium aluminate bone

cement can ensure that calcium aluminate bone cement

releases calcium ions for 84 h (Castro-Raucci et al., 2018).

Nonetheless, calcium aluminate cements are not as useful as

other types of cements, possibly due to their inferior fabrication

methods and biohistocompatibility compared to other types of

bone cements. Among the few calcium aluminate cements that

have been studied, most have been used to improve other types of

bone cements.

Inorganic nanohybrid bone cement

In addition to the above-mentioned bone cements

commonly used in clinical practice, polymer bone cements

also have unique advantages. Unlike traditional bone cements,

the crosslinking and stabilization of these polymers depend on

thienyl groups and double bonds (Liu et al., 2021b). In order

to speed up the formation of chemical bonds, it is often

necessary to use catalysts to speed up the reaction process.

However, most of the catalysts contain aromatic groups or

heavy metal ions that are harmful to the body. Strain-

promoted alkyne-azide cycloaddition (SPAAC) click

chemistry is a mild and fast click reaction (Gordon et al.,

2012). This reaction can be accomplished without the addition

of initiators and catalysts. Liu et al. developed an organic-

inorganic nanohybrid (click-ON) injectable bone cement

system using SPAAC technology. The hybrid was mainly

composed of propylene glycol fumarate and esters. Studies

have shown that with different ratios of the two substances,

the gelation time of the hybrid varies from a few minutes to

30 min. In vivo experiments indicated that on the 21st day, the

content of MSCs and osteogenic markers was significantly

increased. Significant osteogenesis was observed 4 weeks after

the scaffold was injected. Compared with PMMA bone

cement, the hybrid has low toxicity, strong degradability,

and can promote the proliferation and differentiation

of MSCs.

Polymer bone cement has the advantages of low toxicity and

easy availability, which traditional bone cement does not have,

and it also has advantages for in vivo osteogenesis (Tang et al.,

2021). Whether it can provide compressive strength around the

bone defect is questionable since no studies have reported on this

topic. We speculate that polymer bone cement probably has

lower strength compared to traditional bone cement. Therefore,

polymer bone cement needs to be further improved to promote

its clinical application.

Challenges and limitations

To date, PMMA, calcium phosphate, and magnesium

phosphate bone cements have been widely used in the field of

orthopedics. However, these traditional bone cements have

drawbacks that limit their clinical application. The regeneration

of bone into normal bone tissue is a complex process. Traditional

bone cements provide support for bone regeneration, but they

do not promote the induction of bone regeneration. Today,

biomaterials have made great breakthroughs in tissue

engineering. Traditional bone cements can be improved by

natural bioactive substances such as chitosan and alginate to

form new types of bone cements that are more stable and that

have greater mechanical strength while retaining the other

mechanical properties of bone cement. Improved bone cement

with the ability to induce bone regeneration can also be developed.

Loading osteogenic growth factor on bone cement can form a

microenvironment favorable for bone formation in situ.

Appropriate porosity not only satisfies the compressive strength

of new bone but also facilitates the inward formation of new bone.

Better osteogenic properties of new types of bone cements have

been observed in animal models. Therefore, new bone cements

have great promise for clinical application in bone repair.
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Future perspective and conclusion

However, the optimal mixing ratios of conventional bone

cements and natural active substances remain unknown. The

mechanical strength and porosity provided by mixtures of

different proportions are different, and the characteristics of

bone cement required for repairing various bone defects are

also different. There is an urgent need for a new type of bone

cement suitable for repairing most bone defects in clinical

practice. To date, Improved bone cements have only been

validated in animals. Furthermore, new types of bone cements

can repair small bone defects, but it remains unclear whether they

can repair large bone defects. For large bone defects, the repair

time after bone cement filling is long, and patients may need a

second operation or even autologous bone implantation, which is

troubling for both patients and clinicians. At present, for large

bone defects, only 3D printing stent technology can provide a

good basis for treatment. Therefore, there is still an urgent need

for bone cement suitable for repairing large bone defects.
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