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Abstract 

Physical cues like morphology, light, electric signal, mechanic signal, magnetic signal, and heat can 

be used as alternative regulators for expensive but short-acting growth factors in bone tissue 

engineering to promote osteogenic differentiation and bone regeneration. As physical stimulation 

applied directly to the tissue cannot be focused on the bone defect area to regulate the cell behaviors 

and fate in situ, this limits the efficiency of precise bone regeneration. Biomaterials-mediated in situ 

physical cues, as an effective strategy combining the synergistic effect of materials themselves, have 

been put forward and studied widely to promote osteogenic differentiation and bone repair efficiently 

and precisely. Different types of physical cues provide different choices to better satisfy the 

requirements for targeted bone defect repair. In this review, we will introduce the recent research 

about different biomaterials-mediated physical cues accelerating osteogenesis in vitro and promoting 

in situ bone formation in vivo. Meanwhile, the corresponding possible mechanisms of various physical 

cues regulating cell responses will be also discussed. This review provides useful and enlightening 

guidance for the utilization of intrinsically physical properties of functional materials to achieve efficient 

bone regeneration, leading to the design and construction of smart biomaterials for practical 

applications, and eventually promoting clinical translation. 
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1. Introduction 

Bone is one of the bases for the human body by providing high stiffness to bear loading from own 

weight or outside force,[1] and bone metabolism mediated by a balance between bone formation by 

osteoblasts and resorption by osteoclasts plays a crucial role in the formation of a mature and dynamic 

bone structure.[2] In mature bone, anabolic and catabolic actions are balanced by tightly regulating 

the activity of bone-forming cells (osteoblasts) and bone-resorbing cells (osteoclasts), a process 

known as coupling.[3] Bones are mainly made of nanocrystalline hydroxyapatite (HAp) as an inorganic 

component and collagen nanofibers as an organic constituent, forming complex and ordered 

hierarchical structures comprising nano–micro–macro scales, which endow bone with excellent 

mechanical properties of self-remodeling and regenerative capability.[4] Bone defects are very common 

in daily life and small-size bone defects can be usually repaired naturally by simple fixation and without 

other interventions. During bone regeneration, cell recruitment, immune response, angiogenesis, 

osteogenesis, and mineralization happen dynamically and sequentially, finally finally controlling bone 

metabolism. Meanwhile, these processes are concomitant and represent a continuum of changing 

cell populations and signal transduction processes within regenerating tissues.[5] However, bone 

defects beyond critical size would fail to achieve self-regeneration.[6] Therefore, how to repair these 

types of bone defects efficiently becomes a vital problem to be resolved. Bone tissue engineering 

(BTE) and regenerative medicine have opened potentially filled and stirred multiple possibilities for 

bone defect regeneration.[7] For ideal BTE, the whole complex of cells, growth factors, and 

biomaterials is considered an optimal repair system.[8] However, until now the limited cell resources, 

the relatively low viability of cells after implantation, and the high price and short function period of 

growth factors have hindered the expected tissue engineering far from practical clinical translation.[9] 

Therefore, more and more researchers have made enormous efforts to seek a breakthrough in 

functional material preparation and design to optimize bone repair. 

With the development of technology, nanomaterials, and multifunctional scaffolds have flourished 

and have been widely applied in BTE, from stem cell fate regulation to bone defect repair.[10] Due to 

the diversity of nanomaterials and multifunctional scaffolds, many attractive and efficient strategies 

have been developed. As one of the traditionally popular biomaterials, HAp-based materials possess 

great advantages to promote the osteogenic differentiation of stem cells by regulating gene 

expression.[4a, 11] Meanwhile, compositing with other materials to construct multifunctional scaffolds is 
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a common strategy to extend the bio-applications. For example, a HAp-calcium sulfate-hyaluronic 

acid composite encapsulated with collagenase was prepared as a bone substitute to promote alveolar 

bone regeneration,[12] and a gelatin methacrylamide/HAp porous composite with biomimetic bone 

matrix and customizable porous structure was able to accelerate the formation of new bone in rabbit 

skull defects.[13] It is worth noting that bone repair efficiency is relatively low when depending only on 

traditional materials. Therefore, various growth factors were widely applied to achieve a satisfactory 

reparation efficiency. Chitosan-HAp scaffolds can enhance osteoblastic differentiation of bone 

mesenchymal stem cells (BMSCs) by sustained release of bone morphogenetic protein bone 

morphogenetic proteins (BMP)-2,[14] and facilitate bone regeneration in vivo when decorated with 

vascular endothelial growth factor (VEGF).[15] Meanwhile, due to the high loading rate, varied 

hydrogels have also wide applications in BTE. A covalent cross-linking chondroitin sulfate hydrogel 

loaded with BMP-4 with injectable and self-healing capabilities was developed for cranial bone 

repair,[16] and a functionalized silk fibroin (SF)/arginine–glycine–aspartic acid (RGD) hydrogel was 

designed to enhance osteogenesis of mesenchymal stem cells (MSCs) for bone defect repair.[17] 

Although the repair efficiency was improved, the short validity period of growth factors weakens the 

long-term functions, and the relatively high price also increases the cost of the scaffolds, thus 

hindering the wide applications and the potential clinical translation. Therefore, alternative efficient 

strategies need to be conceived to weaken the dependency on growth factors for better bone defect 

repair at low costs. 

Varied nanostructures have been constructed to promote osteogenic differentiation and bone 

repair.[18] Unexpectedly, an appropriate degree of disorder in the nanostructures can promote higher 

osteogenic differentiation than a high symmetry degree, with the differentiation efficiency comparable 

to the osteogenic media.[19] Similarly, the surface epitaxial crystallization-directed nano-topography 

can be also used to accelerate pre-osteoblast proliferation and osteogenic differentiation.[17] For 

example, MSCs showed enhanced osteogenic differentiation on BMP-2-functionalized nanopatterned 

substrates.[20] Besides, cells are also sensitive to other physical cues, such as force, light, electric 

signals, magnetic signals, and heat, which can be used to regulate stem cell differentiation and bone 

regeneration.[21] Notably, there is force-dependent cell signaling in the regulation of stem cell 

differentiation, and bioprocess forces can regulate bone regeneration.[22] Alternatively, red light 

irradiation can increase the proliferation and osteogenic differentiation of MSCs by regulating the 
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extracellular signal-regulated kinase (ERK) pathway.[23] Alternating electric fields and pulsed direct 

current stimulation, both promoted differentiation of MSCs into osteoblasts.[24] Besides, external 

positive or negative electrical fields were found to enhance peri-implant lamellar bone volume 

compared with sham-treated animals.[25] Furthermore, a static magnetic field (SMF) and pulsed 

magnetic fields significantly promoted the osteogenic differentiation of stem cells, as well as the repair 

of bone defects.[26] Interestingly, accelerated proliferation and osteogenic differentiation of dental 

follicle stem cells happened at 40 °C, meaning that mild heat can function as beneficial stimulation to 

regulate osteogenic differentiation.[27] Herein, we can state that physical cues can be used as 

multifunctional regulators similar to varied growth factors to promote osteogenic differentiation and 

bone regeneration. However, the direct applications of the above physical cues usually show a low 

efficiency for bone repair due to the fact that the physical cues cannot be focused on the bone defect 

area to regulate cell behaviors and fate in situ. 

Recently, biomaterials-mediated in situ physical cues have been put forward and widely studied to 

promote osteogenic differentiation and bone regeneration efficiently. For example, we demonstrated 

that a TiO2 nanorod array with high biocompatibility can promote the osteogenic differentiation of 

MSCs compared with the smooth TiO2 ceramic.[28] In another study, the stiffness of polyacrylamide 

hydrogels was shown to have an obvious effect on the morphology, adhesion, proliferation, and 

osteogenic differentiation of MSCs.[29] 

To illustrate the efficiencies of materials-mediated physical cues on bone regeneration, this review 

summarizes the applications in BTE of varied in situ physical cues mediated by functional materials 

in vitro and in vivo. Different types of physical cues provide more choices to better satisfy the 

requirements for targeted bone defect repair. In addition, the corresponding mechanisms of the 

different physical cues and how they affect cell differentiation are also discussed to comprehensively 

understand the interaction between cells and physical stimulations. This review provides useful and 

enlightening guidance to design and construct smart biomaterials based on physical properties and 

shows an alternative strategy for traditional growth factors regulation mode in BTE. 

 

2. Impact of the morphology 

Due to the developed nanotechnologies and the great potential in clinical applications, the studies of 
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the effects of nanostructures on cell behavior and regulation have attracted much attention, and 

innumerable nanostructures based on varied biomaterials have been explored for bone regeneration. 

Besides the intrinsic properties of biomaterials, an optimized nanostructure can further accelerate the 

efficiency of osteogenic differentiation and bone regeneration. Below we will describe the different 

types of (bio)materials that have been designed for BTE. 

2.1 Ti-based nanostructures 

Ti-based materials are the common implants in orthopedic, dental, and bone tissue repair due to their 

excellent resistance to corrosion, good mechanical properties, and biocompatibility.[30] However, Ti-

based biomaterials usually lack osteogenic bioactivity, and how to improve surface bioactivity and 

osteogenic induction ability of Ti-based biomaterials has assumed an important role in 

osteointegration.[31] One of the efficient and convenient strategies is to modify Ti-based biomaterials 

to integrate nanostructures.[18, 32] Surface nanostructures can be fabricated by different methods (such 

as hydrothermal methods, sandblast-acid etching, anodization, and laser treatment)[33] and were 

significantly effective to regulate cell mobility, proliferation, and differentiation.[34]  

Applied as suitable surface nanostructures, Ti-based materials possess a high capability to 

regenerate damaged bones.[35] Compared to smooth and macro-micro rough Ti-6Al-4V, Ti-6Al-4V with 

hierarchical, a macro-micro-nano rough structure can form a stellate morphology, which is the typical 

feature leading to mature osteoblasts/osteocytes, rapid and random cell migration, and improved 

osteogenic differentiation of MSCs (Figure 1a).[36] Furthermore, the Ti surface with a nanonetwork 

structure prepared by sodium hydroxide treatment could promote osteogenic differentiation of 

BMSCs,[37] while the Ti surface with a nanopetal-like structure prepared by hydrothermal method could 

favor osteogenesis after implantation in vivo for 12 weeks.[38] Besides, our group found that TiO2 

nanorod with 1.5 μm in length and 100 nm in diameter arrays grown on TiO2 ceramic and Ti substrate 

ameliorated the adhesion, the proliferation, and the osteogenic differentiation of stem cells (Figure 

1b),[28, 39] and optimized micro-/nano-topography consisting of 39 nm diameter TiO2 nanotubes 

prepared by anodization method enhanced osteogenesis in MSCs.[40] Additionally, the clustered TiO2 

nanotube surface modified by platelet-derived growth factor (PDGF)-BB, boosted the osteogenic 

differentiation of MSCs and bone regeneration in vivo.[41] Interestingly, besides osteogenic 

differentiation, arrays of TiO2 nanotubes with a diameter of 30 nm showed the potential for 
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vascularization by increasing the activity of endothelial cells,[42] and the ∼85 nm spaced Ti nanorod 

array switched macrophage (Mφ) from M1 to M2 phenotype.[43] Notably, nanoporous Ti surface with 

about 30 nm diameter alleviated the inhibition of osteoclasts on osteogenesis by changing the 

secretion of cytokines and accelerated bone regeneration by macrophage cytokine profiles, which 

indicated that the morphology of Ti surface was critical for modulating monocyte/Mφ lineage 

commitment, thereby providing guidance for promoting osseointegration by coupling the osteogenesis 

and osteoclastogenesis (Figure 1c).[44]  

To further promote bone generation, a bioactive ion-assisted strategy has been developed. For 

example, Sr2+ was incorporated in Ti nanostructured substrates to further promote angiogenesis of 

human umbilical vein endothelial cells (UVECs), switch Mφ polarization towards the M2 phenotype in 

vitro and trigger rapid bone regeneration in vivo (Figure 1d),[45] and nanostructured titanium foams 

with magnesium ions or Ca2+ incorporation showed higher efficiency for the promotion of osteogenic 

differentiation of MSCs.[46] 
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Figure 1. Ti-based nanostructures for bone regeneration. (a) Schematic presentation for the influence 

of the hierarchical macro-micro-nano roughness of Ti surface on the morphology of 

osteoblasts/osteocytes and osteogenesis of MSCs. Reproduced with permission.[36] Copyright 2019, 

Elsevier Ltd. (b) Schematic illustration of the different fates of MSCs on TiO2 substrates with different 

surface nanotopographies. Reproduced with permission.[28] Copyright 2016, Wiley Ltd. (c) Schematic 

diagram of the modulation of osteogenesis by monocyte/Mφ lineage on Ti surface nanoarchitecture. 

Reproduced with permission.[44] Copyright 2021, Elsevier Ltd. (d) Schematic representation of overall 

cues involved in the process of vascularized implant osseointegration. Reproduced with 

permission.[45a] Copyright 2022, Royal Society of Chemistry. (e) Schematic of the mechanism of 
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nanotopography-induced osteogenic differentiation via the autophagy-mediated signaling link 

between YAP and β-catenin. Reproduced with permission.[47] Copyright 2019, Elsevier Ltd. 

 

To elucidate how the nanostructure morphology affects osteogenic differentiation and bone repair, 

varied mechanisms were studied. Nanostructures on Ti may regulate osteogenic differentiation: 1)  by 

autophagy-mediated signaling between yes-associated protein (YAP) and β-catenin (Figure 1e),[47] 2) 

the crosstalk between cell division cycle 42 protein (Cdc42, as a key modulator of rat MSC morphology 

and cytoskeletal reorganization) and Wnt/β-catenin signaling,[48] 3) a rho-associated kinase (Rock)-

Wnt5a feedback loop,[49] 4) the activation of mitogen-activated protein kinases (MAPK) pathway 

through ras-related C3 botulinum toxin substrate 1 (Rac1),[50] Wnt11,[51] 5) the role of p53 mediated 

miR-23a/C-X-C motif chemokine ligand 12 (CXCL12) pathway,[52] 6) the participation of integrin β3[53] 

and so on. Besides regulating osteogenesis, a nanoporous surface on the Ti implant inhibited 

osteoclastogenesis via integrin β1/focal adhesion kinase phosphorylation of tyrosine 

(FAKpY)397/MAPK (Figure 1c).[44] Furthermore, the nanoscale geometry of TiO2 nanotubes can 

influence the osteogenic differentiation of human adipose-derived stem cells (ADSCs) by modulating 

H3K4 trimethylation[54] and the regulation of lncRNA C-C motif chemokine ligand 3 (CCL3-AS).[55] 

Interestingly, a spaced nanorods array on Ti implants switched Mφ to M2 phenotype via the 

fibronectin(FN)-integrin β1-Akt1 pathway and subsequent M2 cytokines enhanced by arrays 

facilitated osteogenesis via BMP2-transforming growth factor (TGF)-SMAD pathway.[43] Therefore, 

optimally nanostructured Ti-based biomaterials possess more efficient osteogenesis acceleration by 

activating varied signal pathways and Mφ polarization, which is helpful for further clinical applications. 

 

2.2 HAp-based nanostructures 

As the main inorganic component of bone, HAp possesses great potential in BTE due to its high 

biocompatibility, bioactivity, and biodegradability.[56] To facilitate osteogenic differentiation and bone 

repair, various nanostructured HAp-based biomaterials have been designed and fabricated. HAp 

nanostructures (e.g., nanorods, nanowires, nanorods) can be deposited on substrates including 

metals, polymers, ceramics, etc., using bottom-up and top-down techniques such as electrochemical 

deposition,[57] spray coating,[58] hydrothermal deposition,[59] and biomimetic.[60] Nanostructured HAp 

can be not only used to regulate stem cell differentiation and bone regeneration directly but it is often 
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coated on the surface of other biomaterials as an osteoinductive layer.[56b, 61] 

By regulating the viscosity in the reaction system, our group prepared HAp nanostructures with 

tunable length and demonstrated that HAp short nanowire (5 μm in length) modified substrate could 

promote osteogenic differentiation more efficiently than a nanorod (100 nm in length) substrate or a 

long nanowire (50 μm in length) substrate (Figure 2a).[62] Meanwhile, HAp nanowires have been also 

blended with polylactic acid (PLA) as a Janus membrane with osteoinduction/barrier dual functions 

for bone defect repair.[63] Moreover, compared to nanosheets and nanorods, a micro-nano-hybrid 

surface topography significantly enhanced protein adsorption, cell attachment and viability, and 

osteogenic differentiation of stem cells.[56b, 64] Interestingly, imprinted HAp surfaces with isolated island 

topographies (a scattered form of wells with a mean depth of 5 μm, and width of 12 μm) significantly 

promoted osteogenic differentiation of ADSCs, while honeycomb topographies (e.g., a complex form 

of pits with a mean depth of 12 μm, opening diameter of 18 μm and a basal diameter of 6 μm) 

hampered the process (Figure 2b).[11] It was also reported that the osteogenic differentiation level of 

MSCs was significantly higher when cultured on a spherical nanostructured HAp coating rather than 

on a plate-like or wire-like nanostructured HAp coating.[65] Furthermore, the synergistic promotion of 

osseointegration by nanostructures and bioactive ions on HAp coatings has been studied. As a 

principle-of-proof, Si4+ substitution of HAp nanostructure coatings enhanced cell proliferation, 

improved osteogenic and angiogenic differentiation, and repressed osteoclastogenesis in diabetes 

mellitus BMSCs, following an effective promotion of bone formation and bone-implant 

osseointegration in vivo.[66] Thus, varied nanostructures of HAp have different effects on cell behavior 

and differentiation, and optimal nanotopographies are obviously helpful to the osteogenic 

differentiation of stem cells and bone repair. 

To enhance the bone regeneration ability of other biomaterials, nanostructured HAp coatings have 

been sprayed on their surface.[67] For instance, HAp nanorods coating on Ti-6Al-4V implants promoted 

the attachment, proliferation, and differentiation of rat BMSCs, further improving the osseointegration 

between Ti implants and the surrounding bone tissue.[68] Interestingly, besides Ti-based materials, 

HAp coating was also widely used to modify biodegradable and bioabsorbable scaffolds. Our group 

successfully constructed HAp nanostructure on the surface of chitosan and collagen scaffolds by 

simulated body fluid mineralization according to Kokubo’s method. We found that mineralized HAp 

with interconnected nanonetwork could regulate cell shape and cytoskeleton organization and 
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promote osteogenic differentiation efficiently.[69] Meanwhile, the HAp nanostructure assembled on the 

chitosan-HAp scaffold can function as well as an absorption/release platform to deliver BMP-2 for 

optimal bone repair.[14] Additionally, the influence of nanostructure on the immune response should be 

considered when applied in vivo and in future clinical practice. Ti surfaces coated with HAp 

nanoparticles were found to modulate the inflammatory response resulting in an osteoimmune 

microenvironment more favorable for osteogenesis/angiogenesis while Ti surfaces coated with 

nanorod-shaped HAp harmed the same process and the osteoimmunomodulation (Figure 2c).[68] 

To better understand the effect of HAp nanostructures on osteogenic differentiation and bone 

regeneration, many mechanisms have been explored. Phosphoinositide 3-Kinase (PI3K)-protein 

kinase B (AKT) pathway has been widely studied, and the activation of PI3K can up-regulate AKT and 

consequently activate phosphorylation of mammalian target of rapamycin (mTOR) (Figure 2d), which 

not only participates in osteogenic differentiation but also up-regulates the formation of blood 

vessels.[67a, 70] HAp nanoparticle (NP) coating up-regulated osteogenesis through the integrin α7-

mediated PI3K-AKT signaling pathway,[71] and HAp nanorods promoted osteoblast differentiation by 

mediating mTOR signaling pathway and autophagy.[72] In addition, the topographical features of HAp 

including nanorod and micropattern structures stimulated osteogenesis by activating the BMP/Smad 

pathway,[11] which in turn activated some integrin subunits and connexin protein (Cx43)-related cell-

cell communication.[73] Moreover, HAp nanostructures can promote osteogenesis by regulating the 

immune response. As proof, the rod-shaped HAp (300-400 nm) induced M2 polarization via the PI3K-

Akt and Wnt/β-catenin pathways, thereby promoting osteogenesis.[74] Similarly, bone-mimicking HAp 

nanorods with different aspect ratios can regulate osteogenesis through modulation of T cells and 

interleukin (IL)-22 in the bone regeneration process. Specifically, HAp nanorods stimulated 

osteogenesis by activating T cells, which produced IL-22 to activate the janus kinase-1 (JAK1)-signal 

transducer and activator of transcription (STAT3) signaling pathway of BMSCs (Figure 2e).[75] 

Therefore, HAp nanostructures can promote osteogenic differentiation and improve the efficiency of 

bone regeneration by activating a variety of pathways, but the specific mechanisms are still uncertain 

and the relationships between these pathways need to be furtherly investigated. 
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Figure 2. HAp-based nanostructures for bone regeneration. (a) Illustration of how the length of 1D 

HAp nanostructures regulates the fate of the stem cells without any growth factors. Reproduced with 

permission.[62] Copyright 2017, American Chemical Society. (b) Schematic diagram of the nature-

inspired micron-scale topographies to control the osteogenic differentiation of stem cells. Reproduced 

with permission. Reproduced with permission.[11] Copyright 2021, Elsevier Ltd. (c) Illustration of the 

mechanism of the coating with nano-micro dimension on osteogenesis/angiogenesis and 

osteoimmunomodulation. Reproduced with permission.[68] Copyright 2018, Elsevier Ltd. (d) 

Schematic diagram showing the biomimetic hydroxyapatite coating constructed on the ceramic 
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scaffold promoting osteogenic differentiation via PI3K/AKT/mTOR signaling pathway. Reproduced 

with permission.[67a] Copyright 2023, Elsevier Ltd. (e) Schematic diagram of the mechanism of HAp 

nanorods with different aspect ratios-induced osteogenic differentiation via T cells and T cell-derived 

cytokines. Reproduced with permission.[75] Copyright 2022, American Chemical Society. 

 

2.3 Polymer-based nanostructures 

In the last few years, a wide range of polymers has been extensively investigated for BTE applications. 

According to the origin, polymeric materials can be categorized into natural and synthetic polymers.[76] 

Some of the most common techniques for the preparation of polymer-based nanostructures for bone 

regeneration are surface epitaxial crystallization,[17] sulfonation reaction,[77] hot die formation 

technique,[78] and freeze-drying.[79] In this section, we will briefly introduce the impact of polymer-based 

nanostructures on in situ osteogenesis.  

2.3.1 Synthetic polymers 

Synthetic polymers can be stably produced on a large scale, with adjustable physical, chemical, and 

mechanical properties. The most widely used synthetic polymers in BTE are PLA, poly(glycolic acid) 

(PGA), poly (lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL).[80] The nanostructured PLA 

film with a 200 nm pillar array exhibited an improved osteogenic ability both in vitro and in vivo 

compared with a planar PLA film,[81] while PLGA nanopatterned patch (BNP) (Figure 3a) with a size 

of 800-800-600 nm (ridge-groove-height) enhanced bone regeneration in vivo by promoting the 

recruitment, migration, and osteogenic differentiation of osteoblasts without external stimuli.[82] 

Moreover, surface lamellar PCL nanosheets constructed on PCL substrates by surface epitaxial 

crystallization significantly enhanced the proliferation and osteogenic differentiation of preosteoblasts 

by activating the corresponding transcriptional coactivator (Figure 3b).[17] 

In addition to the common polymers mentioned above, poly-ether-ether-ketone (PEEK) has recently 

become popular in BTE for its elastic modulus (3-4 GPa), which is comparable to the cortical bone of 

humans.[83] A 3D nanostructured network on PEEK was fabricated through a sulfonation reaction with 

concentrated sulfuric acid (sulfonation-treated PEEK/SPEEK), improving the osteogenic 

differentiation of stem cells.[76b, 77, 84] However, sulfuric acid is extremely dangerous, and SPEEK has 

a porous surface, which generally weakens the mechanical properties of PEEK.[85] To solve these 
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problems, a type of facile hot die formation technique was developed for modifying PEEK materials 

with in situ patterned nanorod (200 nm diameter) arrays on the surface (Figure 3c). This method 

could maintain the excellent properties of PEEK and facilitate osteogenic activity in the absence of 

any organic/inorganic differentiation-inducing factors.[78]  

Moreover, other synthetic polymers have been also developed for BTE. Surface patterns of 

polyimide enhanced the differentiation of MSCs towards specific lineages: patterns with 15 μm ridges 

increased adipogenic differentiation whereas patterns with 2 μm ridges enhanced osteogenic 

differentiation.[86] When compared to an unpatterned polyurethane surface, the osteogenic 

differentiation of MSCs was more enhanced on the surfaces of nanostructured polyurethane substrate 

with a dot pattern (400 nm diameter).[87] These results suggest that surface nanotopography, in the 

presence of suitable biochemical signals, can exert a significant influence on regulating stem cell 

differentiation. 

2.3.2 Natural polymers 

Natural polymers, including cellulose, chitosan, gelatin, and SF, are similar to the native extracellular 

matrix (ECM) and typically exhibit increased cell adhesion and biocompatibility in comparison to 

synthetic polymers.[88] Given the superiority of natural polymers, various nanostructures have been 

designed to improve their applications in BTE. The natural polymer-based, micro-nanostructured 

matrix (CAc), which was formed by self-assembly of type I collagen (Col I) on a porous microstructured 

matrix prepared by cellulose acetate (CA), effectively induced osteogenic differentiation of BMSCs.[89] 

Additionally, it has been demonstrated that ~32 nm pores present within Col I fibers were the most 

effective to induce osteogenic differentiation of stem cells.[90] Furthermore, nanopillared 

chitosan/gelatin films with ∼90 nm pillar diameter, ∼300 nm height, and ∼50 nm pitch between pillars 

remarkably enhanced the mineralization capacity of BMSCs and osteoblast-like saos-2 cells (Figure 

3d).[91] Moreover, biomimetic ECM porous nanostructures prepared through self-assembling chitosan, 

oxidized sodium alginate (SA), and bovine serum albumin (BSA)-based NPs, promoted the 

attachment, proliferation, and differentiation of BMSCs and ultimately enhanced bone formation.[92] 
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Figure 3. Polymer-based nanostructures for modulating osteogenesis. (a) Schematic illustration of 

the preparation of BNP and its influences on in vitro osteogenic differentiation of MSCs and in vivo 

bone formation to repair bone defects. Reproduced with permission.[82] Copyright 2018, American 

Chemical Society. (b) Schematic illustration of surface epitaxial crystallization-induced 

nanotopography for osteogenic differentiation and the underlying mechanism of surface nanosheets 

to promote osteogenic differentiation. Reproduced with permission.[17] Copyright 2019, American 

Chemical Society. (c) Flow diagram of the fabrication process of the PEEK material and the regulation 

of nanorod arrays on osteogenic differentiation in vitro. Reproduced with permission.[78] Copyright 

2021, Wiley Ltd. (d) Schematic representation of nanopillared chitosan/gelatin film and its influence 
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on mineralization and osteoblast differentiation of saos-2 cells. Reproduced with permission.[91a] 

Copyright 2019, American Chemical Society. 

 

2.4 Other materials-based nanostructures 

In addition to the above nanostructures, other materials including graphene and its derivative 

graphene oxide (GO),[93] molybdenum disulfide,[94] and gold[95] have been used to construct different 

nanostructures for bone regeneration. Here we will briefly introduce several commonly used 

nanostructures that can regulate the differentiation fate of stem cells and promote in situ bone 

regeneration. The nanostructures of graphene and GO can offer desirable conductivity, 

biocompatibility, and chemical stability, and have been recently widely used in BTE.[96] Highly wrinkled 

cross-linked GO films with a rough surface nanotopography and high in-plane stiffness were able to 

enhance the adhesion, proliferation rate, and bone matrix formation of human stem cells.[97] To further 

improve the efficiency of graphene on bone differentiation, 3D graphene/RGD composites were 

prepared to accelerate the osteogenic differentiation of ADSCs through the synergistic effect of the 

nanostructure and the peptide.[98] Apart from graphene, a nanoporous MoS2 interface consisting of 

many interconnected nanoflakes with a size of 5–8 nm accelerated as well the osteogenesis of 

MSCs.[99] Moreover, nanostructured porous Si coatings with highly ordered sub-10 nm porosity 

accelerated early osteoblast adhesive response, promoted the osteogenic differentiation of MSCs,[100] 

and accelerated the formation of bone tissue in the periphery of the implant.[101] Recently, flower-like 

nanostructures with thicknesses of 20–50 nm prepared in situ on biodegradable calcium silicate 

bioceramics, via hydrothermal treatment, significantly stimulated osteogenesis of BMSCs through the 

focal adhesion kinase (FAK)/p38 signaling pathway.[102] 

 

3. Impact of mechanical signals 

Bone tissues are very sensitive to mechanical stress. The proliferation and formation of osteoclasts 

and osteoblasts, as well as their distinct roles in bone formation and resorption, heavily depend on 

the unloading and loading of mechanical stress, respectively.[103] Therefore, mechanical stress has a 

significant impact on bone microenvironment and metabolism. In addition to osteoblasts and 

osteoclasts, osteocytes, bone lining cells, and Mφs can sense mechanical stimulation and respond 
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directly or indirectly as well.[104] It is well-known that a complex but precise regulation mechanism 

called mechanical transduction occurs between cells and their microenvironment, between nearby 

cells, and between mechanical sensors with various functions within a single cell.[105] Ion channels, 

integrins, gap junction proteins, FAK, ECM, cellular skeletal components (such as intermediate 

filaments, microtubules, and actin filaments), and primary cilia are mechanical sensors that have been 

proven to regulate intracellular signaling pathways.[106] In this context, the study of mechanical 

stimulation-mediated cell fate regulation has attracted much attention in BTE. In this section, we will 

detailly discuss the most common mechanical stimulation mediated by biomaterials in BTE, mainly 

including stiffness and biodegradability effects. 

3.1 Stiffness 

The inherent stiffness of ECM has a profound impact on cell morphology, proliferation, and cell fate, 

with subsequent consequences on the promotion of osteogenic differentiation of stem cells and bone 

repair.[107] Recently, it was reported that aligned PCL fibers with lower elastic modulus had an evident 

accelerating effect on inducing stem cell osteogenic differentiation when compared to fibers with high 

elastic modulus (Figure 4a).[108] Even though osteogenic differentiation was commonly thought to be 

positively correlated with stiffness,[109] investigations have shown that there is likely a threshold at 

which further increase in stiffness did not correspond to increased osteogenic differentiation.[110] 

However, the threshold is still uncertain. It was worth noting that higher expression of alkaline 

phosphatase (ALP), RUNX2, and Col I by MSCs in soft composites compared to stiffer hybrids.[111] 

Similarly, smooth muscle cells showed the highest extent of osteogenesis and calcium deposition 

when cultured on a polydimethylsiloxane (PDMS) substrate with moderate stiffness (0.909 MPa).[112] 

In addition, it has been gradually accepted that stiffness matching the native ECM may induce stem 

cells to differentiate into residential tissue cell lines. As shown in Figure 4b, MSCs were reported to 

differentiate into neuron-like cells, myoblasts, and osteoblasts, on various gels whose elasticity 

mimicked the corresponding tissues.[113] Subsequently, extensive studies have confirmed the 

relationship between matrix elasticity and MSC differentiation, including osteogenesis, myogenesis, 

adipogenesis, angiogenesis, and neurogenesis. In general, stem cells tend to differentiate to the 

target tissue on substrates that have similar elasticity to the target tissue.[114] 

Furthermore, dynamic conditions have been identified as an important regulator in tissue 
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development as many ECM components are locally synthesized and continuously reorganize to 

modulate diverse intracellular processes.[115] A recent study reported that osteogenic differentiation of 

BMSCs was regulated by the starting high stiffness and subsequent stiffness relaxation.[116] Moreover, 

a dynamic stiffening methacrylated gelatin (GelMA)/SA hydrogel that could be uninterruptedly 

stiffened from 14.63 ± 1.18 kPa to 68.37 ± 4.99 kPa within 7 days accelerated the calvarial defect 

repair when compared with a low stiffness (10.20 ± 2.39 kPa) or a high stiffness (66.30 ± 4.40 kPa) 

hydrogel. The dynamic nature of the hybrid had a consequence on the treated group in vivo 

particularly enhancing angiogenesis in vivo, leading to bone regeneration (Figure 4c).[117] 

Interestingly, Mφ involvement in a co-culture system altered previously identified stiffness-related 

effects on BMSCs. The increasing stiffness of transglutaminase cross-linked gelatin (TG-gels) 

harnessed osteogenic differentiation of BMSCs when cultured alone. However, the high-stiffness 

matrix was more alike than the medium and low-stiffness matrices to push Mφ toward the M1 

phenotype, which would negatively influence the osteogenesis of BMSCs. When cultured in the 

conditioned medium (CM) derived from the gel-encapsulated Mφs or when placed into co-culture 

systems, the Mφs in the low (1.58 ± 0.42 kPa) and high stiffness (60.54 ± 10.45 kPa) TG-gels were 

able to regulate BMSCs osteogenesis positively and negatively, respectively. When the Mφs and 

BMSCs were encapsulated within the same TG-gel and placed in a transwell system, similar levels 

of cell osteogenesis were instead found in BMSCs encapsulated in the low and high-stiffness matrices 

(Figure 4d).[118] Therefore, in the development of biomimetic biomaterials for regenerative 

applications, Mφ-stem cell interactions should be taken into account when establishing proper matrix 

parameter-associated cell fate regulation. 

Several studies aimed to illustrate the mechanisms between stiffness and osteogenesis, indicating 

that an increase in stiffness could induce osteogenic differentiation via the mechanotransduction 

mediators YAP/TAZ and the canonical Wnt (cWnt) signaling pathway.[119] As shown in Figure 4e, once 

the integrins bound to the ECM, the stiffness stimulation propagated to the intracellular activated 

mechanosensory system, including FAK and ROCK, and then controlled actin assembly. The actin 

skeleton can then be detected by YAP/TAZ and activated into the nucleus. As a final step, osteogenic 

differentiation was enhanced by YAP1/TAZ activation.[109] However, several researchers discovered 

that YAP was not related to BMSCs differentiation[110b, 120] Moreover, the cWnt signaling may play an 

integral role in osteogenesis induced by the substrate in a stiffness-dependent manner.[121] It is worth 
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that cWnt and β-catenin were demonstrated as negative regulators of osteogenic differentiation on 

the stiffer substrate, which could explain why further increases in stiffness did not correlate to stronger 

osteogenic differentiation.[122] Furthermore, there may be other pathways in the process of ECM 

stiffness to regulate MSC differentiation, such as BMP2,[119c] ERK, c-Jun N-terminal kinase (JNK),[123] 

or p38 MAPK signaling, and downstream TAZ signal molecules.[124] It is worth noting that the role of 

integrin-mediated phosphatidylinositol 4-phosphate 5-kinase (PIP5k)-phosphatidylinositol 4,5-

bisphosphate (PIP2)-B cell lymphoma 6 (BCL-6) and the osteogenic differentiation pathways on 

aligned nanofibers with lower elastic modulus in promoting the growth and differentiation of BMSCs. 

It was reported that the overexpression of BCL-6 and/or the inhibition of miR-126a-5p promoted the 

expression of PIP5k-PIP2 pathway and thus stimulated the proliferation and differentiation of stem 

cells (Figure 4a).[108] Overall, the mechanism of how stiffness regulates the osteogenic differentiation 

of stem cells is still not clear, and further research is needed. 
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Figure 4. Stiffness-related regulation for osteogenesis. (a) Schematic illustration of the fabrication of 

aligned and random submicron fibers with different elastic modulus and influences on proliferation 

and differentiation. Reproduced with permission.[108] Copyright 2023, Wiley Ltd. (b) Schematic 

diagram of the effect of matrix elasticity on the differentiation of MSCs. Reproduced with 

permission.[113] Copyright 2006, Elsevier Ltd. (c) Schematic illustration of the fabrication of a dynamic 

hydrogel and its effect on osteogenic differentiation of MSCs and regeneration of defected bones. 

Reproduced with permission.[117] Copyright 2022, Elsevier Ltd. (d) Schematic diagram of the effect of 

substrate stiffness on the MSC-Mφ-matrix interplay. Reproduced with permission.[118] Copyright 2018, 

Elsevier Ltd. (e) Illustration of the mechanism of matrix stiffness-mediated osteogenic differentiation 

via a cytoskeleton-mediated mechanical signaling transduction pathway. Reproduced with 
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permission.[109] Copyright 2021, Elsevier Ltd. 

 

3.2 Biodegradability 

Biodegradability is an important indicator to assess the impact of biomaterials, and the degradation 

rate of biomaterials has shown the power to regulate osteogenic differentiation.[125] The combination 

of biomaterials with different degradation rates has been a simple and practical strategy to regulate 

their decomposition.[76a, 126] However, the degradation rate is not in direct proportion to the increase in 

osteogenic efficiency. It was reported that the rapid degradation of a PLGA/HAp scaffold harmed the 

late growth and reconstruction of new bone tissues.[127] In a recent study, regenerated SF/gelatin 

(RSF/G) hydrogels at different ratios were prepared, and the 9%RSF/3%G hydrogel with a moderate 

degradation rate (approximately three months in vivo) remarkably enhanced the osteogenesis 

efficiency compared to the rapidly degrading gelatin hydrogel and the slowly degrading RSF hydrogel 

(Figure 5a).[128] Similarly, PCL/magnesium hydroxide composite scaffolds[129] and Sr2+-tricalcium 

phosphate (TCP)/bioactive glass (BG) nanocomposite scaffolds showed good capability to form new 

bone both in vitro and in vivo due to their moderate degradation profile.[130] 

Moreover, the accelerated repair of bone defects can be achieved by regulating the dynamic 

process of artificial bone degradation and new bone formation, which requires the degradation rate 

of the bone scaffold to match the growth rate of new bone.[131] The new bone will not grow out if the 

degradation is too fast, and the formation of new bone will be hindered if the degradation is too slow.[132] 

In particular, the stepwise-degraded scaffold of PLGA/PCL/HA: Yb/Ho/Zn (PPHZ) exhibited better 

osteogenesis than the fast-degradable scaffold PLGA/HA: Yb/Ho/Zn (PLHZ), revealing that the 

maintenance of relatively long-term scaffold integrity is more favorable to the bone reconstruction 

(Figure 5b).[133] Furthermore, a calcium sulfate and HAp biphasic bone graft (CS/HAp), possessing a 

time-dependent degradation rate, was constructed to promote osteogenesis. Since the degradation 

rate of CS is much faster than that of HAp, CS/HAp could be degraded rapidly (~10 wt%/week) in the 

first stage and slowly (~1 wt%/week) in the second stage. The different degradation rate could initially 

release a large amount of calcium ions and remains structurally stable throughout the degradation 

process, thereby effectively promoting the formation of new bone and blood vessels.[134] Overall, the 

degradability and structure stability of biomaterials is competing with each other during bone 
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regeneration and an optimal degradation rate should be carefully controlled to achieve higher 

efficiency. 

 

Figure 5. Degradation-related regulation of osteogenesis. (a) Schematic of the fabrication of a 

physically and chemically double-crosslinked RSF/G hydrogel with controlled degradation for bone 

regeneration; the 9%RSF/3%G hydrogel which possessed a moderate degradation rate showed the 

highest expression of osteogenic genes and proteins among all groups. Reproduced with 

permission.[128] Copyright 2019, Wiley Ltd. (b) Weight loss of PLHZ and PPHZ scaffolds before and 

after immersion in PBS for 12 weeks; Micro-CT reconstructed new bone images and bone fraction 

BV/TV ratio at different implantation times. Reproduced with permission.[133] Copyright 2021, Elsevier 

Ltd. 
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4. Impact of electric signals 

Electrical signals are ubiquitous in the human body and can affect many cellular behaviors and 

physiological processes.[135] Electrical stimulation has been applied widely in tissue regeneration 

engineering. Since electroactive biomaterials can create an electrophysiological microenvironment 

under an external stimulus,[136] they can not only transfer electrical signals to cells but also regulate 

the growth of cells and the repair of tissues in situ, attracting more and more attention, especially in 

bone reconstitution.[137] It has been demonstrated that electrical stimulation could accelerate bone 

regeneration both in animal experiments and in clinical practice.[138] Currently, two types of 

electroactive biomaterials have been developed in tissue repair.[139] One consists of piezoelectric 

materials such as piezopolymers, piezoceramics, and their composites, while the other includes 

conductive materials such as conductive polypyrrole (PPy), polyaniline (PANi), poly(3,4-

ethylenedioxythiophene) (PEDOT), and carbon-based materials.[73, 140] In this section, we will discuss 

how piezoelectric and conductive materials affect stem cell osteogenic differentiation under an 

external stimulus, assess the effects in vivo, and briefly discuss the mechanisms underneath.  

4.1 Piezoelectric materials 

Piezoelectricity is the ability of a material to generate an electric field in response to applied 

mechanical stress. As shown in Figure 6a, the generation of surface charges is due to the distortion 

of internal dipoles arising from the applied mechanical force.[141] Since native bone tissue exhibits a 

typical piezoelectric property, electroactive piezoelectric materials have drawn increasing attention to 

boost the therapeutic effectiveness in bone tissue repair and regeneration.[142] Piezoelectric materials 

can exploit the natural deformation of bone tissue during movement as a platform for mechanical-

electrical translation, generating immediate bioelectric stimulation and converting it into 

electrophysiological signals that mimic physiological activities (Figure 6b).[142b] When these materials 

are implanted, their surface charges serve as electrical cues under mechanical stress, leading to 

protein adhesion, altering membrane potential, controlling voltage-gated calcium channels, and 

ultimately changing cell behavior.[141b] To date, the effectiveness of using piezoelectric materials to 

promote bone regeneration at the local defect sites has been well demonstrated.[143] Additionally, 

piezoelectric materials can skew Mφ polarization toward the M2 phenotype,[144] which helps to 
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modulate the local inflammatory responses and creates a proper microenvironment for tissue 

regeneration. Hence, piezoelectric materials have been considered promising electroactive 

biomaterials in the process of repairing bone defects.[145] Piezopolymers like polyvinylidene fluoride 

(PVDF), poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)], poly-L-lactide (PLLA), and 

polyhydroxyalkanoates (PHAs), and piezoceramics like barium titanate (BT), ZnO, and potassium 

sodium niobate (KNN) and their composites have been extensively used.[146] 

4.1.1 Piezoelectric polymers 

Among piezoelectric polymers, PVDF and its copolymer P(VDF-TrFE) have been regarded as a 

research hotspot in tissue engineering due to their good biocompatibility, moderate mechanical 

properties, and easy processing. The polycrystalline structural polymer PVDF has four different crystal 

forms: α, β, γ, and δ. Among them, only the β crystal possesses good piezoelectricity, and the content 

of β crystal correlates with the piezoelectric properties.[147] Thus, one of the key strategies for 

enhancing the piezoelectric performance is to increase the concentration of the β phase in PVDF and 

P(VDF-TrFE). The researchers explored a variety of manufacturing techniques including polar 

additive addition,[148] annealing,[149] electrospinning,[150] and mechanical stretching[147] to improve the 

efficacy of PVDF and P(VDF-TrFE) in BTE. A flexible P(VDF-TrFE) membrane fabricated by annealing 

treatment to increase its β phases showed appropriateness as a bone substitute (Figure 6c).[149] 

Besides, another study showed that negatively polarized P(VDF-TrFE) membrane, obtained via 

casting and external electric field polarization, could promote promoted the osteogenic differentiation 

of rBMSCs. However, P(VDF-TrFE) is a bioinert material that cannot bind to bone tissue before new 

bone is generated, which may slow down the process of bone healing and affect its effectiveness. 

Additionally, unlike conventional inorganic bone repair materials such as HAp, P(VDF-TrFE) seems 

unable to supply sufficient mineral ions (Ca2+ and PO4
3-) which are necessary for bone formation.[151] 

Therefore, BG particles, which possesses superior biocompatibility, osteoconductive, and 

osteoinductive abilities, were introduced into P(VDF-TrFE) to form P(VDF-TrFE)-BGM scaffolds. 

These bioactive multifunctional scaffolds remarkably improved the proliferation, adhesion, and 

osteogenesis differentiation of BMSCs, and significantly enhanced the formation of periosteum-like 

tissue and the bone regeneration at the center of bone defect.[141d] Moreover, when severe medical 

conditions restrict patients’ free movement, thereby preventing natural mechanical stimulation, the 

benefits of piezoelectric scaffolds are diminished. Such a constraint requires further measures of 
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remote mechanical or electrical stimulation of cells and tissues.[152] Thus pulsed electromagnetic fields 

(50 Hz, 0.6 mT, 30 min/day) were adapted to PVDF-coated PCL-TCP scaffolds (d33 = −1.2 pC/N) to 

provide local mechanical stimulation and were proved to have a synergetic effect with PVDF on the 

osteogenic differentiation of MC3T3-E1 cells.[153]  

Nonetheless, both PVDF and P(VDF-TrFE) are poorly degradable materials, raising concerns 

about the biosecurity of in vivo implants. Consequently, other polymers like PLA or PLLA, and PHA 

have recently attracted increasing attention for their good piezoelectricity and biodegradability. 

Particularly, the modulation of piezoelectric properties in PLLA nanofibers significantly affected the 

differentiation of stem cells in a cell type-specific manner, where neurogenesis and osteogenesis were 

enhanced by orthogonal and shear piezoelectricity, respectively.[154] Furthermore, the polymers 

belonging to the family of PHAs, e.g., polyhydroxybutyrate (PHB) and poly(hydroxybutyrate-

hydroxyvalerate) [P(HB-HV)], which are completely biodegradable, degrading to produce CO2 and 

water, have attracted a lot of attention in the last years.[155] PHB-based composites have shown an 

excellent capacity to induce osteogenesis and promising potential application in BTE due to their 

piezoelectric properties.[156] However, PHAs’ relatively hydrophobic nature and weak mechanical 

characteristics have largely limited their application.[157] 

4.1.2 Piezoceramic inorganic materials 

BT is a type of Pb-free piezoceramic that has been widely investigated in bone repair. The 

hydrothermal method was used to create a BT layer on the surface of Ti-6Al-4V scaffolds, and the 

layer could promote osteoblasts adhesion, proliferation, and differentiation, as well as significantly 

improve osteogenesis and osseointegration in the bone defect area.[158] However, due to the inherent 

brittleness of ceramic materials, BT was seldom used alone.[159] It was instead blended with PVDF, 

PVDF-TrFE, or other piezoelectric polymers to improve flexibility. Meanwhile, the incorporation of BT 

NPs into the polymeric matrix would improve the mechanical properties of the hybrid scaffold.[160] 

Nevertheless, piezoelectric organic-inorganic composites are mainly limited to PVDF/BT systems, 

whose low degradation rate is not suitable for in vivo applications.[141b] Therefore, PVDF was replaced 

with biodegradable PLA to fabricate BT/PLA piezoelectric composite membrane showing good 

osteogenic properties both in vitro and in vivo.[161] In addition, ion (e.g., barium) doping can improve 

the degradability of BT nanofibers by accelerating the release of ions while minimizing the potential 

cytotoxicity of Ba2+.[162] For example, PLLA/CMBT composites, which were constructed by blending 
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Ca2+/Mn4+ co-doped BT nanofibers into the PLLA matrix; possessed great biodegradability, 

electroactivity, antibacterial, and anti-inflammatory activities.[163]  

Besides, other piezoelectric inorganic materials have been reported to promote bone regeneration. 

Nanostructured ZnO layers can generate a local electric field in response to cellular mechanical forces, 

enhancing the biochemical activity of human saos-2 osteoblast-like cells without applying chemical or 

physical external stimulation.[164] Moreover, piezoelectric KNN ceramics were used to create 

microscale piezoelectric zones to mimic the piezoelectricity distribution in natural bone, and as a result, 

the microscale piezoelectric zones promoted osteogenic differentiation both in vitro and in vivo.[165]  

Furthermore, the microenvironment of bone tissue is dynamic, namely it changes in response to 

mechanical stresses. Thus, when a piezoelectric material is implanted in vivo, its surface potential 

varies with stress. In other words, it is difficult for piezoelectric materials to maintain a sustained and 

stable electrical potential that can be adapted to the charge polarity required for bone regeneration.[166] 

To enhance the intensity and sustainability of electrical stimulus of piezoelectric inorganic materials, 

a strategy of combining ultrasound and piezoelectric materials may be effective. For instance, BT 

piezoelectric ceramic coating[167] and piezoelectrical whitlockite (Ca18Mg2(HPO4)2(PO4)12) 

nanoparticles (WH NPs) under low-intensity pulsed ultrasound (LIPUS) produced a microcurrent and 

significantly promoted osteogenic differentiation in vitro (Figure 6d).[168] Our team also found that 

piezoelectric nylon-11 NPs with the value of the piezoelectric amplitude of ∼10 mV could promote the 

osteogenic differentiation of dental pulp stem cells efficiently with the assistance of ultrasound.[169] In 

addition to improving the osteogenic behavior in vitro, BT coating was proved to promote 

osteogenesis in rabbit bone defects (Figure 6e),[170] and M2 polarization of Mφs, and bone repair in 

a sheep bone defect, under LIPUS stimulation.[158]  

4.1.3 Mechanisms of piezoelectric stimulation 

Numerous studies on the mechanisms of piezoelectric materials promoting osteogenesis have been 

conducted recently, but the precise pathway is still unclear. Free Ca2+ is considered a major factor in 

both direct and indirect mechanisms of electrical stimulation. Specifically, as a second messenger, 

intracellular Ca2+ has been widely studied, including the involvement in multiple signaling pathways, 

regulation of the activity of many proteins, and modulation of several cellular responses.[171] As shown 

in Figure 6f, the mechanical stimulation of a piezoelectric scaffold generated an electrical signal, 

which activated the voltage-gated Ca2+ channels. The increase of the intracellular Ca2+ concentration 
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triggered the calcium-modulated protein calmodulin, further activating the calcineurin (a calcium and 

calmodulin-dependent serine/threonine protein phosphatase). The activated calcineurin 

dephosphorylates the nuclear factor of activated T cells, which translocates to the nucleus and binds 

co-operatively with other transcription factors to the regulatory regions of the inducible genes.[172] 

These genes further induced the translation of several growth factors like TGF-β and BMP, which 

were responsible for the regulation of ECM production as well as the up/down-regulation of several 

proteins and cellular metabolic pathways.[173] Additionally, the membrane mechanical receptors can 

also be activated by mechanical stimulation, subsequently triggering the protein kinase C and MAPK 

signaling pathways.[173c] Moreover, due to the electrostatic interactions on the surface of piezoelectric 

materials, Ca2+ concentration increases, subsequently activating the calcium-sensing receptor of 

osteoblasts to promote osteogenesis and mineralization.[141d, 174] 
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Figure 6. Piezoelectric materials for in situ osteogenesis. (a) Schematic diagram of the piezoelectricity 

phenomenon. Reproduced with permission.[141b] Copyright 2018, Elsevier Ltd. (b) Illustration of 

mechanical strain induced electric charge generation on piezoelectric material surface triggering cell 

signaling pathways. Reproduced with permission.[142b] Copyright 2020, Wiley Ltd. (c) Scheme 

showing different surface potentials created by P(VDF-TrFE) membranes with different β phase 

contents for bone regeneration. When the P(VDF-TrFE) membranes were implanted to cover the 

bone defects, the lower surface potential P(VDF-TrFE) membranes provided the optimal electrical 

stimulation, activating the mitochondria in the MSCs and inducing them to differentiate the cells into 

osteoblasts. Reproduced with permission.[149] Copyright 2018, Wiley Ltd.  (d) Schematic illustration of 

LIPUS-mediated electric field produced by the piezoelectric WH NPs promoting osteoblast 
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proliferation and differentiation. Reproduced with permission.[168] Copyright 2021, Elsevier Ltd. (e) 

Illustration of BT coating on bone promoting repair in rabbit bone defect with the assistance of LIPUS. 

Reproduced with permission.[170] Copyright 2020, Elsevier Ltd. (f) Schematic diagram of Ca2+ signal 

transduction pathway and other miscellaneous pathways activated in response to the electrical and 

mechanical stimulation. Reproduced with permission.[172] Copyright 2022, Frontiers Media S. A. Ltd. 

 

4.2 Conductive materials 

Carbon-based biomaterials, metal oxides, and conductive polymers are the three typical types of 

conductive biomaterials. The most recently investigated conductive bone repair materials are carbon-

based materials and conductive polymers (Figure 7a).[140] Under external electrical fields, conductive 

materials can generate in situ electrical cues, following to regulate cell fate and bone regeneration. 

4.2.1 Carbon-based biomaterials 

Highly conductive and easy-processing carbon-based materials are outstanding candidates for 

conductive nanocomposite preparation and have been widely applied as additives to improve the 

mechanical properties and electrical conductivity in BTE.[175] The most frequently utilized carbon-

based materials in tissue regeneration engineering are graphene-based materials and carbon 

nanotubes (CNTs) because of their superior mechanical properties, chemical stability, electrical 

conductivity, and big surface area.[176] Especially, to produce an environment that supports bone 

regeneration, some researchers have combined the strong electrical conductivity of graphene with 

the bone conductivity of ceramic materials, such as BG[177] and HAp.[178] Moreover, due to their 

antibacterial properties, graphene-based materials have demonstrated more practical utility as 

electroactive biomaterials for tissue implantation.[179] The PLGA/GO conductive composite 

accelerated neovascularization and formation of Col1 in vitro when coupled with electrical stimulation 

(Figure 7b).[180] Externally applied electrical stimulation (1 V/cm with a current density of 

approximately 300 μA/cm2) augmented ADSC proliferation and osteogenic differentiation when 

cultured on a conductive graphene-cellulose scaffold (Figure 7c).[181] Furthermore, when implanted 

in vivo, the electro-active PCL/graphene scaffolds were able to mediate in situ electrical cues, 

accelerate bone regeneration and the formation of more organized new bone through a fast 

angiogenesis and a rapid transition to the mineralization.[182]  
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Moreover, when used in a scaffold, the other type of carbon-based materials, namely CNTs, 

resulted in appealing materials with excellent electrical conductivity and acceptable biocompatibility, 

once dispersed throughout the composite network, eliciting bone formation.[183] For example, a CNT-

based conductive layer enabled the modulation of cell behavior through in situ electrical stimulation, 

leading to cellular proliferation and osteogenic gene marker expression (Figure 7d).[184] Nevertheless, 

the problem is that some of CNTs are cytotoxic and can induce inflammatory responses.[185] To 

overcome the aforementioned adverse effects, polyacrylonitrile was employed as a precursor polymer, 

synthesized as electrospun nanofibers, and subjected to a specific regime of heat treatment, resulting 

in carbon nanofibers (CNFs).[186] Electrospun CNFs are currently replacing CNTs as a viable substitute 

due to their similar mechanical and electrical properties, superior biocompatibility, and chemical 

inertness. Meanwhile, under electrical stimulation, the CNFs present increased osteoblast 

proliferation and ALP activity in vitro.[187] 

4.2.2 Conductive polymers 

Conductive polymers, mainly including PPy, PANi, and PEDOT, are also appealing material 

candidates for the fabrication of conductive scaffolds.[188] In addition to high conductivity similar to 

those of metals and inorganic semiconductor materials, this type of polymer also benefits from 

superior biocompatibility and simplicity in the synthesis.[138a, 142b, 189] Thus, several reports have 

mentioned the use of these systems in bone regeneration in conjunction with external electrical 

stimulation.[190] It was reported that PANi coating,[190a] PPy coating,[191] and PEDOT coating[192] all 

facilitated the proliferation and differentiation of MC3T3 and mineralization in vitro under electrical 

stimulation. Additionally, conductive polymers have the potential to modulate and remove reactive 

oxygen species (ROS), which poses pernicious impacts on cell metabolism and fates in bone 

repair.[193] Despite the above data suggesting that conductive polymers are effective in promoting 

osteogenesis, there are currently not many in vivo evaluations of conductive polymers for promoting 

bone regeneration. Challenges remain in the development of these polymers due to their 

manufacturing limitation (e.g., some of them cannot be melted), potential toxicity, and poor solubility 

in solvents.[194] From this viewpoint, biodegradable composites containing conductive polymers or 

biodegradable copolymers containing conductive oligomers may be considered for future in vivo 

studies. 
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4.2.3 Mechanism of conductive materials 

External electrostimulation is reported to influence the potential of cell membranes as well as 

membrane receptors, ion channels, gap junctions, etc.[140] When electrical stimulation is applied, a 

conductive polymer activates the Ca2+ channel of the cell membrane, thus facilitating extracellular 

Ca2+ entry into cells and subsequently stimulating the Ca2+ signal transduction pathway,  upregulating 

related gene expression and promoting osteogenesis differentiation.[195] This process is the same as 

the previously described downstream pathway following the increase in intracellular calcium 

concentration caused by piezoelectric materials. Conductive materials have been also reported to 

promote calcium deposition, contributing to the formation of the bone matrix.[193] Several pathways 

(Figure 7e) have the potential of regulating cell activity and differentiation,[140] including intracellular 

Ca2+ signaling, membrane receptors, and integrins. For Ca2+ signaling, on one hand, electrical 

stimulation activates voltage-gated Ca2+ channels to allow extracellular Ca2+ to flow into the cell, and 

on the other hand, causes the release of intracellular Ca2+ reservoirs. These two conditions cause a 

Ca2+ transient that activates the cytoskeletal calmodulin, promoting cell differentiation and 

proliferation.[142b, 164, 196] Meanwhile, electrical stimulation can influence the distribution, expression, or 

conformation of transmembrane proteins, influencing relevant intracellular signaling pathways in cell 

migration or differentiation via ligand-receptor binding.[197] Integrins are also sensitive to the changes 

in the ECM altered by electrical stimulation, including changes in protein structures and charges.[198] 

Furthermore, the electrical stimulation can control ROS generation at the physiological level, 

triggering pathways associated with osteogenic differentiation.[149] In addition, electrical stimulation 

can regulate cell behavior by accelerating the depletion of intracellular ATP.[199] In this case, the 

original electrical stimulus is converted into a biochemical stimulus that activates downstream 

signaling pathways related to cell proliferation and differentiation, such as MAPK, ERK1/2, and JNK 

pathways.[140] 
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Figure 7. Conductive material-related osteogenesis. (a) Typical conductive biomaterials used for 

tissue engineering. Reproduced with permission.[140] Copyright 2021, Wiley Ltd. (b) Schematic plot of 

the preparation of PLGA/GO composite and its application for wound treatment. Reproduced with 

permission.[180] Copyright 2019, Dove Medical Press Ltd. (c) Schematic diagram illustrating the effect 

of the combination of an electroactive graphene-cellulose scaffold and an external electrical 

stimulation on osteoinduction of human ADSCs. Reproduced with permission.[181] Copyright 2020, 

Elsevier Ltd. (d) Schematic presentation showing enhanced cell proliferation and osteogenesis under 

electrical stimulation in the presence of a CNT-based conductive layer. Reproduced with 

permission.[184] Copyright 2020, Elsevier Ltd. (e) Schematic illustration of the pathways involved in the 

biological response to electrostimulation. Reproduced with permission.[140] Copyright 2021, Wiley Ltd. 
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5. Impact of magnetic signals 

The magnetic field has been proven to enhance bone tissue repair by affecting cell metabolic 

behavior.[200] Different magnetic field strengths have various effects on cells, while medium-strength 

magnetic fields are the most widely used, promoting attachment, proliferation, migration, and 

differentiation of cells.[201] Furthermore, increasing evidence has indicated the potential of in situ 

magnetic strategies mediated by magnetic materials for bone regeneration.[202] Magnetic materials 

with external SMF significantly increased the expression of diverse osteogenic markers and the 

deposition of the mineralized matrix, as well as an enhancement in the CD31+ cell population, 

suggesting that, besides boosting osteogenesis, they also favored angiogenesis both of which are 

important moments in bone regeneration.[203] 

5.1 Magnetic materials 

Magnetic materials with magnetic elements like iron, cobalt, manganese, and nickel demonstrated 

excellent potential for tissue regeneration engineering.[204] Iron oxide NPs (IONPs), which have 

prominent advantages like superparamagnetism, nontoxicity, large surface area, high surface-to-

volume ratio, and rapid and easy methodology of target separation from solution exploiting the 

external magnetic field attraction, are the most widely used among various magnetic NPs in magnetic 

cue to promote bone formation, drug loading, bone formation with stem cells, and bone formation with 

scaffolds.[201, 205] The most common forms of IONPs are present in nature: magnetite (Fe3O4), 

maghemite (γ-Fe2O3), and hematite (α-Fe2O3).[206]  

There are several available studies concerning the use of IONPs alone. For example, Fe3O4 was 

demonstrated to increase the osteogenic differentiation of MC3T3 osteoblasts significantly when 

exposed to a magnetic field.[207] Besides, many researchers have combined magnetic nanoparticles 

with other desirable scaffolds to create nanocomposites with comprehensive properties for biomedical 

applications. Preparation methods that have been extensively studied include selective laser 

sintering,[208] grafting, layer-by-layer assembly in combination with electrospinning techniques,[209] and 

co-deposition.[210] It was reported that Fe3O4 NPs embedded within the scaffold would be magnetized 

by an SMF via their dipole moment rearrangement, which generates a locally enhanced magnetic 

field.[209, 211] The enhanced magnetic field provided direct magnetic stimulation (55-65 mT) to human 

umbilical cord-derived MSCs grown on a scaffold containing Fe3O4 NPs, subsequently promoting 
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osteogenic differentiation.[208] Magnetic PLGA/PCL scaffolds manufactured using an electrospinning 

technique and a layer-by-layer assembly of superparamagnetic IONPs significantly promoted the 

osteogenesis of ADSCs.[209] Moreover, a superparamagnetic Col I hydrogel, obtained by grafting α-

Fe2O3/γ-Fe2O3 NPs on collagen nanofibers, induced the Mφ phenotype transition from M1 to M2, 

subsequently promoting osteogenic differentiation of BMSCs in vitro, which reminded us of a novel 

strategy utilizing biomaterial-mediated in situ magnetic stimulation to generate an immune 

microenvironment favorable to bone regeneration (Figure 8a).[212] 

Furthermore, IONPs implanted in vivo could convert the applied external magnetic field stimulation 

into a local magnetic field, which in turn promoted bone regeneration. To illustrate, a stud has shown 

that an implanted porous PGA/Fe3O4 scaffold into rabbit forearmed radius defect, meanwhile, an 

external SMF was used to provide a magnetic source. In this case, the magnetic moment of the Fe3O4 

NPs oriented along the direction of the SMF (1.2-70 mT), thereby generating an in situ enhanced 

magnetic field. It is clear that the integration of the scaffold and the SMF further synergistically 

accelerated bone regeneration (Figure 8b).[208] Similarly, a magnetic Fe3O4/polydopamine(PDA) 

coating improved in situ osteogenesis of 3D-printed porous Ti scaffolds in vivo under an external SMF 

(15 mT).[210] These above findings suggest that the combined application of external (SMF) and 

internal (scaffold) magnetism can be a promising tool to precisely regulate in situ bone regeneration.  

Besides IONPs, CoFe2O4 (CFO), is the other popular ferrite material exploited for a variety of 

applications due to its strong intrinsic magnetocrystalline anisotropy, excellent mechanical toughness, 

and mild magnetic saturation.[213] In another aspect, the high magnetostrictiveness of CFO particles 

enables them to change form or size once they are magnetized.[214] These changes are beneficial in 

achieving the desired magnetomechanical/electrical response of the scaffold and CFO was thus 

incorporated into the matrix of piezoelectric polymers.[215] CFO/P(VDF-TrFE) coatings containing CFO 

with a mass fraction of 6% improved osteogenic differentiation of MC3T3-E1 cells under an SMF 

condition.[216] Moreover, a type of magnetoactive 3D porous scaffold comprised of PVDF and CFO 

was found to exert both local magnetomechanical and magnetoelectric response, thereby significantly 

promoting the proliferation of preosteoblasts through the application of magnetic stimuli.[215b] 

Furthermore, applied together with a remote direct current (DC) magnetic field, CFO/P(VDF-TrFE) 

magnetoelectric membranes containing 10 wt% CFO can generate a built-in magnetoelectric 

microenvironment for precisely controlling bone regeneration in situ. The magnetoelectric 
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microenvironment provided by the membranes not only directly enhanced the osteogenic 

differentiation of BMSCs but also triggered an initial inflammation and subsequently promoted the M1 

to M2 transition of Mφs to improve bone regeneration (Figure 8c).[215c]  

The strategy of in situ bone formation through localized magnetic fields mediated by magnetically 

responsive materials has proven promising, but the safety of nanoparticles applied in vivo and the 

lack of effective magnetic field gradient are the main challenges limiting their clinical translation. 

Specifically, prolonged retention of magnetic nanoparticles in rats induced severe toxicity, leading to 

weight loss and damage to the liver and spleen, the interaction between the surface charge of the 

particles and biocomponents greatly influence their toxic response besides. Based on this, toxic 

reactions can be effectively minimized by reducing the particle diameter, designing a suitable surface 

coating, reducing the amount used, and avoiding aggregation. Therefore, when using magnetic 

nanoparticles, it is crucial to understand their physical properties. In addition to the magnetic material 

itself, the magnetic controllers in most studies are permanent magnets placed near the target site, but 

most commercially available magnets currently only penetrate a few millimeters of tissue depth. The 

development of novel magnetic control systems and the synthesis of magnetic nanoparticles with high 

magnetic moments may solve this problem.[204b, 217]  
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Figure 8. Magnetic materials-mediated in situ stimulus for osteogenesis. (a) Schematic illustration of 

magnetized nanocomposite hydrogels for on-demand immunomodulation via temporally controlled 

Mφ phenotypic transition in response to a magnetic field. Reproduced with permission.[212] Copyright 

2022, Wiley Ltd. (b) Schematic diagram of the osteogenic effect of a scaffold integrated with SMF in 

vivo. Reproduced with permission.[208] Copyright 2020, Elsevier Ltd. (c) Illustration of magnetoelectric 

effect and biological effect of CFO/P(VDF-TrFE) magnetoelectric membrane. Reproduced with 

permission.[215c] Copyright 2020, Wiley Ltd. (d) Schematic illustration of the integration of magnetic 

scaffold and SMF in promoting osteogenic differentiation. Reproduced with permission.[208] Copyright 

2020, Elsevier Ltd. 
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5.2 Mechanisms of magnetic signals 

The mechanisms of magnetic NPs and scaffolds under external magnetic fields that improve bone 

regeneration remain unidentified yet. As shown in Figure 8d,[208] several signaling pathways, including 

integrin, MAPK, BMP, and nuclear factor-kappa B (NF-κB), may be activated during the process.[201] 

It was reported that integrins, the major molecular force transducers, mediated the 

mechanotransduction process of magnetic nanoparticles and SMF.[207a] RhoA/Rho-associated kinase 

(Rho-kinase/ROCK) and MAPK signaling pathways, which are downstream of integrins, are 

subsequently activated, facilitating osteogenic differentiation.[218] Meanwhile, α-Fe2O3/γ-Fe2O3 are not 

only able to enhance the osteogenic activities of stem cells through activating integrin alpha-3 (INTα-

3)[207a] but also by upregulating WNT/β-catenin signaling.[219] Moreover, the BMP-2/Smad/RUNX2 

pathway was observed to be activated within BMSCs upon magnetic stimulation, as evidenced by the 

higher expression of its components.[200a] The downstream transcription factors of these signaling 

pathways are then altered, increasing the expression of the genes for osteogenic differentiation-

related genes, such as ALP, OCN, ColI, and RUNX2.[208] 

 

6. Impact of light 

Non-invasive light stimulation is one of the most common external stimuli with promising application 

aspects.[220] Three subcategories of light are frequently used in photoresponsive therapies: 1) 

ultraviolet (UV) (200-400 nm), 2) visible (Vis) (400-700 nm), and 3) near-infrared (NIR) (700-1300 nm) 

lights, which have different effects on controlling stem cell differentiation fate.[220a, 220b, 221] In terms of 

osteogenic differentiation, Vis light has been demonstrated with great potential. An obvious increase 

of ALP and OCN expression in rat BMSCs was observed with multiple exposures of red light emitting 

(630 nm) at 15 mW/cm2 and 4 J/cm2.[222] Compared to red light, the osteogenic differentiation of 

amniotic fluid-derived stem cells (AFSCs) was facilitated more significantly by green (525 nm) and 

blue light (470 nm) irradiation.[220c] 

Nevertheless, visible light clinical applications are constrained by its lack of penetrating depth and 

worse adverse effects on tissues when compared to NIR light. Thus researchers have paid great 

attention to the in situ conversion of NIR into Vis light to provide localized visual stimulation of stem 
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cells.[223] A typical case is that lanthanide-doped upconversion nanoparticles (UCNPs) have been 

demonstrated to possess the capacity to convert NIR light into high-energy UV, Vis, or NIR (shorter 

wavelength) light.[224] Furthermore, a new way to modulate the multidirectional differentiation of MSCs 

by using a NIR-based upconversion substrate was conceived. Figure 9a illustrates the substrate 

(named UCNP/P1/P2-RGD) made of UCNPs, 4-(hydroxymethyl)-3-nitrobenzoic acid (ONA, a 

commonly employed photo-cleavage molecule) modified poly(ethylene glycol) (PEG) (abbreviated as 

P1) and RGD-modified PEG (abbreviated as P2). The RGD moieties of P2 on UCNP/P1/P2-RGD can 

capture MSCs, while the PEG moieties of P1 can block the interaction between MSCs and the 

substrate. Upon NIR irradiation, P1 is released from the substrate by photocleavage, with the level of 

NIR irradiation controlling the percentage of P1 detachment and subsequently change in cell–matrix 

interactions. Interestingly, it was found that MSCs differentiated into adipose tissues when exposed 

to low-power (0.5 W/cm2) NIR light irradiation, whereas they differentiated into osteoblasts when 

exposed to high-power (6 W/cm2) NIR light irradiation.[225] Moreover, NIR-controllable nanomaterials 

were utilized for regulating stem cell differentiation by controlling intracellular calcium, both in vitro 

and in vivo. For example, thulium (Tm)- and ytterbium (Yb)-doped NaYF4 (Y=Yb or Tm) upconversion 

nanotransducer-based nanocomplexes were found to promote MSC differentiation into osteoblasts 

through increasing intracellular calcium levels when converting light from NIR to UV (Figure 9b).[226]  

In general, there are relatively few studies on the promotion of in situ bone regeneration by light 

cue alone. Even though light stimulation can control the osteogenic differentiation of stem cells, there 

are still certain issues associated with its repeated use. For example, Vis and UV light penetration is 

limited, and the process of light penetration may damage the tissues around the target. Meanwhile, 

the strategy of converting NIR to Vis or UV light faces the problems of low conversion efficiency and 

non-degradability of NPs.[223] Solving these problems will be of great significance to expand the 

applications of in situ light stimulation in BTE. 
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Figure 9. The light stimulus for osteogenesis promotion. (a) Schematic illustration of modulating cell-

matrix interactions and fate commitment of MSCs by using a UCNP-based substrate; Representative 

fluorescence microscopy images of cells cultured on UCNP/P1/P2-RGD with exposure to no NIR, 

low-power NIR, or high-power NIR irradiation; Reproduced with permission.[225] Copyright 2018, Wiley 

Ltd. (b) Schematic representation of NIR-triggered differentiation of hMSCs after subcutaneous 

implantation in vivo. Reproduced with permission.[226] Copyright 2018, Wiley Ltd. 

 

7. Impact of heat 

Heat is an indispensable stimulus in the bone-repair process, boosting osteogenesis and 

mineralization. An early study reported that following initial surgical trauma, rabbit femur hyperthermia 

through 915 MHz microwave heating enhanced the formation of new bone trabeculae and an increase 

in cortical bone density, thereby accelerating bone remodeling.[227] Previous studies have shown that 

heat stimulation produced by an external heater (e.g., 2-4 °C higher than body temperature) massively 

increased osteogenic activity, such as ALP expression and mineralization in MSCs.[228] Mild heating 

(e.g., to 40-43 °C) facilitated the healing of bone defects[229] and when the osteogenesis temperature 

of hyperthermia was controlled at about 42 °C, osteogenesis activity resulted in the highest.[230] 

Moreover, the efficiency of differentiation was influenced by the heating frequency, which was shown 



40 

 

to work best when applied twice a day.[228a] The effect was mainly achieved by upregulating the heat 

shock proteins (HSP) in MSCs, enhancing blood flow, and promoting nutrient exchange.[231] As proof, 

periodic heat significantly upregulated both HSP70 and HSP27 in differentiated MC3T3-E1 cells.[228a]  

According to previous studies, moderate thermal therapy can effectively promote bone regeneration. 

Nevertheless, the strategies based on direct heating are less efficient in stimulating osteogenesis, 

particularly when the lesion is deep. Therefore, to induce temperature enhancement in deep tissues, 

externally non-invasive stimuli have gained popularity and have been applied recently for tissue 

engineering. By combining with the specific agents or nanoparticles, mild photothermal therapy (PTT) 

and magnetic thermotherapy (MTT) have shown new interests because of their easy regulation and 

precise thermal positioning.[232] In this section, we will briefly describe the applications of these 

therapies in promoting in situ bone regeneration. 

7.1 Photothermal therapy 

In PTT, converting light energy into heat, photothermal agents (PTAs) are generally irradiated by light 

at the target tissue to increase the local temperature. PTT has gained importance among externally 

non-invasive thermal therapeutic strategies in BTE due to the benefits of great selectivity and non-

invasiveness. PTT is commonly carried out by applying tissue transparent NIR light in the area where 

PTAs are present to produce an in situ thermal effect.[232a, 233] Therefore, when the PTAs at the damage 

site photothermally respond to external NIR light, mild hyperthermia therapy, enhancing bone 

regeneration, can be easily achieved. Recent studies have shown that gentle photothermal radiation 

can promote MSC differentiation, osteoblast maturation, and mineralization (Figure 10a).[229, 234] 

Consequently, PTT has received growing attention in BTE as a relatively gentle and targeted 

treatment.[233c] PTAs that have been applied in tissue engineering include carbon-based PTAs (such 

as graphene), metal-based PTAs (such as gold nanoparticles), and other types of PTAs.[235] Among 

them, graphene and GO are commonly used due to their great NIR light absorbance and strong 

photothermal conversion efficiency.[233c, 236] Scaffolds incorporating graphene and GO, including 

nHAp/GO scaffold (Figure 10b)[237] and HAp/GO/CS scaffold (Figure 10c),[233c] can not only promote 

osteogenesis of BMSCs in vitro but also show excellent photothermal properties in vivo, thus 

significantly supporting bone regeneration. Additionally, other carbon-based PTAs, including carbon 

dots (CDs), CNTs, and carbon aerogel also showed promising potential in BTE.[238]  
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Moreover, metal-based PTAs comprised of metal NPs, metal-oxide NPs, and metal compounds 

showed excellent photothermal conversion efficiency as well. After being internalized by cells, 

hyperthermia porous AuPd alloy NPs (pAuPds) produced a mild localized heat (e.g., 40-43 °C) under 

NIR light irradiation, greatly accelerating cell proliferation and bone regeneration. Almost 97% of the 

cranial defect area was covered into the newly formed bone after 6 weeks of PTT (Figure 10d).[239] 

Apart from metal oxides, other metal compounds such as MoS2 possess photothermal effects and 

corresponding applications in bone biomaterials.[233b, 240] 

In the last years, black phosphorus (BPs) is considered a superior PTA as it can naturally 

decompose into the nontoxic PO4
3-, which serves as an essential bone component.[241] Thus based 

on the above unique superiority, BPs@PLGA osteoimplants were fabricated and showed a moderate 

but effective heat-induced osteogenesis impact in vivo when exposed to NIR light, reaching a depth 

of 7 mm into the biological tissue.[231] Recently, a fish-derived scaffold consisting of GelMA and BP 

nanosheets, not only accelerated the proliferation and osteogenesis of MSCs, but also reduced the 

inflammation process due to the low immunogenicity. Furthermore, BP nanosheets contributed to 

photothermal conversion, which enabled the NIR photothermal therapy, further facilitating 

osteogenesis and bone regeneration (Figure 10e).[242] However, due to their easy decomposition, the 

degradation speed of BP needs to be controlled when applied in vivo, which limits its clinical 

translation.[243]  

Furthermore, it is worth highlighting that a core-shell structural nanorod-like array with HAp as a 

core and PDA as an amorphous shell (PDA@HAp) was found to achieve periodic PTT at a mild 

temperature (41±1 °C), further accelerating the transition of MΦ adhered to PDA@HAp from M1 to 

M2 phenotype both in vitro and in vivo (Figure 10f).[244] This behavior suggests us a method of 

employing mildly periodic PTT to induce a favorable immunomodulatory microenvironment for 

osteogenesis. 

Nonetheless, most of these studies focused on the first NIR window (NIR-I, 700-950 nm), it would 

be preferable to develop PTT agents spanning the second NIR window (NIR-II, 1000-1350 nm) to 

maximize the photothermal effects for effective bone regeneration in deep tissues.[245] As an example, 

CD/WS2 complexes were fabricated to achieve photothermal conversion at 1064 nm and showed 56.3% 

efficiency, thus greatly enhancing bone regeneration.[238b] 
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Figure 10. Schematic illustration of PTT utilized for in situ osteogenesis. (a) Schematic diagram 

showing that photobiomodulation therapy under NIR light irradiation can modulate the attachment, 

proliferation, and differentiation of stem cells; phototherapy based on the NIR light-responsive 

nanomaterials can induce mild local heat under NIR light irradiation, enhancing new bone formation. 

Reproduced with permission.[229] Copyright 2020, Ivyspring International. (b) Schematic illustration of 

the fabrication of nHAp/GO scaffold and its high photothermal conversion efficiency (temperature can 

rise to 48 °C under 5 min irradiation using  980-nm near-infrared laser at 0.2 W/cm2) in promoting 
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defect repair. Reproduced with permission.[237] Copyright 2022, Elsevier Ltd. (c) Schematic diagram 

of the fabrication of nHA/GO/CS scaffold and its osteogenesis promotion under 808-nm NIR 

irradiation. Reproduced with permission.[233c] Copyright 2020, Elsevier Ltd. (d) Schematic illustration 

of pAuPds for PTT of cranial defect reparation. Reproduced with permission.[239] Copyright 2022, 

American Chemical Society. (e) Illustration of the components of the fish-derived scaffold and its 

osteogenesis function combined with MSCs and PTT. Reproduced with permission.[246] Copyright 

2023, Tsinghua Univ Press. (f) Schematic illustration showing the PTT process in vitro for evaluation 

of the phenotypic transformation of Mφs cultured on PDA@HAp (top) and the experimental process 

in vivo to evaluate the immune responses and osteogenesis modulated by the implant with NIR 

radiation (bottom). Reproduced with permission.[244] Copyright 2022, Wiley Ltd. 

 

There are several hypotheses about which pathways are involved in the promotion of osteogenesis 

during the process of PTT. The osteogenic pathways which are activated during the photothermal 

effect include MAPK, PI3K-Akt,[247] BMP2/Smad,[233c] ERK,[248] and Wnt signaling pathways.[239] 

Moreover, a study revealed that the activation of the PI3K-Akt1 signaling pathway was responsible 

for the periodic PTT-induced acceleration of the M1 to M2 transition of MΦs.[244] More studies are 

needed in the future to elucidate the related mechanisms of photothermal therapy to improve the 

effect of PTA-mediated in situ thermal stimulation in promoting bone regeneration. 

In conclusion, NIR light-assisted phototherapies have shown great potential to treat bone-related 

diseases and BTE. Numerous NIR-absorbing PTAs have been developed for PTT, but their clinical 

applications are hindered by several factors, including the potential for photodamage of tissues under 

high power excitations, the relatively shallow depth of penetration of NIR to reach deep tissues, and 

potential long-term toxicity.[249] Therefore, increased efforts should be made to design and synthesize 

more nanomaterials with both high phototherapeutic efficiency and enhanced biocompatibility. In 

future research, on the one hand, other controllable and non-invasive physical triggers should be 

explored to improve tissue penetration, and on the other hand, more accurate and sensitive real-time 

monitoring techniques should be developed to adjust the irradiation parameters to avoid unnecessary 

damage caused by overheating. 
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7.2 Magnetic thermotherapy 

Similar to the action of PTT, MTT can promote tissue regeneration by magnetic field-mediated heat 

generation, regulating cell behavior and promoting osteogenic differentiation.[232b] In some cases, MTT 

showed higher tissue-penetrating capability than PTT and possessed other outstanding 

characteristics as well, such as non-invasiveness, remote controllability, and nano-scale spatial 

resolution.[250] 

 

Figure 11. Schematic illustration of MTT applied for in situ osteogenesis. (a) Schematic diagram of 

MGO hydrogel composite fabrication (top) and its application to bone tumor defect regeneration in 

vitro and in vivo (bottom). Reproduced with permission.[232b] Copyright 2022, Elsevier Ltd. (b) 

Schematic diagram of the synthesis of MRA hydrogels (left), and its mechanism of osteogenesis, 

biomineralization, and angiogenesis in the bone defect site under mild magnetic hyperthermia (right). 

Reproduced with permission.[251] Copyright 2022, Elsevier Ltd. 

 

As proof of concept, a nanocomposite hydrogel fabricated by incorporating magnetic Fe3O4 NPs 
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into chitosan/PEG hydrogel achieved high temperatures under an alternative magnetic field (AMF). 

The elevated temperature induced by the magnetic hydrogel contributed to a higher osteogenic 

differentiation ability of MSCs compared with direct heat treatment applied under equal 

temperatures.[252] Furthermore, when implanted in vivo, magnetic GO (MGO)@Fe3O4 NPs realized 

effective geomagnetic thermal conversion and supported osteogenesis remarkably (Figure 11a).[232b] 

In addition to promoting osteogenesis, a magnetothermal composite hydrogel fabricated by 

embedding RGD-coated, core-shell structured magnetic iron oxide NPs (CoFe2O4@MnFe2O4, MION) 

in the agarose (MION-RGD/Agarose, MRA) was able to generate mild magnetic hyperthermia to 

promote angiogenesis and biomineralization, thus accelerating the repairing of bone defects. As 

shown in Figure 11b, an alternating magnetic field with deep tissue penetration evoked a mild 

magnetic hyperthermia therapy (e.g., 41-42°C), significantly stimulating the osteogenic differentiation 

and biomineralization of pre-osteoblasts via the HSP90-activated PI3K/Akt pathway.[251]   

Therefore, MTT has shown great promise for potential clinical applications due to its deep tissue 

penetration depth and remote controllability. However, there are still several drawbacks of MTT, such 

as unsatisfactory magnetothermal efficiency and potential toxicity.[235b] Currently, there are few studies 

on the application of MTT for BTE, and further explorations are necessary. 

 

8. Multiple cues 

The previous sections were concerned predominantly with the material-mediated modulation of bone 

regeneration by a single type of physical stimulus, whereas the introduction of multiple physical cues 

in biomaterials is important to improve bioactivity and osteoinductive capacity. Silk nanofibre 

hydrogels with anisotropic morphology and higher stiffness of 120 kPa were developed by a 

synergistic horseradish peroxidase-electric field crosslinking strategy. This strategy demonstrated that 

the structure and stiffness of the nanofibers contribute to the regulation of stem cell adhesion, 

aggregation, and osteogenic differentiation in vitro and in vivo.[253] Homogeneous magnetic 

biomaterials prepared using oleic acid-modified IONPs underwent nano deformation upon application 

of SMF, which in turn generated mechanical stress and stimulated mechanosensitive proteins Piezo1 

thus synergistically accelerating osteogenesis in conjunction with local magnetic stimulation.[254] In 

addition, bone growth is closely related to electrical and magnetic signals. If dual electric stimulation 
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and magnetic stimulation are applied at the same time, effective and accurate induction can be 

achieved through the synergistic effect of electric stimulation and magnetic stimulations, which is 

conducive to the improvement of cell viability, bone mineralization rate, and repair. 

PEDOT/Fe3O4/PLGA magnetic-conductive bi-functional fibrous scaffold was demonstrated to further 

promote bone cell/tissue growth in response to magneto-electric dual stimulation.[255] Electromagnetic 

fields can only produce induced electric and magnetic fields perpendicular to each other and cannot 

provide induced electric and magnetic fields parallel or in any other direction. Instead, the combination 

of an independent electric field, magnetic field, and magnetic-conductive bi-functional scaffolds could 

be applied to regulate the effects of electric stimulation and magnetic stimulation to meet practical 

demands. 

We focus in this review on the influence of physical cues mediated by materials on osteogenesis, 

and indeed the microenvironment of bone regeneration also includes chemical and biological 

factors.[256] Some works have combined physical and chemical factors, demonstrating that they can 

act synergistically to enhance bone regeneration. For example, the high stiffness of TG-gels and the 

BMP-2 loaded in a gel can act synergistically to promote osteogenesis both in vivo and in vitro,[257] 

and the increase of stiffness of GelMA and alendronate density was found to improve osteogenesis 

of MSCs synergistically.[258] In addition, combining chemical factors and intrinsic physical properties 

of the material, the PLGA/HAp/PLA/BMP-4 conductive scaffold released BMP-4 in a controlled 

manner under external electrical stimulation, and the synergistic effect of BMP-4 and the scaffold-

mediated electric field facilitated cell proliferation and osteogenic differentiation.[259] Further, as we 

have discussed above, various physical cues are able to promote osteogenesis by different signal 

pathways, such as BMP/Smad and Wnt/β-catenin pathways,[260] which can be also activated by 

chemical factors, promoting osteogenic differentiation synergistically. These studies suggest that 

material-mediated physical signals can be combined with chemokines to achieve precise and effective 

bone regeneration. 

 

9. Conclusion and perspectives 

The three main components of BTE involve biomaterials, cells, and growth factors. Cells, particularly 

stem cells, have been at the forefront of the field as they can self-renew and differentiate into 
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functional cells for bone tissue regeneration.[261] But there are several limitations, particularly 

regarding controlling or manipulating the ECM microenvironments to determine cell fate. Growth 

factors play key roles in determining the behavior and differentiation of stem cells, bringing efficient 

bone repair.[7a] However, the high price, easily decomposed in vivo, short function period, and potential 

side effects of growth factors-mediated BTE restrain their clinical applications. Therefore, an 

alternative strategy that we have discussed in this review, replacing growth factors with materials-

mediated in situ physical cues, is emerging in BTE. Physical signals are widely present in the human 

body and play crucial roles in physiologic functions. For example, myelin envelopes neuronal axons 

to ensure their health and rapid propagation of electrical impulses in the central nervous system.[262] 

Vitamin D is synthesized under sunlight to maintain the functions of human bones and teeth and 

protect cardiovascular and cerebrovascular tissues.[263] Therefore, physical signals with a suitable 

intensity not only are safe and biocompatible but also necessary to human bodies. Meanwhile, 

physical signals mediated by biomaterials can be conveniently regulated to match the requirements 

at a safe intensity. Hence, biomaterials-mediated in situ physical cues combining the synergistic effect 

of materials themselves have opened a new perspective to expand the applications of BTE. 

  Nevertheless, there are still deficiencies in the field of biomaterials-mediated in situ stimulation to 

promote osteogenesis. The first thing is that the efficiency of materials-mediated physical cues to 

promote bone regeneration is generally low compared with growth factors. The optimal parameters 

of each type of stimulation for bone tissue regeneration have not been determined clearly, resulting 

in low efficiency in promoting osteogenesis. As a result, most studies have no precise reference for 

determining the intensity, time, and frequency when applying external physical stimulation. Besides, 

the bone repair is a complex process involving a variety of physiological signals, but recently a large 

number of studies only have focused on transforming a single external stimulus into a biomaterials-

mediated in situ stimulus to support bone regeneration. It is a worthy thing that some researchers 

have begun to combine various cues to improve the efficiency of bone regeneration, such as 

magnetoelectric nanocomposite membranes mediated electric and magnetic stimulation.[220a] 

Therefore, designing multifunctional biomaterials with the capacity to combine multiple stimulation to 

improve bone repair efficiency still needs much effort in the future.  

In addition, there are some concerns about the degradation and biological security of biomaterials 

after being implanted in vivo. The research on the biocompatibility of most materials, especially 
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inorganic materials and non-degradable polymer materials in vivo, is still in its infancy and needs more 

effort. Most of the biomaterials implanted in vivo in the current studies, such as PDMS, are non-

degradable, and maybe require a second surgery to be removed, resulting in secondary trauma. 

Besides, the main current biosafety assessment of materials through observing whether the structures 

of main viscera organs are damaged during the period after the materials are implanted in vivo failed 

to assess long-term biological safety and the influence on other body tissues. Thus, there are 

increasing queries about the long-term biological safety of biomaterials when applied in clinics and 

increased efforts should be put into designing and constructing fully biodegradable and biocompatible 

biomaterials in the future. 

Figuring out the mechanisms by which biomaterials-mediated in situ physical cues promoting 

osteogenesis is critical for improving the performance of functional materials. Although various studies 

of the mechanisms of materials-mediated physical stimulation promoting osteogenic differentiation 

have been put forward, some of them are inconsistent and even conflicting. The studies on signaling 

pathways summarized in this review are based on different materials-mediated different physical 

stimuli under different parameters, causing confusion and difficulty to construct satisfactory signal 

transduction and intracellular molecular mechanisms for each physical stimulation. Besides, almost 

all studies have focused on conventional pathways during the process of osteogenesis, such as the 

Wnt signaling pathway,[48, 219, 239, 264] and the mechanism of how the process is triggered deserves 

more attention.  

Besides osteogenesis, immune response and angiogenesis show great power to promote bone 

regeneration.[265] Unfortunately, there is almost no research on the synergistic effect of materials-

mediated in situ physical cues on angiogenesis, osteogenesis, and immunoregulation. Moreover, the 

immune microenvironment plays a crucial role in bone tissue regeneration. Tissue regeneration 

generally begins with early immune-inflammatory responses, thus triggering the boosting of immune 

cells and secretion of inflammatory cytokines and chemokines, which subsequently mobilize and 

recruit immune cells to injured sites.[266] A variety of immune cells including Mφs, natural killer cells, 

dendritic cells, and regulatory T cells play different roles in the process of bone tissue regeneration.[267] 

However, the current research on the regulation of immunity by biomaterials-mediated in situ physical 

stimulation mainly concentrates on Mφs while barely put attention to other immune cells. Hence, 

establishing a favorable immune microenvironment through modulating various immune cells and 
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factors and arising the synergetic effect on osteogenesis, angiogenesis, and immune regulation is of 

great significance for biomaterials-mediated in situ stimulation applied in BTE. 

It is worth noting that the coupling of osteoblasts and osteoclasts plays a key role in bone repair 

and metabolism,[268] while osteocytes can communicate with osteoclasts and osteoblasts via distinct 

signaling molecules.[269] Thus, it is theoretically envisageable the use of biomaterial-mediated physical 

stimulation to modulate the correlation among osteoblasts, osteoclasts, and osteocytes to achieve 

more efficient in situ bone regeneration. However, most studies have focused on material-mediated 

physical stimuli acting on BMSCs and osteoblasts, with fewer studies on osteoclasts or osteocytes, 

and even less attention on material-mediated physical stimuli affecting the interaction between 

osteoblasts, osteoclasts, and osteocytes.  

In conclusion, biomaterials-mediated in situ physical cues including nanostructures, mechanical 

stimulation, electric signals, magnetism, light, and heat as an approach to stimulate bone regeneration 

present attractive prospects in BTE. Developing biodegradable and multifunctional biomaterials, 

which can utilize multiple physical cues to regulate immune response, angiogenesis, and 

osteogenesis, is vital to promote the clinical translation of this strategy. Besides, increased efforts 

should be made to clarify the optimal parameters when applying external stimulation to biomaterials. 

Thus, the strategy of biomaterials-mediated in situ physical cues to promote bone regeneration has 

great application possibilities and development in the field of bone repair and regenerative medicine 

in the future. 

Table 1.  

Physical cues associated with the different biomaterials to promote in situ osteogenesis. 

Cues Biomaterials Realization form 
External 

stimulation 
In vitro 
results 

In vivo 
results 

Ref 

Morph
ology 

Ti-based 

Hierarchical macro-
micro-nano 
roughness 

/ 

Human 
MSCs—

osteogenic 
differentiation 

/ [36] 

Nanopetal-like 
structure with pore 

size 
(264.1 ± 45.2 nm)  

/ 
MG63 cells—

osteogenic 
differentiation 

Rabbit 
femur 

defect—
bone repair 

[38] 

Nanotubes (39 nm 
diameter) layer 

/ 

Human 
MSCs—

osteogenic 
differentiation 

/ [40] 

Clustered TiO2 
nanotubular surface 

with PDGF-BB 

covalent 

/ 

Human 
MSCs—

osteogenic 
differentiation 

Rat femur 
defect—

bone repair 

[41] 
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modification 
(235.55 ± 37.70 nm 

roughness) 

Sr-incorporated 
micro/nano Ti 

/ 

Human 
BMSCs—
osteogenic 

differentiation, 
Human 

UVECs—
angiogenic 

differentiation, 
Raw264.7—

M2 
polarization 

Rat tibial 
defect—

bone repair 

[45a] 

 

HAp-based 

HAp nanorods (45–
70 nm in length and 
10–15 nm in width) 

/ 
BMSCs—
osteogenic 

differentiation 

Mouse 
mandibular 

defect—
bone repair 

[75] 

Topography 
imprinting of 

Isolated islands 
patterns on HAp 

/ 

Human 
ADSCs—
osteogenic 

differentiation 

/ [11] 

HAp coating of rod-
cluster 

micro/nanocrystals 
/ 

Mouse 
BMSCs—
osteogenic 

differentiation 

Rabbit 
femoral 
condyle 
defect—

bone repair 

[67a] 

Polymer-
based 

PLGA BNP with 
well-aligned ridge 

and groove 
features (ridge: 
groove: height = 

800: 800: 600 nm) 

/ 

Rat 
osteoblasts—

osteogenic 
differentiation 

and 
mineralization 

Mouse 
calvarial 
defect—

bone repair 

[82] 

PCL substrate with 
nanoridges 
(thickness: 

distance= ∼74 nm: 

∼556 nm) 

/ 

Mouse 
MC3T3-E1—
osteogenic 

differentiation 

/ [17] 

PEEK surface with 
patterned nanorod 
arrays (diameter: 
height: distance= 

195 ± 21: 711 ± 61: 
452 ± 34 nm) 

/ 
Rat ADSCs—

osteogenic 
differentiation 

Rat femur 
defect—

bone repair 

[78] 

Chitosan/gelatin 
film with arrays of 

ordered nanopillars 
(diameter: heigh: 

pitch= ∼90: ∼300: 

∼50 nm) 

/ 

Human 
BMSCs—
osteogenic 

differentiation 

/ [91a] 

Other 
materials 

CS with flower-like 
nanostructures 

(thicknesses= 20–
50 nm) 

/ 
Rat BMSCs—

osteogenic 
differentiation 

Rat 
calvarial 
defect—

bone repair 

[102] 

Mecha
nical 

propert
ies 

Stiffness-
related 

materials 

PDMS substrate 
with intermediate 
stiffness (0.909 

MPa) 

/ 

Smooth 
muscle cell—

osteogenic 
differentiation 

/ [112] 

GelMA/ SA 
hydrogel, dynamic 

/ 
Rat MSCs—
osteogenic 

Rat 
calvarial 

[117] 
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stiffness from 14.63 
± 1.18 kPa to 68.37 

± 4.99 kPa 

differentiation defect—
bone repair 

Degradation-
related 

materials 

9%RSF/3%G 
hydrogel, 

approximately 3 
months 

/ 
Rat BMSCs—

osteogenic 
differentiation 

Rat 
calvarial 
defect—

bone repair 

[128] 

PLGA/PCL/HA: 
Yb/Ho/Zn (PPHZ) 
scaffold, stepwise-

degraded 

/  

Rabbit 
femoral 
defect—

bone repair 

[133] 

Electri
city 

Piezoelectric 
materials 

P(VDF-TrFE) 

coating, d33= −22± 

0.5 pC/N 

/ 
Mouse Mφ—

M2 
polarization 

/ [144b] 

BTO/P(VDF-TrFE) 
membrane, 

d33=9.21 pC/N 
/ 

Rat BMSCs—
osteogenic 

differentiation 

Rabbit 
mandible 
defect—

bone repair 

[160] 

SiO2/PDMS 
membrane, ζ-

potential=−61.5 mV 
/ 

Rat BMSCs—
osteogenic 

differentiation 

Rat 
calvarial 
defect—

bone repair 

[270] 

Conductive 
materials 

PPy-coated PLLA 
fibers 

Electrical 
stimulation, 75 
mV mm−1, 3 h 

day−1 

Rat BMSC—
osteogenic 

differentiation 
/ [190b] 

CNFs 

100 μA DC 
electrical 

stimulation, 1 h 
day−1, 7 days 

MG63 cell—
osteogenic 

differentiation 
/ [187] 

Magne
tism 

Magnetic 
materials 

PGA/Fe3O4 scaffold 
SMF, 1.2 to 

70 mT 

Human UC-
MSCs—

osteogenic 
differentiation 

Rabbit 
radius 

defect—
bone repair 

[208] 

PLLA/PGA@ Fe3O4 
scaffold 

SMF, 0.35 T 
MG63 cell—
osteogenic 

differentiation 

Rabbit 
radius 

defect—
vessel 

formation 
and bone 

repair  

[271] 

MNPs/collagen 
hydrogel 

SMF, 280 mT 

Rat BMSCs—
osteoblast 

M1 Mφ—M2 
Mφ 

Rat 
calvarial 
defect—

bone repair 

[212] 

Fe3O4/PDA coating SMF, 15 mT 

Human 
BMSCs—
osteogenic 

differentiation 

Rabbit 
femoral 
defect—

bone repair 

[210] 

CFO/P(VDF-TrFE) 
membrane 

Remote DC 
magnetic field 

BMSCs—
osteogenic 

differentiation 

Rat cranial 
defect—

bone repair 

[220a] 

Light 
Photorespon
sive material 

UCNT-based 
nanocomplex 

6 W cm-2, NIR 
light 

MSCs —
osteogenic 

differentiation 
/ [225] 

Heat 
PTT-related 

materials 

HAp@graphene 
scaffold 

980 nm NIR 
radiation, 0.2 

W/cm2 

Rat BMSCs —
osteogenic 

differentiation 

Rat calvaria 
defect—

bone repair 

[237] 

CD/WS2 HJs 1064 nm NIR Human / [238b] 
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light MSCs—
osteogenic 

differentiation 

AuPd nanoparticle 808 nm NIR  
MC3T3-E1—
osteogenic 

differentiation 

Rat cranial 
defect—

bone repair 

[239] 

MoS2-biotin-
agarose-gelatin 

scaffold 

808 nm NIR 
light, 1.5 
W/cm2 

Rat BMSCs—
osteogenic 

differentiation 

Rat cranial 
defect—

bone repair 

[240] 

PDA@HAp core-
shell structure 

808 nm NIR 
light, 0.75 

W/cm2 

Mouse 
BMSCs—
osteogenic 

differentiation 

Rat femoral 
defect—

bone repair 

[244] 

MTT-related 
materials 

CoFe2O4@MnFe2O

4 

AMF, 1.35 
kA/m, 5min 

day-1 

MC3T3-E1—
osteogenic 

differentiation, 
HUVECs—
angiogenic 

differentiation 

Rat 
cranium 
defect—

bone repair 

[251] 
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