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The large incidence of bone defects in clinical practice increases not only the

demand for advanced bone transplantation techniques but also the

development of bone substitute materials. A variety of emerging bone tissue

engineering materials with osteogenic induction ability are promising strategies

for the design of bone substitutes. MicroRNAs (miRNAs) are a class of non-

coding RNAs that regulate intracellular protein expression by targeting the non-

coding region of mRNA3′-UTR to play an important role in osteogenic

differentiation. Several miRNA preparations have been used to promote the

osteogenic differentiation of stem cells. Therefore, multiple functional bone

tissue engineering materials using miRNA as an osteogenic factor have been

developed and confirmed to have critical efficacy in promoting bone repair. In

this review, osteogenic intracellular signaling pathwaysmediated bymiRNAs are

introduced in detail to provide a clear understanding for future clinical

treatment. We summarized the biomaterials loaded with exogenous cells

engineered by miRNAs and biomaterials directly carrying miRNAs acting on

endogenous stem cells and discussed their advantages and disadvantages,

providing a feasible method for promoting bone regeneration. Finally, we

summarized the current research deficiencies and future research directions

of the miRNA-functionalized scaffold. This review provides a summary of a

variety of advancedmiRNA delivery system design strategies that enhance bone

regeneration.
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1 Introduction

Bone defects caused by congenital diseases, tumors, and trauma are common

challenges in clinical treatment. In these cases, the repair capacity of the bone tissue

is impaired, and therefore, self-healing is difficult without surgical intervention. In clinical

practice, the gold standard for the treatment of bone defects is still autologous bone

transplantation (Collon et al., 2021). Unfortunately, the source of autologous bone

transplantation is limited, and complications, such as pain, occur at the donor site.

As an alternative therapy, allogeneic bone transplantation is expensive and prone to

disease transmission and rejection (Brink, 2021). Therefore, it is of great clinical

significance to find new biomaterials that promote bone regeneration and solve

serious problems of bone defects.
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Bone tissue engineering is an interdisciplinary field that

combines biological factors and material engineering to

regenerate damaged bone tissue. It can be used as an

alternative therapy for autografts and allografts (Gundu et al.,

2022). A variety of bone tissue engineering materials loaded with

growth factors have been shown to locally promote osteogenic

differentiation and repair bone defects (Li et al., 2021b).

However, the stability of these growth factors is poor, and

bone-promoting drugs, such as bisphosphonates and

simvastatin, as their substitutes, have insufficient bone-

inducing efficacy (Cui et al., 2019b; Bai et al., 2020; Jin et al.,

2021). In recent years, nucleic acid transfer with osteogenesis

SCHEME 1
Mechanism and application of miRNAs promoting bone regeneration.
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regulation has shown great potential in the treatment of bone

injury, owing to its persistent local effect and low cost (Ou et al.,

2019). Exogenous nucleic acid substances can enter

mesenchymal stem cells through cell phagocytosis or interact

with the cell surface through exogenous interference to regulate

the activity of intracellular-related transcription factors and

interfere with the process of cell differentiation (Kim et al.,

2021). In the field of nucleic acid molecular-based bone

engineering, there is consensus that the sustainable provision

of appropriate carriers of nucleic acid molecules at the

physiological level is essential for osteogenic efficacy.

MicroRNAs (miRNAs) are a series of small, single-stranded,

non-coding RNAs (Costa et al., 2019; Chen et al., 2020b).

miRNAs can bind to the 3′-UTR noncoding region of the

target mRNA while completely complementing each other to

inactivate and degrade the mRNA or play a negative regulatory

role at the post-transcriptional level by interfering with mRNA

translation, which is a key regulatory factor in cell osteogenic

differentiation (Arfat et al., 2018; Tang et al., 2020). In recent

years, the effect of miRNAs on the treatment of bone-related

diseases has become increasingly recognized (Liu et al., 2019; Hu

et al., 2020). The introduction of miRNA into osteoblast-related

cells can transmit osteoblast-related information through specific

signaling pathways, including bone morphogenetic proteins

(BMPs)/Drosophila mothers against decapentaplegic proteins

(SMADs)/runt-related transcription factor 2 (Runx2), Wnt/β-
catenin and MAPK, regulate gene expression activity, and

promote osteoblast differentiation (Li et al., 2018; Feng et al.,

2020). In addition, miRNAs can regulate osteogenic

differentiation by interacting with other non-coding RNAs,

such as lncRNAs and circRNAs. Some specific lncRNAs and

circRNAs can be used as competitive endogenous RNAs

(ceRNAs) of miRNAs or sponges of specific miRNAs to

reduce the function of miRNAs and act as miRNA inhibitors

(Yuan et al., 2019b; Peng et al., 2019).

However, it is difficult for miRNAs to directly act on the

osteogenic microenvironment due to the fact that negatively

charged miRNAs are difficult to penetrate positively charged

cell membranes under the effect of Coulombic force, and their

single-stranded structure is unstable, which is easy to be degraded

by RNase (Cui et al., 2019a; Ou et al., 2019). The design and

synthesis of small double-stranded miRNAs using mature

miRNAs as templates—miRNA mimics and miRNA

agomir—can better solve these problems (Wang et al., 2018b).

TABLE 1 Summary of target genes of different signaling pathways by miRNAs.

Signaling pathways Target gene miRNA Cell type Effect on osteogenesis

BMP/SMAD SMAD2 miR-10b HADSCs Promotion

BMP-7 miR-542-3p Calvarial osteoblasts Inhibition

BMP2 miR-6979-5p/214 MC3T3-E1 Inhibition

BMPR miR-125b HBMSCs Inhibition

RUNX2 miR-203 HBMSCs Inhibition

SMAD7 miR-877-3p/15b/590-5p HBMSCs Promotion

SMAD4 miR-664-3p MC3T3-E1 Inhibition

SMAD5 miR-135/25-3p hUC-MSCs Inhibition

Dlx5 miR-141/200a MC3T3-E1 Inhibition

Noggin miR-200c HBMSCs Promotion

Wnt/β-catenin Wnt2b miR-370-5p HBMSCs Inhibition

Wnt7a miR-889 BMMSCs Inhibition

Wnt3a miR-503 MC3T3-E1 Inhibition

Wnt1 miR-22-3p/miR-34a-5p — Inhibition

Wnt10b miR-33b-5p hUC-MSCs Inhibition

Wnt11 miR-154-5p ADSC Inhibition

DKK-3 miR-129-5p BMSCs Promotion

APC miR-27a/675 HBMSCs Inhibition

GSK-3β miR-26a BMSCs Promotion

DKK1/Kremen2 miR-291a-3p BMSCs Promotion

PPARγ miR-381/130a/27a BMSCs Promotion

LRP6 miR-30e Preadipocyte 3T3-L1 Inhibition

LRP5 miR-23a BMSCs Inhibition

PTEN/PI3K/AKT PTEN miR-19b/214/21 MC3T3-E1 Promotion

MAPK FGF2 miR-16 BMSC Inhibition
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These double-stranded miRNAs have a more stable molecular

structure and can play a larger role when transfected into cells

(Yu et al., 2020). Therefore, the combination of miRNA mimics

and miRNA agomir with a variety of biomaterials as factors

regulating the local osteogenic microenvironment has been the

subject of a large number of studies in recent years. A large

number of experiments have confirmed that miRNA-loaded

biomaterials exhibit excellent biosafety and effectively promote

the healing of bone defects (Ma et al., 2020a; Sun et al., 2020b; Bu

et al., 2020).

In this review, we analyze the molecular mechanisms of

miRNA regulating osteogenic differentiation of mesenchymal

stem cells to provide a comprehensive understanding of their

application. The application of miRNA-loaded biomaterials in

promoting bone regeneration in bone defects is summarized, and

possible treatment is discussed (Scheme 1). Finally, we present

the advantages and disadvantages of various miRNA-loaded

biomaterials, which provide a theoretical basis and advanced

methods for the treatment of bone defects.

2 Mechanism of miRNAs in bone
regeneration

miRNAs can interfere with the differentiation of MSCs by

participating in multiple signaling pathways and targeting

bioactive factors involved, including BMPs/SMADs/RUNX2,

Wnt/β-catenin, MAPK, and phosphatase, and the tensin

homolog deleted on chromosome 10 (PTEN)/

phosphoinositide 3-kinase (PI3K)/AKT (Li et al., 2018; Jia

et al., 2019; Sun et al., 2020a; Shi et al., 2020). In this section,

we summarize and discuss a variety of osteogenesis-related

pathways regulated by miRNA, which provide a theoretical

basis for the use of miRNAs to promote bone regeneration.

2.1 BMPs/SMADs/RUNX2

The BMP signaling pathway plays an important role in bone

growth and development, and its specific expression is key to the

osteogenic differentiation of stem cells (Kaur et al., 2018; De

Mattei et al., 2020). The key proteins of the BMP signaling

pathway are BMP proteins and BMP receptors (BMPRs),

SMAD proteins, and the Runx2 factor (Yin et al., 2018; Shen

et al., 2020). These three proteins are also the target proteins of

most miRNA molecules. BMPs are a series of special proteins

synthesized by osteoblasts and secreted into the bone matrix

microenvironment (Xiong et al., 2020b; Cao et al., 2020). They

can bind to BMPR and phosphorylate them and then activate the

downstream SMAD signaling molecules to promote osteogenic

differentiation (Zhang et al., 2017a; Peng et al., 2019; Wang et al.,

2020c). miRNAs can directly regulate the mRNA expression of

BMP and its receptor to regulate the osteogenic differentiation of

cells. MiR-765 andmiR-451a inhibit osteogenic differentiation of

mesenchymal stem cells by specific recognition and binding to

BMP-6mRNA (Lu et al., 2019;Wang et al., 2020c). MiR-98 binds

to BMP2 mRNA and inhibits osteogenic differentiation of

BMSCs (Zhang et al., 2017a; Zhi et al., 2021). In addition,

miRNA can also indirectly regulate the expression of BMPs

by affecting the activity of related proteins that regulate

BMPs. For example, noggin is a specific inhibitor of BMP2,

and miR-148b effectively promotes osteogenic differentiation of

BMSCs by targeting noggin (Li et al., 2017; Akkouch et al.,

2019). In addition to regulating the noggin that reduces the

BMP activity, miRNA can also target promoter-binding

proteins of DNA that encodes BMPs. For example,

LSD1 demethylates the promoter histone lysine, and miR-

137 indirectly promotes osteogenic differentiation by

targeting LSD1 mRNA (Ma et al., 2020b). There are also

some miRNAs that negatively regulate bone formation by

TABLE 2 Summary of advantages and disadvantages of various biological materials.

Materials Advantages Disadvantages

Viral vectors High transfection characteristics Potential genotoxicity and immune inflammatory response

Exosomes Protect miRNAs from extracellular environmental pollution or
degradation and does not cause immune rejection

Different subtypes of exosomes may lead to different outcomes

Plasmid High transfection efficiency and cell innocuity Unstable structure and low lysosome escape rate

CS Biocompatibility and antibacterial property Transshipment capacity is limited, and metabolism is difficult

PEG Excellent softness and water solubility Excessive degradation and lacks of pharmacokinetic stability

PLGA Strong biological binding ability and structural controllability Degradation of products easily affects cell activity

PEI Enhancement of cell adhesion, aggregation, and osteogenic activity Effect of osteogenesis is not significant at low concentrations and has
strong biotoxicity at high concentrations

Metallic materials Good mechanical and antibacterial properties Lack of sufficient carrying capacity

Calcium
orthophosphate

Good biocompatibility and osteogenic induction Mechanical brittleness

Silicon-based
materials

Degradation nontoxic Lack of sufficient nucleic acid-binding ability
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interacting with BMP receptors. Studies confirmed that a

variety of miRNAs can act on BMPR2, thereby affecting the

activation of downstream proteins, such as SMAD, and thus

inhibiting osteogenesis (Vishal et al., 2017; Luo et al., 2018; Hao

et al., 2021).

SMAD1/5/8 is activated by the BMP receptor and transmits a

BMP signal. SMAD4 can form complexes with activated

SMAD1/5/8 to regulate osteogenic gene expression in the

nucleus with heterodimeric complexes of multiple

transcription factors (co-activators or co-inhibitors).

FIGURE 1
Mixed baculovirus carrying the miR-214 sponge sequence promotes osteogenic differentiation of ASCs (Li et al., 2017). (A,B) Schematic
diagrams of four reporter gene plasmids were constructed to express Gaussia luciferase (Gluc) and firefly luciferase (Fluc). At the 3′-UTR site of Fluc,
there were wild-type or mutant TAB2 (TAB2-wt or TAB2-mut) or CTNNB1 (CTNNB1-wt or CTNNB1-mut) sequences. (C) H&E staining was
performed 5 weeks after femoral epiphyseal segment implantation in rats. (D) Alizarin red staining (ARS) and AdipoRed staining after virus
transfection of adipose stem cells from ovariectomized rats (OVX-ASCs). (Mock, transduced without BV; LEBW, sustained BMP2 expression; 214S,
co-transduction of OVX-ASCs with BacECre/Bac214S; Non-operated, rats without ovariectomy; Sham, ASCs were isolated from animals without
OVX; H&E, hematoxylin and eosin.) Copyright 2017. Reproduced with permission from Springer Nature.
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Meanwhile, this process can be blocked by inhibitory SMAD,

such as SMAD-6 and SMAD-7 (Vishal et al., 2017; Luo et al.,

2018; Hao et al., 2021). SMAD4 and SMAD7 are also important

target proteins of miRNA. MiR-144-3p and miR-224 inhibit

SMAD4 expression by targeting SMAD4 mRNA 3′UTR (Luo

et al., 2018). Valenti et al. (Vishal et al., 2017; Yang et al., 2019;

Smieszek et al., 2020) found that miR-21 targets SMAD7 and

increases RUNX2 transcription, which has an anti-apoptotic

effect on bone marrow mesenchymal stem cells and promotes

their osteogenic potential.

The activated SMADs interact physically with Runx2 and

protect RUNX2 protein from degradation (Vishal et al., 2017;

FIGURE 2
M2 macrophage-derived exosomes promote fracture healing by overexpression of miR-5106 (Xiong et al., 2020c). (A) Schematic diagram of
M2 macrophage-derived exosomes (M2D-Exos) promoting fracture healing. (B) Bone tissue samples were stained with H&E/Alcian-blue staining
after 21 days of treatment with PBS (control), M1macrophage-derived exosomes (M1D-Exos), andM2D-Exos, respectively. ARS and its quantification
(C) and alkaline phosphatase staining and its quantification (D) of BMSCs transfected with PBS, control agomir construct (agomir-NC), agomiR-
5106, control antagomir construct (antagomir-NC), or antagomir-5106, respectively, for 21 days. Copyright 2020. Reproducedwith permission from
Springer Nature.
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Srinaath et al., 2019). Runx2 is the main regulator of

osteogenesis, which will promote the expression of

osteopontin (OPN) and osteocalcin (OCN) (Kureel et al.,

2017; Hu et al., 2020; Marycz et al., 2021). Some miRNAs

directly target RUNX2 to regulate the BMP/SMAD signaling

pathway and interfere with other signaling pathways (Zhang

et al., 2017c; Huang et al., 2020a). MiR-133a/135a/93-3p

targets Runx2 mRNA to inhibit the differentiation process

of osteoblast cells (Zhang et al., 2017a; Kureel et al., 2017).

RUNX2 can also be indirectly promoted by miRNAs, by

targeting mRNA of RUNX2-inhibiting molecules. For

instance, HDAC4 is a conserved enzyme that removes the lysine

side chain acetyl on histone and regulates bone formation by

inhibiting the RUNX2 expression activity (Wang et al., 2020b).

MiR-30c/29 protects the RUNX2 molecule by targeting

HDAC4 and inhibiting its activation (Lian et al., 2019; Srinaath

et al., 2019). The E1A-binding protein P300 (EP300) inhibits the

activity and acetylation of RUNX2, which in turn inhibits osteoblast

differentiation and mineralization. Overexpression of miR-132-3p

and miR-22-3p reverses this process by inhibiting protein

translation of EP300 (Hu et al., 2015; Makitie et al., 2018).

Inhibiting the translation of RUNX2 activator protein is also a

method for miRNA to regulate RUNX2 activity (Kureel et al., 2017;

Godfrey et al., 2018). MiR-124/141 inhibits RUNX2 activation by

targeting Dlx4 mRNA, an activator of Runx2, thereby inhibiting

OCN and OPN (Kureel et al., 2017; Marycz et al., 2021). The

miRNAs targeting other key molecules in the BMP/SMAD/

RUNX2 signaling pathway are summarized in Table 1.

2.2 Wnt/β-catenin

The Wnt/β-catenin signaling pathway plays a complex role in

osteogenic differentiation (Luo et al., 2019; Luo et al., 2020). Wnt

protein is the starting molecule of the Wnt/β-catenin signaling

pathway, which can be inhibited by miRNA. Wnt6 and Wnt10a

mRNAs were identified as targets of miR-378 (Feng et al., 2020);

miR-378 inactivates the signal by inhibiting their expression and

ultimately delays bone formation. Reducing the expression of these

miRNAs is a feasible way to strengthen Wnt/β-catenin signaling.

Studies have shown thatmiR-503-3p decreased during distraction of

osteogenesis, increased the transcription of targeted Wnt2 and

Wnt7b, and activated the Wnt/β-catenin signaling pathway (Luo

et al., 2020). The LDL receptor-related protein 5 (LRP5) is one of the

Wnt protein receptors. miRNAs targeting LRP5 will make the

activated Wnt protein unable to stimulate the dishevelled (Dsh

or Dvl) in the downstream cytoplasm and thus inhibit signal

transduction (Ma et al., 2020a).

The Wnt pathway is also regulated by miRNAs acting on

pathway inhibitors, such as GSK-3β and DKK-1 (Wu et al.,

2021). Upstream activation of Dvl leads to the dissolution of the

downstream β-catenin degradation complexes, including APC

and GSK-3β, to avoid the ubiquitination of β-catenin by

complexes and transport to the proteasome for degradation

(Ma et al., 2020a; Yang et al., 2020). Under different

induction conditions, miR-138 regulates osteoblast

proliferation, differentiation, adhesion, and apoptosis by

targeting Dvl2 and GSK-3β, respectively (Chen et al., 2021).

Furthermore, DKK family proteins, another kind of classic Wnt

signaling pathway inhibitors, are also the target of miRNA

regulation of osteogenesis. DKK family proteins are cysteine-

rich secreted proteins that bind the Kremen protein and Wnt co-

receptor LRP5 to form trimers to mediate intracellular

phagocytosis, reduce Wnt receptors on the cell surface, and

antagonize Wnt signal transduction (Zhang et al., 2017b).

MiR-29a was found to target DKK-1 to activate osteogenic

gene expression and matrix mineralization, and promote bone

formation (Wu et al., 2021). MiR-335-5p and miR-217 can also

directly bind to DKK1 mRNA3′-UTR to activate Wnt signaling

(Zhang et al., 2017b; Dai et al., 2019).

The regulation of the β-catenin activity is the final key to the

Wnt/β-catenin pathway signal transduction. Lowering the

expression level of β-catenin is key to this regulation.

CTNNB1 is a β-catenin encoding gene that directly regulates the

β-catenin expression level. MiR-320a was shown to directly target

CTNNB1 mRNA (Wang et al., 2020a). TCF7-encoded protein

forms a complex with β-catenin and activates transcription

through the Wnt/β-catenin signaling pathway. MiR-22-3p and

miR-138-5p indirectly affect the β-catenin activity by targeting

TCF7 mRNA (Makitie et al., 2018; Chen et al., 2021). Moreover,

it is equally important to regulate the inhibitor activity of β-catenin.
E-cadherin can stimulate β-catenin nuclear translocation and

transcription by stimulating LRP from the cell surface to

cytoplasm, which plays a regulatory role in maintaining the β-
catenin structural integrity and function (Feng et al., 2018). ZEB2 is a

negative regulator of E-cadherin and is targeted by miR-138/145

(Feng et al., 2018). It was reported that peroxisome proliferator-

activated receptor γ (PPAR-γ) inhibits Wnt signaling by targeting

phosphorylation of β-catenin (Liu et al., 2006). MiR-381/130a/27a

targeting PPAR-γ protects β-catenin from osteogenic differentiation

and inhibits lipid differentiation (Lin et al., 2019; Long et al., 2019;

Hao et al., 2021). The target gene of Let-7i-3p is lymphatic

enhancement factor 1 (LEF1) mRNA (Luo et al., 2019). In the

activated Wnt signaling pathway, LEF1 forms dimers with over-

aggregated β-catenin. Then, these complexes enter the nucleus and

promote gene transcription, thus playing a regulatory role in signal

transduction. The microRNAs targeting the Wnt/β-catenin
signaling pathway are listed in Table 1.

2.3 RANKL/NF-κB

Normal bone metabolism involves a dynamic balance

between osteoblast-mediated bone formation and osteoclast-

mediated bone resorption. However, in some pathological

states, such as osteoporosis and osteomyelitis, the local
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osteoclastic activity of bone defects can be very strong, resulting

in bone damage. Therefore, in these cases, regulating the activity

of osteoclasts is also crucial for promoting bone defect repair. The

macrophage colony-stimulating factor (M-CSF) produced by

osteoblasts induces the expression of the NF-κB receptor

activator (RANK) on the surface of bone marrow-derived

monocyte precursors and then combines with the RANK

ligand (RANKL) to promote the expression of NF-κB in cells,

such that monocytes differentiate into multinuclear trap-positive

osteoclasts (Guo et al., 2019). Protein arginine methyltransferase

3 (PRMT3) is activated by RANKL and acts on the promoter

histone H4R3me2a encoding miR-3648, which upregulates the

expression of miR-3648. MiR-3648 targeting APC2 promotes

osteoclast proliferation (Zhang et al., 2019). MiR-186 positively

FIGURE 3
3D comb-shaped polycation (HA-SS-PGEA) nanofiber aerogel as miR-26a carrier for bone defect healing (Li et al., 2020). (A) Schematic
diagram of the combination of HA-SS-PGEA andmiR-26a nanoparticles (NPs) and the 3D nanofiber aerogel for bone defect repair. (B)CLSM images
of live/dead staining mediated by various miRNA-containing NPs, including PEI, poly (glycidyl methacrylate) modified with target components,
biodegradable groups, and short ethanolamine (PGEA), HA-SS-PGEA. (C) After 4 weeks of implantation, H&E staining (A) and Masson’s
trichrome staining (MTC) (B) of rat cranial tissue were performed. (D) Representative planar X-ray films after 4 weeks of implantation. (E) SEM images
of 3D mixed nanofiber aerogels. (blank, without 3D aerogel or NPs; miR-NC, negative control; CLSM, confocal laser scanning microscope; SEM,
scanning electron microscope) Copyright 2020 Wiley-VCH GmbH. Reproduced with permission from John Wiley and Sons.
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regulates the nuclear localization and acetylation of NF-κB by

targeting SIRT6, which is one of the deacetylases of H3K9 on the

promoter (Xiao et al., 2020). In addition, indirect regulation of NF-

κB expression is also important in influencing osteoclast

differentiation. MiR-29a indirectly inhibits NF-κB activation by

targeting RANKL mRNA3′-UTR and causing RANKL deficiency

(Lian et al., 2019). TNFR1 is another activator of NF-κB. MiR-218

indirectly inhibits NF-κB by targeting TNFR1 and reduces bone loss

induced by osteoclast differentiation (Wang et al., 2018a).

Osteoprotegerin (OPG), also known as the osteoclastogenesis

inhibitor, is likewise produced by osteoblasts, which combine

with RANK to interfere with RANKL localization in cells and

inhibit osteoclastogenesis (Marycz et al., 2021; Wu et al., 2021).

MiR-27a interferes with the localization of RANKL in cells by

increasing OPG transcription, regulating the RANKL/OPG ratio,

reducing osteoclast formation, and promoting bone remodeling

(Guo et al., 2019).

2.4 PTEN/PI3K/AKT

The PTEN/PI3K/AKT signaling pathway is widely

considered a tumor suppressor pathway; however, in recent

years, it has been found that this signaling pathway is also

closely related to osteoblast formation (You et al., 2021). There

is evidence that PTEN and BMP2 function mutually

FIGURE 4
Silk fibroin/hydroxyapatite/graphene oxide–polyethyleneimine (SF/HAP/GO-PEI) scaffold carrying themiR-214 inhibitor promotes osteogenic
differentiation (Ou et al., 2019). (A) Schematic diagram of the SF/HAP/GO-PEI scaffold carrying the miR-214 inhibitor to promote bone regeneration
of bone defects. (B) SEM images of silk fibroin (SF), hybrid hydroxyapatite and SF scaffolds (SF/HAP), and SF/HAP/GO-PEI-miR-inhibitor (GPM). (C)
CLSM fluorescence images showing non-GO-PEI-treated control and GO-PEI labeled with FITC (GO-PEI-FITC) in MC3T3-E1 cells. (D)
Fluorescence images showing MC3T3-E1 cells treated with control, naked miR-inhibitor, Lipofectamine 2000, and GO-PEI after 24 h incubation.
H&E staining (E) andMTC (F)were performed on the histological sections of the control group (defects without scaffolds served), SF, SF/HAP, and SF/
HAP/GPM scaffolds after 4 and 12 weeks of implantation. Reproduced with permission from Ivyspring International Publisher.
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antagonistically; activated PI3K/AKT is very important for

BMP2-induced osteoblast differentiation (Dong et al., 2021).

In addition, PI3K plays an important regulatory role in

osteoclast differentiation and functional expression (Gyori

et al., 2014). PTEN and AKT are key molecules of this

signaling pathway. MiR-130b/26a dephosphorylates PIP3 by

targeting PTEN and encodes PIP phosphatase during

protosilicate-induced osteogenic differentiation of MSCs,

thereby promoting AKT phosphorylation and its

downstream signaling (Xiong et al., 2019). MiR-21 promotes

the migration and osteogenic differentiation of BMSCs by

promoting downstream expression of hypoxia-inducible factor-

1 α (HIF-1α) by targeting AKT (Zhang et al., 2019; Xiao et al., 2020).

Furthermore, the mammalian target of rapamycin (mTOR) is

likewise downstream of AKT, and DEPTOR is an inhibitor of

mTOR (Chen et al., 2017). MiR-375 inhibits mTOR expression

by targeting DEPTOR, leading to activation of S6K and negative

feedback activation of IRS1-PI3K-AKT, which leads to a reduction

of phosphorylated AKT molecules and promotes osteogenic

differentiation (Chen et al., 2017).

2.5 MAPK pathway

ERK, a member of MAPK, is considered an indispensable key

molecule in osteogenic differentiation. FGF2 is an upstream

activator of MAPK/ERK and plays a primary role in ERK

activity regulation (Soszyńska et al., 2019). According to Mi

et al. (2020), miR-7212-5p targets the FGF2 receptor, thereby

indirectly inhibiting downstream FGF2 signaling activation and

osteogenic differentiation.

Activated ERK affects the expression activity of the Hippo

signaling pathway. After activation of the Hippo signaling

pathway, it is subjected to a series of phosphorylation reactions

of kinases and eventually acts on downstream effector factors YAP

and TAZ. Therefore, the Hippo signal activity was mainly affected

by the ratio of YAP1 to TAZ and plays a role in organ development,

tissue regeneration, and functional differentiation of stem cells

(Chen et al., 2017). MiR-33a-3p and miR-375 interfere with cell

proliferation and apoptosis by targeting YAP1 to change the ratio of

YAP1 to TAZ (Chen et al., 2017; Costa et al., 2019). MiR-214 and

miR-376b-3p can also target YAP1; however, this process can be

absorbed by circ-ITCH and circ-0024097 sponges, respectively

(Huang et al., 2020b; Zhong et al., 2021).

3 Application of miRNA-loaded
biomaterials in bone regeneration

MiRNA can regulate cell osteogenic differentiation through

multiple signaling pathways, giving it good application prospects

in the bone defect area. In recent studies, the application of miRNA

in promoting bone defects can be divided into two strategies,

namely, the construction of engineered cells by transfecting

miRNA into cells in vitro (to promote osteogenesis by

transplanting exogenous engineered osteoblasts to the bone

defect area) and the direct modification of biological materials

by miRNA (to regulate osteogenic differentiation of host cells

through the local release of miRNA). This section summarizes

and discusses these two perspectives and is summarized in

Table 2.

3.1 miRNA-engineered cells with the
enhanced osteogenic ability

3.1.1 Engineered cells mediated by viral vectors
Because of their unique high transfection characteristics,

viruses easily penetrate the cell membrane to reach the cells

and integrate their own genetic material into the nucleus to

express the target gene (Ou et al., 2019). Therefore, by

introducing a gene encoding a miRNA capable of promoting

osteogenesis into osteogenic-related cells through a viral vector,

engineered cells with a persistently high expression of osteogenic

markers can be obtained.

Li et al. (2017) developed a mixed baculovirus vector based on

Cre/loxp. The nucleic acid sequence encoding the miR-214 sponge

was added to the virus sequence to maintain its continuously high

expression in cells, downregulate the level of miR-214 in cells, and

then activate the target molecules β-catenin and TAB2 of miR-214 in

the Wnt pathway. The upregulation of osteogenic factor β-catenin/
Runx2 and downregulation of adipogenic factors PPAR-γ and

C/EBP-α enhance the osteogenic ability of BMSCs (Figure 1).

Yang et al. (2020) constructed ADSC-engineered cells with miR-

130a-3p overexpression through lentiviral vectors. The genetically

modified ADSC showed good osteogenic differentiation ability. These

engineered cells can be combined with biomaterials and applied to

bone defects to facilitate bone repair. Xiong et al. (2020a) reported

bone bioengineering scaffolds using polyhedral polysiloxane (POSS)

to enhance poly-L-lactic acid (PLLA) mechanical properties and cell

adhesion. This scaffold was used for lentivirus-transfected BMSCs

with high miR-19b-3p expression. Combining lentivirus-modified

cells with PLLA/POSS scaffolds as a strategy of bone tissue

engineering has a good effect on bone regeneration.

Unfortunately, gene insertion may cause silencing after

gene mutation and even affect the expression of other genes,

which is an unresolved problem, thus being considered

unreliable vectors (Ou et al., 2019; Bu et al., 2020; Gan et al.,

2021; Hosseinpour et al., 2021). Therefore, the harmless

treatment of viral nucleic acid sequences is key to promoting

its future clinical applications.

3.1.2 Engineered cells mediated by transfected
exosomes

Exosomes are liposomes encapsulated by phospholipid

bilayers that are secreted by cells and capable of transmitting
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intercellular information (Hu et al., 2021; Kim et al., 2021; Xun

et al., 2021). Exosomes can bind to the cell membrane using their

fluidity after contacting the surface of stem cells and then release

the nucleic acids encapsulated therein into the cells (Chen et al.,

2019; Zuo et al., 2019). As a carrier of nucleic acid transmission, it

can protect miRNA from extracellular environmental pollution

or degradation and does not cause immune rejection, making it

an ideal carrier for miRNA transfection (Xu et al., 2020; Xia et al.,

2021; Xun et al., 2021). Xiong et al. (2020c) found that miR-5106

was highly expressed in exosomes derived from

M2 macrophages. The transfection of BMSCs with this

exosome showed enhanced osteogenic activity and promoted

fracture healing. In addition to its highly effective role in

promoting stem cell osteogenesis, surprisingly, the transfection

with M2 macrophage-derived exosomes also enhanced the anti-

inflammatory phenotype of the cells (Figure 2). However,

exosomes are usually not available in sufficient quantities. It

remains important to find other sources of exosomes. To address

FIGURE 5
Calcium–microRNA complex combined with Ti scaffolds promoted osteogenic differentiation of hMSCs (Song et al., 2018). (A) Schematic
diagram of the Ca/siRNA complex promoting osteogenic differentiation of BMSCs. Flow cytometry was used to analyze cell uptake (B) and
quantification (D) after treatment with various cell phagocytosis inhibitors. (C) SEM observation of the TiO2 surface immersed in Ca/siRNA (A,C) or
Milli-Qwater (B,D). (E)Cells were treated with naked siRNA andCa/siRNA, respectively, and examined by CLSM. (F) hMSCs co-cultured with Ca/
antimiR-138, Ca, and Milli-Q for 14 days, respectively, and stained with ARS. (UTR, untransfected cells; Ctrl, transfection without inhibitors; CPZ,
chlorpromazine; GEN, genistein.) Copyright © 2018 American Chemical Society.
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FIGURE 6
3D printing β-TCP scaffold loaded with miR-200c promotes bone regeneration (Remy et al., 2021). (A) DAPI nuclear staining image of hBMSCs
on the β-TCP scaffold (A–H). β-TCP scaffold without coating (A,B); collagen (Coll)-coated β-TCP (C,D); β-TCP containing miR-200c (E,F); collagen
coating, β-TCP (G,H) bound by miR-200c. Scales: 100-μm SEM images of the collagen network and matrix generated by 500 μm (A,C,E,G) and
100 μm (B,D,F,H). (B) SEM images (100 μm) of the collagen network and matrix of hBMSCs attached to the surface of β-TCP scaffolds. (C)H&E
(A) andMTC staining (B) of rat parietal bones 4weeks after implantation. (Coll-miR-200c, collagen-coated scaffold containingmiR-200c; EV, empty
vector; NA, β-TCP scaffold alone.) Copyright © 2021 The Authors. Reproduced with permission from the American Chemical Society.
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FIGURE 7
Monodispersed Bioactive Glass Nanoclusters (BGNCs) as vectors of miRNA promote osteogenic regeneration (Xue et al., 2017). (A) Schematic
diagram of BGNC manufacturing and miRNA delivery applications. (a) Branched PEI-assisted synthesis of BGNCs. (b) miRNA loading. (c) miRNA
delivery regulates the osteogenic activity of stem cells in vitro and bone regeneration in vivo. (B) Bone tissue samples were taken for H&E staining and
MTC staining after 4 weeks of implantation in the rat parietal bones’ defect, with the black line representing 1 mm and the white line
representing 100 µm. (NC, using the pure fibrin glue hydrogel as negative control; BGN, bioactive glass nanoparticle; BGN@miRNA, BGN with
miRNA; BGNC@miRNA, BGNC with miRNA; TEOS, tetraethyl orthosilicate.) Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Reproduced with permission from John Wiley and Sons.
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this problem, Si et al. (Chen et al., 2019; Liu et al., 2021b; Wei

et al., 2021) attempted to utilize hASC which produces high

amounts of exosomes. The transfection of hASC with

lentivirus changed the content of miR-375 in cells, which

in turn altered the amount of exosomal miR-375 secreted by

cells. A large number of exosomes rich in miR-375 were

obtained. After transfection with exosomes into hBMSCs, miR-

375 inhibited the expression level of IGFBP3, a factor that negatively

regulates osteogenesis, thus playing an osteogenic role in BMSCs.

Yang et al. (2020) transfected BMSCs with exosomes rich in miR-

130a-3p obtained fromADSC and found that miR-130a-3p targeted

a variety of Wnt/β-catenin signaling pathway inhibitors, including

DKK-1 and SIRT7.

Exosomes secreted by BMSCs also have the ability to

promote bone regeneration and avoid the risk of genomic

changes. Therefore, it is of great significance to explore the

microRNA molecules contained therein and to transfect

BMSCs to construct engineered cells (Hu et al., 2021; Huang

et al., 2021). Zhang et al. (2020) used BMSC-derived exosomes

with high expression of miR-22-3p to transfect the

ovariectomized animal model with low expression of miR-

22-3p and found that they targeted FTO and then inhibited

the expression of the MYC gene, activating the PI3K/AKT

signaling pathway and reversing the progression of

osteoporosis.

For the application of exosomes, numerous studies have

directly injected exosomes into the fracture site, or even into

the abdominal cavity or intravenous injection (Hu et al., 2019;

Zuo et al., 2019; Chen et al., 2020a; Zhang et al., 2021a; Zhang

et al., 2021b; Duan et al., 2021; Hu et al., 2021; Nan et al., 2021;

Wei et al., 2021; Xun et al., 2021). This method is not

controllable, and the therapeutic effect is not reliable. Hence,

the best method remains to construct engineered cells in vitro

and transplant them in vivo.

3.1.3 Engineered cells mediated by other organic
materials

In addition to the viral vectors and exosomes mentioned earlier,

plasmids are commonly used. Hu et al. (2018) transfected BMSCs

with a plasmid carrying the miR-210-3p sequence and showed that

miR-210-3p enhanced the osteogenic activity by targeting a variety

of key osteogenic molecules, including HIF-1 and osteosclerosis

protein. Furthermore, they planted plasmid-transfected BMSCs on

PLLA and TCP scaffolds, respectively, demonstrating strong

osteogenic activity in both non-weight-bearing and weight-

bearing regions. Novel organic nanobiomaterials developed in

recent years are regarded as reliable carriers, owing to their high

transfection efficiency and cell innocuity. For example, Li et al.

(2021a) reported a study using low molecular weight protamine

(LMWP) rich in arginine as the carrier of the nucleic acid molecule

miR-29b. However, due to the unstable structure of LMWP and low

lysosomal escape that affects delivery efficiency, new stable organic

carriers must be constructed.

3.2 miRNA-modified organic materials
with the enhanced osteogenic ability

3.2.1 miRNA-incorporated chitosan
CS has been applied in regenerative medicine, owing to its

biocompatibility, antibacterial property, and drug-loading

property (Balagangadharan et al., 2018; Yang et al., 2018).

Balagangadharan et al. (2018) used CS as one of the main

materials for the construction of the composite scaffold to

carry the SMAD7-targeting antagonist miR-590-5p. The

results showed that the composite scaffold could promote

bone regeneration and angiogenesis. CS can be used to

prepare hydrogels with a sustained-release function for the

transfection of nucleic acids. Wei et al. (Xia et al., 2021)

found that miR-328a-3p and miR-150-5p were highly

expressed in cell vesicles secreted by injured neurons in the

hippocampus in patients with traumatic brain injury.

Extracellular exosomes were mixed with the ethylene glycol

methacrylate chitosan (MeGC) hydrogel and then placed at

the defect site, which was modified by fibronectin on the

surface of vesicles to target osteoblast progenitors. Moreover,

miR-328a-3p and miR-150-5p promote differentiation by

targeting β-catenin suppressors FOXO4 and CBL, respectively.

Sun et al. (2020b) prepared injectable gel materials by mixing

miR-21 nanocapsules with o-carboxymethyl CS, which achieved

the purpose of loading miR-21 and sustained release.

CS in combination with other materials helps enhance

osteogenic properties. Jiang et al. (2020) used CS, sodium

tripolyphosphate (TPP), and hyaluronic acid (HA) to prepare

hydrogels carrying antagomiR-133a/b specific for targeting of

miR-133a/b that silenced RUNX2, achieving the purpose of

promoting osteogenic differentiation. In addition, it has been

reported that miR-21/CS/HA-mixed gel coating also has the

effect of promoting bone regeneration (Liu et al., 2017). These

two studies showed that the combination of CS and HA could

help improve the mechanical structure and stability of the CS

hydrogel. As for natural organic biological materials, they have

wide sources of materials and low cytotoxicity, but their

transshipment capacity is limited and metabolism is difficult.

Therefore, structural modification is needed to improve them.

3.2.2 miRNA-incorporated polyethylene glycol
Organic polymers likewise attracted considerable attention in

the development of nucleic acid carrier materials. PEG is widely

studied in the field of biomaterial development, owing to its

excellent softness and water solubility. As a high-quality

hydrogel material, PEG can bind to miRNA in the hydrogel by

self-assembly and has no adverse effect on the physicochemical

properties of the PEG hydrogel (Nguyen et al., 2018). Gan et al.

(2021) reported a cholesterol-modified miR-26a PEG hydrogel

system. To achieve the purpose of controlled release, miR-26a was

coupled to the PEG hydrogel by the UV-cutting ester bond. miR-

26a promotes osteogenic differentiation of adipose stem cells by
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directly interfering with GSK3β synthesis. miR-26a further

accelerates the progression of bone integration by inhibiting

CTGF and thereby inhibiting RANKL-mediated osteoclast

formation. Huynh et al. (Cong Truc et al., 2017) studied the

PEG photodegradation hydrogel carrying a nucleic acid system,

and a catalyst-free photodegradation hydrogel miR-20a delivery

system was prepared using PEG-dipho-acrylate and eight-arm

PEG-thiol. In the aforementioned studies, photodegradable PEG

hydrogels modified with PEGwere used, which demonstrates their

excellent degradability and structural controllability as hydrogel

materials. However, PEG itself degrades quickly and lacks

pharmacokinetic stability such that it must be further modified

or used in combination with othermaterials with a stable structure.

3.2.3 miRNA-incorporated poly-lactic acid-
glycolic acid

PLGA is a polymer of lactic and glycolic acids, and the

polymerization of the two materials in different proportions

achieves different degradation times. Therefore, there is a

broad space for development in clinical applications. Qi et al.

(2021) used PLGA to fabricate electrospun nanofibers for

carrying miR-181. PLGA can be slowly degraded into lactic

and glycolic acids in vivo, finally decomposed into CO2 and

H2O, and release miR-181 encapsulated therein. MiR-181 targets

mTORC1, a key molecule of the PTEN/PI3K/AKT signaling

pathway, to promote bone regeneration in bone defects. The

nanofibers constructed by this method have good softness and

biocompatibility and exert a strong effect on cell aggregation and

adhesion, which broadens the application prospect of PLGA.

The combination of PLGA and PEG combines the

advantages of both components to construct a degradable

hydrogel. The composite hydrogel has the temperature-

sensitive property of sol-gel-precipitation reversible conversion

and prolongs the degradation time of PLGA (Yuan et al., 2019a).

Lei et al. (2019) constructed the injectable temperature-

controlled hydrogel using PLGA and PEG for the controlled

release of monodisperse mesoporous silica microspheres loaded

with miR-222. The defect area showed strong nerve and its

innervated bone regeneration. Qian et al. (Li et al., 2021a)

designed amphiphilic carriers by combining a hydrophobic

PLGA segment with a hydrophilic PEG segment and then

inserting PEI with the function of escape lysosome

degradation and R9-G4-IKVAVW (RGI) peptide with the

ability to recognize BMSCs and penetrate the cell membrane

to form a new nucleic acid carrier for carrying miR-218 targeting

the negative regulator of theWnt/β-catenin signaling pathway. Li
et al. (2020) constructed 3D nanofiber aerogels using PLGA-

collagen-gelatin (PCG) and bioactive glass (BG) nanofibers,

carrying a miR-26a delivery vector consisting of HA-disulfide-

ethanolamine-functionalized poly (glycerol methacrylate). This

hybrid carrier combines the advantages of various materials, has

a bionic controllable porous structure and low biological toxicity,

and is currently the appropriate nucleic acid transfectionmaterial

(Figure 3). For PLGA materials, although they have a strong

biological binding ability and structural controllability, the CO2

generated by their degradation will locally accumulate and cause

an acidic microenvironment, which is hostile to bone

regeneration. Therefore, PLGA materials must be further

improved by combining with other materials that can

eliminate the acidic microenvironment.

3.2.4 miRNA-incorporated polymer
polyethyleneimine

PEI is a water-soluble polymer. As an miRNA-loaded

material, PEI can enhance the ability to promote BMSC

aggregation, adhesion, and osteogenic differentiation.

However, the effect of PEI is not significant at low

concentrations and has strong biotoxicity at high

concentrations. It is, therefore, necessary to add other

materials to overcome this limitation. Ou et al. (2019)

combined negatively charged graphene oxide (GO)

nanosheets with the cationic polymer PEI to the surface of

hydroxyapatite (HAp), which could be used as an efficient

non-toxic nucleic acid carrier. Moreover, PEI coating formed

a porous shell on the surface of GO, which could be used as a

slow-release system of the miR-214 inhibitor. miR-214 targets

ATF4, and reducing the level of miR-214 in cells can activate

PI3K/AKT and ERK1/2 signals and promote the deposition of

calcium minerals (Figure 4). Bu et al. (2020) synthesized

ascorbic acid-PEI carbon dots (CD) for carrying miR-2861

targeting HDAC5. Ascorbic acid is the raw material of CD,

and it also has the potential to promote bone regeneration. CD

has a small structure and active groups on the surface, but it

will be absorbed by the lysosome. The lysosomal escape can be

achieved by introducing PEI into the carrier, and the presence

of CD can reduce the biological toxicity of PEI. Although PEI

itself is highly toxic, its non-toxic treatment still has broad

application prospects.

3.3 miRNA-modified inorganic
biomaterials with enhanced osteogenic
ability

3.3.1 Metallic materials
Metallic materials have been widely used in the treatment

of orthopedic diseases (Shuai et al., 2019). As the loading

material of miRNA, metal materials can provide mechanical

support in local bone defects. Different metal materials have

their own unique characteristics, which can be used to

construct different types of miRNA carriers. Common

materials include titanium (Ti), aurum (Au), and zirconium

(Zr) (Geng et al., 2020). Metal scaffolds, although they have

good mechanical and antibacterial properties, they lack

sufficient carrying capacity (Shuai et al., 2020). Long-term

and stable nucleic acid carrying capacity is difficult to obtain
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by surface coating. Therefore, it is necessary to combine other

materials to develop more efficient biological coatings or make

metal scaffolds with electric charges to bind to miRNA

through electrostatic adsorption (Yu et al., 2017; Li et al.,

2021a).

Ti metallic materials have been widely studied in the field

of bone regeneration medicine, owing to their excellent load-

bearing stability and biocompatibility (Sun et al., 2020b; Liu

et al., 2021b). Liu et al. (2021b) isolated and obtained

exosomes of BMSCs with high expression of miR-20a,

which can target BAMBI competing with normal BMPs as

the binding site of BMPR. These exosomes mixed with HA

were injected into the pores of the porous Ti scaffold to

provide local mechanical support and ensure the slow

release of exosomes to improve osteogenesis. The surface

modification or further development of metallic materials

into new nanomaterials for carrying nucleic acids can play

a better therapeutic role (Geng et al., 2020). Liu et al. (2017)

first coupled antagomiR-204 with gold nanoparticles and

dispersed them in PLGA solution, and then added Ti metal

scaffolds. The implantation of composite scaffolds can achieve

more efficient bone integration. Ca2+, as a divalent cation

necessary for normal physiological activities of cells, can also

combine anti-miR-138 to form cationic polymers under high

concentration conditions. The loading of the Ca2+/anti-miR-

138 complex into the TiO2 nanotube (NT) can form an

amorphous uniform layer on the surface to achieve

controlled release and mechanical support (Song et al.,

2018) (Figure 5).

For miRNA delivery vectors prepared by Au, structural

stability stably protects the structure and function of miRNA

from opconditioning and RNase degradation. Abu-Laban et al.

(2019) constructed Au nanoparticles and silver nanoparticles

carrying miR-148b andmiR-21, respectively, based on a chemical

structure called the Diels–Alder reaction, and showed that at the

corresponding light frequency, the nanometal would produce

plasmon resonance. The heat shock forced the nucleic acid

molecules out of the carrier to achieve stable release. Meng

et al. (Yu et al., 2017) likewise focused on Au nanoparticles

and developed ultra-small Au nanoparticles with a structure of

less than 10 nm to make them easily dischargeable. Finally, PEI

and liposome were used to wrap Au nanoparticles layer by layer

to slowly release the loaded miR-5106. There are several biosafety

issues for Au nanomaterials. Toxicity to cells and risk of immune

inflammation may lead to local lytic destruction of bone defects.

Future research must overcome the shortcomings while

maintaining existing advantages.

Zr metal has excellent antibacterial properties and certain

osteogenic properties, which can be used as a filler and loading

material combined with miRNA to treat bone defects (Seweryn

et al., 2020). Balagangadharan et al. (2018) used a nano-ZrO2/

CS/nHApmetal–nonmetal hybrid scaffold loaded with miR-590-

5p as a filling material for bone defects and showed that this

composite material had excellent porosity and was helpful for

bone and vascular regeneration. Currently, the application of Zr

metal materials is still insufficient, and it is expected to be further

developed in the future.

3.3.2 Calcium orthophosphate
Calcium orthophosphate comprises the main material of

artificial bone, and it is superior to other biomaterials in

biocompatibility and osteogenesis. The implantation of

calcium phosphate as the loading material of miRNA

facilitates the growth of bone tissue and directly binds with

new bone formation (Liu et al., 2021a). HAp, a type of

calcium phosphate, has a similar structure to normal bone

tissue, showing great potential for bone repair (Ou et al.,

2019; Castano et al., 2020; Geng et al., 2020; Gan et al., 2021).

However, HAp is brittle and cannot meet the mechanical support

requirements of bone defects; hence, it must be combined with

other materials to play a role in the field of regenerative medicine

(Balagangadharan et al., 2018; Liu et al., 2021b). Moncal et al.

(2019) prepared 3D printing scaffolds by melt extrusion with

composite ink (PCL/PLGA/HAp) for loading the nano-silver-

miR-148b hybrid carrier and adding type I collagen for filling and

packaging. MiR-148b was mixed with silver nanoparticles to

form thiol bonds and transfected into osteoblasts in a slow-

release manner to directly target noggin in osteogenic

differentiation, leading to transcriptional activation of

osteogenic genes. β-TCP is a bioactive carrier similar to HAp,

which has strong bone conductivity and is regarded as an ideal

bone substitute (Hu et al., 2018; Remy et al., 2021). Remy et al.

(2021) achieved a better bone growth effect by encapsulating

miR-200c in type I collagen inner coating on 3D-printed porous

β-TCP scaffolds (Figure 6). Although calcium orthophosphate

scaffolds have good biocompatibility and osteogenic induction,

their main disadvantage is mechanical brittleness. Therefore, it is

necessary to evaluate and optimize the mechanical properties of

miRNA-embedded calcium orthophosphate scaffolds in the

study of bone defects in weight-bearing sites.

3.3.3 Silicon-based materials
Silicon-based materials have a good prospect in clinical

application as they slowly degrade into non-toxic inorganic

precursor silicic acid (Si(OH)4) in vivo, are carried by the

blood and lymph system, and reach the kidney through the

body fluid circulation to discharge in vitro (Lei et al., 2019).

Therefore, miRNA carriers designed with degradation

characteristics and non-toxicity of silicon-based materials have

considerable advantages. Liu et al. (2021a) constructed dual-

aperture calcium-silicon nanospheres for co-encapsulation of

miR-210, angiogenesis gene drugs, and small-molecule

osteogenic drug simvastatin to promote bone regeneration.

Furthermore, monodisperse silica nanoparticles with a high

surface area and controllable pores are suitable drug delivery

systems. However, inorganic nanomaterials themselves lack
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sufficient nucleic acid-binding ability, which can be solved by

combining them with organic materials. Yan et al. (2020) carried

miR-26a with silica nanoparticles and covered it with PEI to

prevent their degradation. Finally, miR-26a was successfully

transferred into cells to promote osteogenic differentiation.

Hosseinpour et al. (2021) reported that a lyophilized PEI-

coated mesoporous silica nanoparticle was used as a

sustained-release nucleic acid system to carry miR-26a-5p and

promote osteogenic differentiation. Xue et al. (2017) constructed

large-aperture monodisperse nano bioactive glass with PEI as the

catalyst and template chain. Compared with traditional silica,

this material has higher nucleic acid-carrying capacity (Figure 7).

In addition to combining PEI to solve the defects of inorganic

materials, it remains crucial to improve the ability of silicon-

based materials to bind to miRNAs. Lei et al. (2019) used

disulfide bonds and amino groups to modify MSN such that

it had the ability to bind closely to miR-222 until the disulfide

bonds were destroyed by the redox reaction of endogenous

glutathione (GSH) after being swallowed by cells, and miR-

222 was released. Silicon-based materials have reliable

advantages as biomaterials, owing to their structural

controllability, a wide range of sources, and biocompatibility.

However, slow degradation limits their application prospects.

4 Conclusion and prospects

With the recent progress in gene research, the treatment of

bone defects has been focused on nucleic acids. miRNA is a class

of tiny non-coding RNAs that inhibit or degrade key molecules

encoding osteogenic signaling pathways in mesenchymal stem

cells by targeting mRNAs, or by interfering with the translation

process. Ultimately, this changes the differentiation direction of

mesenchymal stem cells, induces cell matrix calcification and

precipitation, and realizes bone defect healing. We summarized

miRNA-targeted key molecules in several well-studied

intracellular signaling pathways, which provide a theoretical

basis for the construction of biomaterials for clinical

treatment. In addition, optimal nucleic acid transport and

loading systems based on appropriate materials are essential

to maintain effective nucleic acid transfection. Various studies

showed that the construction of miRNA-engineered cells in vitro

through viral or exosome vectors promotes osteogenic

differentiation in vitro and bone repair in vivo. Furthermore,

miRNA directly combines with organic materials, such as PEG

and PLGA, and inorganic materials, such as metal, calcium

phosphate, and silicon-based materials regulate the osteogenic

differentiation of host cells.

Despite significant advances in miRNA load systems,

numerous theoretical and technical challenges remain to be

addressed. The cellular signaling pathway induced by miRNA

in bone regeneration is not a comprehensive study. The role of

the signaling pathway and its molecules is very complex, and it is

necessary to further study key molecules in the signaling pathway

to achieve a clear understanding of the osteogenic differentiation

process of mesenchymal stem cells and provide ideas for clinical

treatment and application. lncRNAs and circRNAs have spongy

adsorption on miRNAs, which may interfere with its therapeutic

effect. Therefore, future studies must further investigate the

targeting relationship with miRNAs and the degree of

influence at the level of lncRNAs and circRNAs, to more

comprehensively evaluate its osteogenic ability. Current

studies on the release kinetics of nucleic acid are insufficient,

and further studies are required to determine the optimal mode

of nucleic acid delivery so as to effectively utilize the metabolic

regulation of miRNAs.
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