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Bone regeneration is a complex process governed by inflammation, angiogenesis, and tissue remodeling. Macrophages play central roles by dynamically shifting between pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes. While biochemical signals have been widely studied, emerging evidence highlights the immunomodulatory potential of physical cues from biomaterials. This review summarizes macrophage functions across bone healing phases and critically examines how physical cues—such as stiffness, topography, pore architecture, hydrophilicity, electromagnetic stimuli, and metal composition—modulate macrophage polarization. We discuss underlying mechanosensing mechanisms, phenotype plasticity, and the dynamic interplay between materials and immune cells. Finally, we highlight current limitations and propose future directions to guide the design of next-generation osteo-immunomodulatory biomaterials.
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1 INTRODUCTION
Bone is a dynamic and self-renewing tissue that continuously remodels in response to physiological and mechanical stimuli across the lifespan. Despite its regenerative capacity, bone remains susceptible to trauma, degenerative diseases, and age-related disorders that impair structural integrity. These conditions significantly affect patient quality of life and rank among the leading causes of global disability-adjusted life years (GBD, 2019 Diseases and Injuries Collaborators et al., 2020).
Beyond their classical role in host defense, macrophages have attracted growing interest in their multifaceted involvement in bone regeneration. These versatile immune cells orchestrate the complex crosstalk among inflammation, matrix remodeling, and immune signaling that ultimately determines regenerative outcomes (Schlundt et al., 2018). A deeper understanding of macrophage behavior during bone repair is therefore essential for the rational design of immunomodulatory biomaterials in bone tissue engineering.
Macrophages reside in nearly all tissues and act as first-line responders to tissue damage and environmental signals (Ovchinnikov, 2008). Upon injury, they are rapidly recruited to damaged sites via leukocyte extravasation, where they perform key functions, including phagocytosis (Aderem and Underhill, 1999), cytokine release, and antigen presentation (Mann and Li, 2014). Functionally, macrophages can polarize toward classically pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes, depending on local microenvironmental cues (Yunna et al., 2020). These phenotypes exhibit opposing functions—M1 cells are beneficial to pathogen clearance, while M2 cells facilitate bone tissue repair and regeneration.
Recent advances in bone tissue engineering have focused on scaffold-based approaches to enhance osteogenesis. While most strategies emphasize biochemical cues, emerging evidence highlights that the physical cues from biomaterials can also profoundly influence immune cell behavior (Figure 1).
[image: Diagram illustrating the physical properties of bone scaffolds influencing macrophage polarization, including hydrophilicity, electromagnetic stimuli, pore and porosity, topology, metal composition, and stiffness. An arrow connects a fractured bone to a healthy bone, suggesting repair or healing.]FIGURE 1 | Schematic diagram of key physical cues of bone scaffolds that modulate macrophage polarization and promote bone regeneration.While this review primarily focuses on macrophages, we acknowledge that other immune cells, such as neutrophils and T cells, also play crucial roles in the orchestration of bone regeneration. Neutrophils are among the earliest responders at the injury site, facilitating debris clearance and initiating inflammatory cascades (Bouchery and Harris, 2019; de Oliveira et al., 2016). T cells contribute to immune modulation and osteogenic regulation through cytokine production and interaction with osteoprogenitor cells (Hu et al., 2024; Zhu et al., 2024). However, macrophages remain the most extensively studied immune cells in the context of biomaterial-mediated bone regeneration, with clearly defined phenotypes and mechanosensitive properties. Therefore, this review centers on the immunomodulatory roles of macrophages in response to physical cues, while calling for future work to explore the multicellular immune landscape.
The uniqueness of this review lies in its comprehensive and mechanistically focused synthesis of how the physical properties of biomaterials modulate the behavior of macrophages and thereby influence bone regeneration progress. Unlike prior reviews, we emphasize an emerging paradigm in which scaffold microarchitecture, stiffness, topography, and dynamic mechanical stimuli act not merely as passive supports but as active immuno-instructive elements to shape the bone regenerative outcomes.
2 THE ROLE OF MACROPHAGE IN BONE REGENERATION
2.1 Overview of macrophage polarization and functions
Macrophages are a diverse population of mononucleated phagocytic cells, ubiquitously present across nearly all tissues and extensively involved in a broad spectrum of physiological and pathological processes. These include tissue development, homeostasis (Wynn et al., 2013), immune defense, and regeneration (Locati et al., 2020).
Tissue-resident macrophages, a kind of specialized macrophage subset that permanently resides within specific tissues (Nobs and Kopf, 2021), have distinct developmental origins. For example, bone-resident macrophages, known as osteomacs, originate from yolk-sac erythromyeloid progenitors (Schulz et al., 2012). F4/80 is broadly expressed in tissue-resident macrophages in mice and is therefore commonly used in combination with other markers, such as CD169, to localize and characterize osteomacs (Dos Anjos Cassado, 2017). Notably, F4/80 expression varies significantly among mononuclear phagocyte populations and is either low or absent in osteoclasts, alveolar macrophages, classical dendritic cells, and macrophages located in T cell zones and marginal zones (Gordon et al., 2011).
Upon fracture, most recruited macrophages are derived from bone marrow monocytes, termed M0 macrophages, rather than resident osteomacs (Perdiguero and Geissmann, 2016). These precursor cells differentiate under the influence of macrophage colony-stimulating factor (M-CSF), lipopolysaccharides (LPS), and interferon-gamma (IFN-γ) (Bosco, 2019). Subsequently, they can polarize into two major phenotypes: pro-inflammatory M1 and anti-inflammatory M2 phenotype macrophages (Yunna et al., 2020). This polarization is highly responsive to local environmental cues—M1 polarization is driven by stimuli such as LPS and helper T1 (Th1) cytokines, whereas M2 polarization is induced by cytokines including interleukin-4 (IL-4), IL-10, IL-13, IL-33, and transforming growth factor-beta (TGF-β) (Figure 2) (Bosco, 2019).
[image: Diagram showing macrophage polarization. A monocyte transforms into a bone marrow macrophage (M0) through M-CSF recruitment. M0 can polarize into either M1 or M2 macrophages. M1 activation is induced by TNF-α, IFN-γ, and LPS, resulting in secretion of TNF-α, IL-1β, IL-6, IL-12, and CXCL9. M1 displays markers CD86, CD80, MHC II, TLR-4, and TLR-2. M2 activation is induced by IL-4, IL-13, and TGF-β, resulting in secretion of IL-10, TGF-β, CCL1, and CCL17, with markers CD206, CD163, Ym1/2, and FIZZ1. TNF-α can influence M1 polarization.]FIGURE 2 | Schematic diagram of macrophage polarization from monocytes under different cytokine stimuli.The M2 macrophage phenotype can be divided into four phenotypes based on function and stimuli. M2a macrophages are induced by IL-4 or IL-13, M2b by immune complexes and LPS, showing high chemokine ligand 1 (CCL1) and tumor necrosis factor alpha (TNF-α) expression, M2c by glucocorticoids or IL-10, and M2d by adenosines or IL-6 (Huang et al., 2018). M2a macrophages are primarily associated with anti-inflammatory responses and bone regeneration (Qiao et al., 2023). M2b macrophages represent an intermediate phenotype, modulating inflammation by secreting both pro-inflammatory and anti-inflammatory cytokines, with notably low IL-12 production (Wang et al., 2019; Yue et al., 2017). The M2c phenotype exhibits anti-inflammatory characteristics comparable to those of M2a macrophages; however, its gene expression peaks significantly earlier post-injury, approximately 6 h, compared to around 25 days for M2a (Lurier et al., 2017). M2d macrophages are typically involved in immunosuppression and angiogenesis within tumor microenvironments (Tamura et al., 2018) and chronic wounds through production of proangiogenic factors like vascular endothelial growth factor (VEGF) (Lai et al., 2019). Nonetheless, their precise roles in fracture healing remain controversial (Wermuth and Jimenez, 2015). Due to this functional diversity and complexity, this review simplifies these phenotypes collectively as “M2” for clarity.
M1 macrophages are characterized by expression of surface markers such as toll-like receptors, CD80, CD86, inducible nitric oxide synthase, and major histocompatibility complex class II, serving as hallmark indicators. Conversely, M2 macrophages express distinct markers, including CD206, CD163, CD209, FIZZ1, and Ym1/227. Moreover, transcription factors differ significantly between these phenotypes. M1 macrophages secrete pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, IL-12, and C-X-C motif chemokine ligand 9 (CXCL9). M2 macrophages, in contrast, secrete anti-inflammatory molecules, such as IL-10, TGF-β, CCL1, and CCL17 (McCauley et al., 2020).
Interestingly, under specific microenvironmental conditions, M1 and M2 macrophages are not fixed terminal states but demonstrate significant polarization plasticity—the capacity to switch between phenotypes in response to environmental cues reversibly. For instance, exposure to pro-inflammatory cytokines (such as TNF-α) can cause M2 phenotype macrophages activated by macrophage CSF to transform into a cell state with M1 phenotype characteristics (Zhao et al., 2015). This dynamic adaptability allows macrophages to adjust their function according to the evolving immune microenvironment: M1 phenotype macrophages generally mediate pro-inflammatory and antimicrobial responses, whereas M2 phenotype macrophages are associated with anti-inflammatory effects and bone regeneration (Shapouri-Moghaddam et al., 2018).
Clinically, fractures are a common form of bone injury (Dare and Hu, 2017). Following fracture, a rapid inflammatory response mediated by M1 macrophages occurs, subsequently transitioning toward osteoblast recruitment and bone regeneration facilitated by M2 macrophages. Both M1 and M2 phenotype macrophages are integral to osteogenesis. Loi et al. showed that the co-culture of macrophages with osteoblasts significantly enhanced osteogenic gene expression and matrix mineralization (Loi et al., 2016). However, prematurely polarized M2 phenotype macrophages may produce excessive fibrotic cytokines, promoting fibrous capsule formation around scaffolds and negatively impacting implant integration (Wynn and Vannella, 2016).
Furthermore, the phenotype of macrophages is not isolated but represents a dynamic equilibrium state. Usually, a relatively high M1/M2 ratio appears immediately after the bone injury, and then gradually transitions to a state dominated by M2 phenotype macrophages in the further stage of bone regeneration progress (Schlundt et al., 2018). This dynamic interplay highlights the complexity and multifaceted roles of macrophages in bone regeneration progress, emphasizing the necessity of a precise understanding of the dynamic polarization mechanism of macrophages for promoting bone tissue regeneration strategies.
While the M1/M2 classification offers a useful framework, it oversimplifies the real-time complexity of macrophage phenotypes observed in vivo. In fact, macrophages are often in an intermediate or mixed state, and their polarization is influenced by a continuum of signals, including cytokine gradients, matrix stiffness, metabolic conditions, and cellular crosstalk. The current classification methods based on markers cannot accurately capture this heterogeneity. Moreover, most mechanistic studies are performed in vitro using extreme polarizing conditions (such as LPS or IL-4), which may not reflect physiological states in bone injury.
Future research should integrate single-cell transcriptomics, spatial immune profiling, and dynamic imaging to better characterize macrophage subpopulations during bone regeneration. This nuanced understanding will be essential to harness macrophage polarization as a therapeutic target in regenerative medicine.
2.2 Macrophages in bone homeostasis
Osteomacs have garnered growing attention for their essential role in maintaining skeletal homeostasis. The pioneering work of Hume and colleagues in 1984 was among the first to identify osteomacs as tissue-resident macrophages definitively (Hume et al., 1984). Using immunohistochemical staining for F4/80 in sagittal sections of murine long bones, they demonstrated the widespread presence of F4/80+ mature macrophages distributed along cortical endosteal and periosteal surfaces, as well as the bone-lining tissues of trabecular bone (Chang et al., 2008). These cells were also frequently observed in perivascular regions, suggesting a close anatomical and functional association with vascular networks.
Osteomacs tend to localize near sites of bone formation and are often observed forming canopy-like structures with overactive cuboidal osteoblasts. Vi et al. further elucidated their relevance by demonstrating that osteomacs are involved in postnatal bone growth and the maintenance of bone mass (Vi et al., 2015). In a murine model with targeted deletion of lysozyme-M-expressing macrophages, progressive bone loss was observed by 3 months of age, accompanied by significant reductions in cortical bone mineral density and thickness. Interestingly, this model’s fetal long bone development remained unaffected, indicating that osteomacs are dispensable during embryogenesis but become essential for bone maintenance after birth.
These findings underscore the importance of osteomacs in bone remodeling, particularly in postnatal skeletal integrity. Their spatial proximity to osteoblasts, organization into canopy-like architectures, and presence in vascular niches suggest active roles in osteogenesis, potentially via coupling signals that coordinate bone formation and resorption.
However, despite these advances, the biology characteristics of osteomacs remains largely unclear. Particularly notable is that the molecular signals mediating communication between osteomacs and osteoblasts have not been fully elucidated. While paracrine factors are assumed to be involved, there is very limited evidence regarding the specific cytokines, membrane-bound ligands, or extracellular vesicles that may facilitate this interaction. In addition, it remains unclear whether osteomacs derive exclusively from embryonic progenitors or can be replenished by circulating monocytes under physiological or pathological conditions.
2.3 Macrophages in intramembranous ossification
Intramembranous ossification is a direct form of bone formation that occurs under stable fixation and minimal interfragmentary movement, whereby mesenchymal progenitors differentiate into osteoblasts without a cartilage intermediate (Schmidt-Bleek et al., 2014).
In a pioneering study, Alexander et al. (Alexander et al., 2011) demonstrated for the first time that macrophages are actively involved in this process. Using a murine tibial bone injury model, they identified F4/80+ osteomacs persisting throughout the healing period. Depletion of macrophages using the MaFIA (macrophage Fas-induced apoptosis) transgenic system (Burnett et al., 2004) or clodronate liposomes (Rooijen and Kesteren-Hendrikx, 2003) at the time of surgery led to markedly impaired woven bone deposition and mineralization. When the removal of macrophages was carried out on the third day after the injury, similar damage was observed. This indicates that macrophages are particularly important in the early stage of bone repair progress.
Further dissecting the role of specific macrophage subsets, (Batoon et al., 2019) used CD169-DTR mice to selectively deplete CD169+ osteomacs. Diphtheria toxin administration effectively reduced osteomac populations without affecting osteoclasts or trabecular bone mass. This depletion was accompanied by a substantial decline in osteoblast numbers, highlighting a supportive, non-redundant role of osteomacs in sustaining osteoblast viability and function.
In addition to direct cell–cell interactions, cytokine signaling appears to mediate macrophage-osteoblast crosstalk. Guihard et al. identified oncostatin M (OSM), a macrophage-derived cytokine, as a key contributor to intramembranous bone healing (Guihard et al., 2015). Compared with the wild-type control group, the OSM gene knockout mice showed a delay in bone formation in the early stage of the model establishment, but by the 14th day, their overall bone mass had returned to normal. These findings imply that OSM may be essential for initiating osteogenesis but less critical during the remodeling phase.
Despite the compelling evidence in vivo, the functional characteristics and mechanisms of osteomacs during the intracellular bone formation process remain largely unclear. While the anatomical proximity of osteomacs to osteoblasts and their depletion-linked osteogenic deficits suggest a supportive role, the precise molecular mediators—whether cytokines, exosomes, or juxtacrine signals—have not been comprehensively elucidated. Moreover, it is unclear whether these macrophages possess distinct activation or polarization states or whether their function is context dependent.
Although osteomacs have demonstrated essential roles in intramembranous bone formation, their molecular functions remain incompletely elucidated. It is still unclear whether they exert their effects through specific cytokines, extracellular vesicles, or direct juxtacrine interactions. Moreover, the polarization status of osteomacs remains to be defined. A particularly underexplored area is their response to mechanical cues, such as strain or matrix stiffness, which are inherent to the bone environment. Future investigations should focus on characterizing osteomac behavior under physiologically relevant mechanical conditions to better understand their regulatory functions in early bone regeneration.
2.4 Macrophages in endochondral ossification
Endochondral ossification is the predominant mode of bone regeneration in clinical cases where fracture ends are unstable or separated by persistent gaps. This regenerative process is classically divided into four temporally overlapping phases: an initial inflammatory response, soft callus formation, hard callus formation, and final bone remodeling. M1 phenotype macrophages are predominantly present at the fracture site during the early inflammatory phase. As bone regeneration progress into the callus formation stages, the number of M1 phenotype macrophages gradually declines, while M2 phenotype macrophages increase and become the dominant phenotype, contributing to bone tissue repair and regeneration progress (Figure 3a) (Gou et al., 2024).
[image: Diagram illustrating bone fracture healing phases: Inflammatory, Soft Callus, Hard Callus, and Remodeling. Graph shows signaling pathways: pro-inflammatory, anti-inflammatory, pro-angiogenesis, and osteogenic, during healing. Pro-inflammatory peaks early, followed by anti-inflammatory and pro-angiogenesis, with osteogenic signaling later.]FIGURE 3 | Schematic diagram of immunological regulation during bone fracture healing. (a) During the inflammatory phase, M1 macrophages are predominant. As healing progresses into the soft and hard callus stages, M2 macrophages increase and become dominant. (b) Timeline of bone fracture healing, illustrating the sequential and overlapping activation of key biological signals.Bone repair and regeneration is governed by a series of temporally coordinated signaling events, including inflammation, angiogenesis, and osteogensis. The process is initiated by a sharp increase in pro-inflammatory signaling at the early stage of inflammation. As the regeneration progress to the cartilage callus stage, anti-inflammatory signaling gradually dominates, which helps eliminate inflammation and promote tissue stability. Concurrently, pro-angiogenic signaling rises, facilitating neovascularization within the fracture microenvironment. This vascularization is crucial for providing oxygen and nutrients and supporting the transition to the hard callus stage. Bone formation signals continue to increase steadily and reach their peak in the hard callus and remodeling stages, thereby coordinating the deposition of bone matrix and structural restoration (Figure 3b) (Schlundt et al., 2018; Pajarinen et al., 2019).
A hallmark distinguishing endochondral from intramembranous ossification is the formation of a cartilaginous callus. In a seminal study, Raggatt et al. demonstrated that depletion of macrophages abolished callus formation and bone regeneration in a murine femoral fracture model (Raggatt et al., 2014). Using the MaFIA (macrophage Fas-induced apoptosis) transgenic system, they showed that macrophage ablation at the time of injury completely inhibited new bone formation. When depletion was delayed to the granulation phase, mice developed smaller, fibrotic soft calluses compared to controls. Immunohistochemical analysis revealed that F4/80+Mac-2- osteomacs primarily populated the maturing hard callus, while inflammatory F4/80+Mac-2+ macrophages were localized within early chondrification centers and persisted at the periphery of the expanding soft callus.
Consistent with these research results above, Schlundt et al. reported that macrophage depletion via clodronate liposomes at early healing stages led to the delayed formation of hard callus, smaller bone callus size, and impaired fracture union (Schlundt et al., 2018). Collectively, these studies emphasize the indispensable role of macrophages throughout the process of endochondral ossification, particularly during the period of inflammatory and soft callus phases.
Interestingly, the functions of macrophages have specific dependencies in different ossification patterns. During intramembranous ossification, they support woven bone deposition; endochondral ossification facilitates soft callus formation and progenitor cell recruitment (Wan et al., 2020). Despite these differing roles, a unifying theme is the early immunomodulatory function of macrophages in orchestrating local cell fate decisions and tissue transitions.
Despite extensive evidence supporting the critical involvement of macrophages throughout endochondral ossification, current experimental models exhibit significant limitations. The MaFIA transgenic system and clodronate liposome depletion both lack cell-type specificity. They may lead to off-target effects such as systemic immune dysregulation or unintended osteoclast depletion, thereby confounding the interpretation of bone regeneration phenotypes (Frith et al., 1997; Wu et al., 2017). Future studies should implement more targeted strategies to address these challenges, including inducible bone-specific Cre-lox systems or nanoparticle-mediated macrophage modulation. In parallel, resolving macrophage phenotypes’ spatial and temporal heterogeneity, particularly the distinction between inflammatory and reparative populations, will be essential for elucidating their dynamic roles in skeletal regeneration and for informing precision immunomodulatory therapies.
2.5 Macrophages in angiogenesis
Angiogenesis is an essential component of bone regeneration, providing oxygen and nutrients to support cellular proliferation, matrix deposition, and tissue remodeling. Notably, macrophages serve as a central source of pro-angiogenic factors during this process (Sunderkötter et al., 1991).
Jetten et al. reported that M2 macrophages exhibit increased expression of angiogenesis-related genes, including basic fibroblast growth factor, insulin-like growth factor-1, chemokine ligand 2, and placental growth factor (PlGF) (Jetten et al., 2014). Both IL-4-induced M2a and IL-10-induced M2c macrophages were shown to promote angiogenesis in vitro and in vivo. Mechanistically, M2c macrophage-driven angiogenesis appears to depend on PlGF signaling, whereas M2a-driven effects may be mediated via fibroblast growth factor pathways.
In addition to secreted cytokines, exosomes derived from M2 macrophages also facilitate angiogenesis. These extracellular vesicles carry a repertoire of reprogramming factors, cytokines, and growth factors that stimulate endothelial cell behavior (Huang et al., 2022; Kim et al., 2019). For instance, Lyu et al. demonstrated that M2 exosomes transfer miR-21 into human umbilical vein endothelial cells (HUVECs), where they inhibit PTEN and activate the AKT/mTOR signaling cascade, enhancing angiogenic activity (Yang et al., 2021).
While M1 macrophages are generally considered anti-angiogenic (Liu et al., 2020; Chen et al., 2021), some studies indicate that they may also contribute to angiogenesis under specific conditions. Guo et al. revealed that fatty acid-binding protein 4, secreted by M1-polarized macrophages, promotes angiogenesis and cartilage degradation in the context of rheumatoid arthritis (Guo et al., 2022), suggesting that M1-driven angiogenesis may be context-dependent and pathological.
Recognizing the temporal dynamics of macrophage polarization, Spiller et al. developed a sequential cytokine delivery strategy for scaffold-mediated bone regeneration (Spiller et al., 2015). Their system incorporated an early burst release of IFN-γ to induce M1 polarization, followed by a sustained release of IL-4 via biotin–streptavidin binding to promote a shift toward M2 polarization. This approach aimed to balance early inflammatory stimulation with subsequent tissue regeneration and neovascularization.
Despite growing evidence for macrophage-mediated angiogenesis, several mechanistic questions remain. First, while M2-derived factors such as PlGF have been implicated, the full range of angiogenic mediators and their precise temporal roles are not fully elucidated. It remains unclear whether specific M2 phenotypes play non-redundant or synergistic roles in orchestrating angiogenic cascades.
Moreover, the angiogenic potential of M1 macrophages may be underestimated in tissue-engineered contexts. Their ability to secrete VEGF, matrix metalloproteinases (MMPs), and pro-inflammatory chemokines may transiently facilitate early vascular sprouting, especially under hypoxic or ischemic conditions. The prevailing binary classification of M1/M2 phenotypes may thus oversimplify the polarization and functional spectrum of macrophages in neovascularization.
Future studies should employ single-cell spatial profiling, in vivo imaging of neovascular dynamics, and controlled microenvironmental manipulations to disentangle macrophage subset-specific contributions to bone-associated angiogenesis. Developing biomaterials that can temporally cue macrophage transitions in sync with vascular maturation will be key to enhancing regenerative outcomes.
2.6 Macrophages in neurogenesis
The interplay between the nervous system and the skeletal system has been increasingly recognized as an essential component of bone homeostasis and repair. Elefteriou et al. systematically reviewed the autonomic and sensory nervous system’s regulatory role in bone metabolism, noting that nerve injury or pharmacologic denervation significantly impairs bone mass and remodeling (Elefteriou, 2018). Peripheral sensory nerves innervating bone tissues release neuropeptides such as calcitonin gene-related peptide (CGRP) and substance P, which regulate osteoblastic activity, angiogenesis, and the local immune microenvironment (Duan et al., 2017; Lim et al., 2017). These neuropeptides not only act directly on osteogenic cells but also exert immune-modulatory effects, particularly on macrophages, thus influencing the entire regenerative milieu.
More recent experimental studies have extended this understanding into the domain of regenerative medicine. For instance, Wang et al. (2025) developed a sequential releasing hydrogel, showing that activation of local sensory nerves via CGRP not only enhances bone repair in osteoporotic models but also correlates with an immunoregulatory shift in the injury niche. However, the study did not elucidate whether CGRP-induced bone regeneration was mediated through direct neuro-osteogenic signaling or via immune cell intermediates, particularly macrophages. Cui et al. (2025) provided another compelling example, where Schwann cell-derived exosomes were shown to simultaneously promote osteogenesis, angiogenesis, and neurogenesis during periodontal bone regeneration. While the authors demonstrated beneficial effects on bone healing, the mechanistic involvement of immune cells such as macrophages remained speculative. This highlights a recurring limitation in the literature: although neurogenic stimuli are acknowledged as regenerative cues, the precise immune intermediates that integrate neural and skeletal responses are often underexplored.
Moreover, neural stem/progenitor cells (NSPCs), traditionally studied in neuroregeneration, have shown potential in bone healing when co-administered with osteoconductive scaffolds. Muangsanit et al. (2025) emphasized that the regenerative efficacy of NSPCs is significantly enhanced in anti-inflammatory environments, implying that macrophage polarization may be a critical determinant of their fate and function in bone-related contexts.
In addition to biochemical signals, biophysical properties of biomaterials—particularly electrical conductivity—have emerged as critical regulators of the immune-neural interface. Conductive scaffolds not only provide a permissive environment for neuronal signal transduction but also influence the polarization state of local macrophages. For example, Cheng et al. engineered a scaffold capable of delivering electrical stimulation to injured sacral nerves (Cheng et al., 2024). Their study demonstrated that the combination of conductive material and ES not only restored axonal continuity and remyelination to levels comparable with autografts but also significantly promoted M2 macrophage polarization. Importantly, while the study was conducted in a peripheral nerve model, the dual modulation of macrophages and neurons suggests translational potential for bone-related applications, particularly in cases where neural innervation is integral to skeletal regeneration.
Taken together, current evidence supports a model in which biomaterial-derived physical and biochemical cues shape macrophage polarization, which in turn modulates neurogenesis and consequently enhances bone regeneration. However, this causal cascade is often inferred rather than demonstrated, and many studies do not clearly separate direct neurogenic effects from immune-mediated ones.
2.7 Macrophages recruitment
The recruitment of immune cells, particularly macrophages, to injured or inflamed sites is a tightly regulated multistep process that involves tethering to the vascular endothelium, rolling, firm adhesion, intraluminal crawling, and ultimately transmigration through the endothelial barrier. Each of these steps is mediated by distinct sets of integrins and selectins, which are activated in response to inflammatory cues. Recent proposals have suggested harnessing this adhesion cascade through integrin agonists to enhance macrophage recruitment at sites requiring regeneration (Argyle and Kitamura, 2018).
In pathological or regenerative contexts, additional macrophages are recruited to local tissues in addition to the resident macrophage population. These recruited cells then undergo polarization toward M1 or M2 phenotypes in response to environmental stimuli such as cytokines, matrix stiffness, and metabolic signals (Wang et al., 2021a). This process allows macrophages to adopt functionally distinct roles across different phases of healing.
A central component regulating macrophage migration is the chemokine system. Chemokines are a family of over 50 small signaling proteins in humans and mice, grouped into four subfamilies based on cysteine residue positioning (Schall and Proudfoot, 2011). These chemokine–receptor pairs orchestrate the trafficking, homing, and retention of macrophages and other immune cells across tissues. Notably, many chemokines exhibit redundancy and promiscuity, with some ligands binding multiple receptors and vice versa, yet the affinities and functional consequences of these interactions can vary markedly.
As a practical application of this principle, Yang et al. developed a biomimetic peptide hydrogel scaffold functionalized with CX3CL1, which significantly enhanced the recruitment of circulating M2-like macrophages to the site of injury (Yang P. et al., 2023). This strategy offers a promising direction for the targeted modulation of the immune microenvironment during bone healing.
Although significant progress has been made in understanding macrophage recruitment, several mechanistic gaps remain. First, most studies emphasize ligand–receptor chemotaxis but overlook the role of biophysical parameters such as interstitial flow, matrix porosity, and adhesion ligand density, which can substantially modulate immune cell infiltration. Second, redundancy within the chemokine system complicates targeted modulation efforts. The simultaneous expression of multiple chemokines and receptors within damaged tissues raises concerns about off-target recruitment or dysfunctional polarization.
Furthermore, many scaffold-based delivery systems that incorporate chemokines do not mimic the endogenous spatiotemporal gradients necessary for physiological cell trafficking. Sustained or uncontrolled chemokine release may lead to excessive infiltration or prolonged inflammation, ultimately impairing tissue repair.
Therefore, future designs should integrate smart biomaterials capable of releasing chemokines in a spatiotemporally controlled manner, possibly in response to endogenous inflammatory markers or environmental cues.
3 PHYSICAL CUES FROM BIOMATERIALS MODULATE MACROPHAGE POLARIZATION
3.1 Stiffness
Biomaterial stiffness has emerged as a critical biophysical cue influencing cell fate and function during bone regeneration. Defined by Young’s modulus (the ratio of stress to strain), stiffness directly shapes cellular behaviors such as adhesion, migration, and phenotype commitment through mechano-transduction signaling. In the context of macrophages, this physical parameter not only affects immune responses but also modulates their polarization states, thereby influencing the inflammatory environment and subsequent tissue healing.
Macrophages utilize a diverse repertoire of mechanosensitive systems to decode the physical properties of their microenvironment and translate them into functional responses. This process, known as mechanotransduction, involves the activation of surface receptors, ion channels, and cytoskeletal elements in response to mechanical cues from the extracellular matrix. Key components include integrin-based adhesion complexes, which couple extracellular stiffness to cytoskeletal tension; mechanosensitive ion channels, such as Piezo1 (Atcha et al., 2021), which convert membrane stretch into calcium-dependent signaling cascades; and cytoskeletal structures like podosomes and filopodia, which dynamically probe substrate topography and stiffness. Furthermore, nuclear mechanotransduction pathways and transcriptional regulators such as YAP/TAZ integrate these signals to modulate gene expression, thereby influencing macrophage polarization, inflammatory signaling, and metabolic activity (Figure 4). Notably, YAP/TAZ plays a context-dependent role, contributing to either M1 or M2 polarization based on microenvironmental cues. Collectively, these interconnected modalities coordinate immune cell behavior and adaptation across both homeostatic and pathological tissue environments (Lee et al., 2022).
[image: Comparison of three materials showing a film, electrospun microfibers, and electrospun nanofibers. The film is a solid, smooth surface. Microfibers are orange, thicker, and interwoven. Nanofibers are yellow, thinner, and more densely woven. An arrow labeled "Minimized inflammatory response" suggests decreasing inflammation from left (film) to right (nanofibers).]FIGURE 4 | Schematic diagram of mechanical signals sensed by integrin and Piezo1 activate downstream pathways that regulate macrophage polarization. Red-orange arrows indicate M1-promoting pathways; blue arrows indicate M2-promoting pathways.Recent studies have demonstrated that matrix stiffness promotes macrophage M1 polarization through the Piezo1–YAP signaling axis, where mechanical cues induce calcium influx and YAP nuclear translocation to drive pro-inflammatory gene expression (Figure 4) (Mei et al., 2024). Consistently, YAP-mediated mechanotransduction has been shown to fine-tune macrophage inflammatory responses by modulating cytokine production and metabolic programming, highlighting YAP as a central node linking mechanical stimuli to immune activation (Meli et al., 2020).
Mechanistically, podosomes function as specialized actin-rich mechanosensory structures unique to macrophages and other myeloid cells. Atomic force microscopy studies have quantified podosome stiffness to be approximately 40 kPa, exhibiting dynamic cyclic variations linked to actomyosin contractility (Labernadie et al., 2010). These structures act as localized sensors and transducers of extracellular mechanical signals, enabling macrophages to probe substrate rigidity and adapt their adhesion and signaling accordingly (Linder and Wiesner, 2016).
Complementary to podosomes, macrophage filopodia—slender, finger-like protrusions composed of bundled actin filaments—play a critical role in exploring the extracellular matrix and detecting nanoscale mechanical cues. Recent optical tweezer-based experiments demonstrated that filopodia display adaptive mechanotransduction properties characterized by cycles of force-induced rupture and reformation, akin to ‘catch-bond’ behavior, enabling sustained mechanical sensing and signaling under variable tensile forces (Michiels et al., 2022).
Moreover, filopodia contribute to intercellular communication by releasing cytokine-containing vesicles at their tips, which may modulate local inflammatory environments and further influence macrophage functional states (Zhu et al., 2023). Together, podosomes and filopodia constitute an integrated mechanosensory toolkit that allows macrophages to finely decode and respond to biomaterial stiffness, thus coordinating their polarization, migration, and immunomodulatory functions in bone regeneration contexts.
Chen et al. engineered polyacrylamide hydrogel substrates with tunable stiffnesses—2.55 ± 0.32 kPa (soft), 34.88 ± 4.22 kPa (medium), and 63.53 ± 5.65 kPa (stiff)—mimicking the biomechanical range of collagen fibers, osteoid, and early calcifying bone, respectively (Chen et al., 2020). Their findings demonstrated that murine bone marrow-derived macrophages (BMDMs) cultured on softer substrates preferentially polarized toward the pro-inflammatory M1 phenotype, while intermediate stiffness favored anti-inflammatory M2 polarization. This transition was shown to involve modulation of the ROS-mediated NF-κB pathway, implicating a mechanosensitive regulatory mechanism in immune cell behavior (Figure 4).
However, the relationship between stiffness and macrophage phenotype is not unequivocal. Contradictory findings have been reported, especially in studies using gelatin methacryloyl hydrogels. Several reports observed that increasing stiffness promoted a greater proportion of M1 macrophages and heightened inflammatory responses (Zhuang et al., 2020; Li and Bratlie, 2021; Yuan et al., 2021), suggesting a context-dependent effect potentially influenced by differences in material composition, crosslinking density, and biochemical cues.
One of the key challenges in interpreting stiffness-related data is the confounding influence of other scaffold parameters. Stiffness rarely exists in isolation; it is often accompanied by changes in porosity, pore size, and matrix density, making it difficult to dissect its independent contribution. Addressing this, Jiang et al. developed a cryoprotectant-based system that decouples stiffness from pore size (Jiang et al., 2019). Their findings revealed that smaller, softer pores favored M1 polarization, whereas larger, stiffer pores promoted M2 phenotypes—apparently contradicting previous conclusions and underscoring the complex interplay between structural architecture and immune modulation.
Further complicating this landscape, Sridharan et al. demonstrated that the impact of scaffold stiffness on macrophage response is modulated by the crosslinking chemistry used during scaffold fabrication (Jiang et al., 2019). Using physical (dehydrothermal treatment) and chemical (genipin) crosslinkers on collagen scaffolds, they found that macrophage phenotypes varied not only with stiffness but also with the type of crosslinking agent, highlighting the multifactorial nature of material-immune interactions.
Beyond polarization, stiffness also governs macrophage motility modes. Sridharan et al. reported that on soft (11 kPa) and intermediate (88 kPa) substrates, macrophages exhibited rapid amoeboid migration driven by RhoA kinase (ROCK) but independent of podosome formation. In contrast, on stiff (323 kPa) substrates, macrophages adopted a slower, mesenchymal-like migration reliant on podosomes but independent of ROCK activity (Figure 4) (Sridharan et al., 2019). These results suggest that substrate stiffness not only tunes inflammatory phenotype but also reprogram macrophage locomotion strategies, which may influence their spatial dynamics within the regenerating tissue. Collectively, these findings underscore the nuanced and often non-linear role of scaffold stiffness in modulating macrophage behavior. Rather than serving as a singular determinant, stiffness interacts with other physical and biochemical cues of the scaffold to guide immune responses. Future scaffold designs must therefore consider not only the mechanical environment but also its integration with structural and chemical features to achieve precise immunomodulation for enhanced bone regeneration outcomes.
3.2 Viscoelasticity
While stiffness has long been recognized as a key mechanical cue in biomaterial design, emerging evidence underscores the critical role of viscoelasticity—the time-dependent deformation behavior of materials—in shaping immune cell responses, particularly macrophage polarization. Viscoelastic materials exhibit both solid-like (elastic) and fluid-like (viscous) behavior, more accurately mimicking the dynamic and heterogeneous extracellular matrix (ECM) environments encountered during tissue injury, inflammation, and remodeling (Chaudhuri et al., 2020).
Although early investigations into matrix viscoelasticity primarily centered on stem cell responses—for example, Chaudhuri et al. demonstrated that stress relaxation in alginate hydrogels modulates mesenchymal stem cell (MSC) fate and promotes osteogenic differentiation (Chaudhuri et al., 2016).
Recent studies have extended these principles to immune cells, demonstrating that the viscoelastic properties of hydrogels and other biomaterials significantly influence macrophage phenotype. For example, Liu et al. developed a liquid crystalline matrix with tailored viscoelastic properties to investigate its impact on macrophage behavior (Liu L. et al., 2023). Their study revealed that substrates with enhanced viscoelastic damping promoted a shift toward an anti-inflammatory M2 phenotype. Mechanistically, the modulation of cytoskeletal organization and focal adhesion formation was implicated in the macrophage response. Expanding on these findings, Kalashnikov and Moraes showed that substrate viscoelasticity modulates macrophage morphology and phagocytic capacity. Human macrophages on more viscous substrates displayed elongated shapes and greater phagocytosis, indicating enhanced M2-like functionality. These morphological adaptations were accompanied by reorganization of the actin cytoskeleton and changes in integrin engagement, suggesting that viscoelasticity regulates immune function via mechano-responsive structural remodelin (Kalashnikov and Moraes, 2023).
Moreover, viscoelasticity influences cell spreading, cytoskeletal organization, and focal adhesion dynamics, all of which are known upstream regulators of macrophage phenotype. On highly elastic substrates, macrophages tend to display a rounded morphology with strong actin stress fibers and NF-κB activation, favoring M1 polarization. In contrast, on viscoelastic materials that allow matrix deformation over time, macrophages adopt a more spread morphology, reduced cytoskeletal tension, and increased STAT6 activation, which are hallmarks of M2-like behavior (Figure 4) (Fang et al., 2025).
Importantly, matrix viscoelasticity not only shapes cytoskeletal architecture but also influences macrophage-mediated osteogenesis through metabolic reprogramming. Tao et al. reported that macrophages on viscoelastic substrates undergo a mechanotransduction-mediated metabolic switch from glycolysis toward oxidative phosphorylation, promoting an M2 phenotype that supports osteogenic differentiation of MSCs. This study highlights a tripartite coupling between viscoelastic cues, immunometabolism, and regenerative outcomes, reinforcing the significance of time-dependent matrix mechanics in bone healing (Tao et al., 2025).
Also, viscoelasticity modulates signaling duration and amplitude in response to inflammatory stimuli. Zhou and Wu revealed that soft substrates with tunable viscoelasticity amplify the temporal distinction between transient and sustained LPS-induced signaling. This finding suggests that macrophage sensitivity to inflammatory cues is contextually gated by the viscoelastic landscape, further supporting its role in immune fine-tuning (Zhou and Wu, 2022).
Together, these findings indicate that viscoelasticity regulates macrophage behavior through interconnected mechanical and biochemical pathways, including cytoskeletal dynamics, integrin signaling, transcriptional feedback, and metabolic plasticity. Integrating viscoelastic features into biomaterial design offers a promising strategy to orchestrate immunomodulation and promote constructive remodeling in bone regeneration.
3.3 Topography
Beyond biochemical cues, the geometric features of scaffolds, ranging from micro-to nanoscale, play a pivotal role in modulating macrophage behavior. Importantly, not only does scaffold topography influence cell fate, but the topography of the cell itself acts as a key determinant of macrophage phenotype and function.
Macrophage morphology has long been associated with their polarization state. M2 macrophages generally display an elongated, spindle-like shape, while M1 macrophages tend to exhibit a rounder morphology (Stöger et al., 2012; Chinetti-Gbaguidi et al., 2011). Intriguingly, studies employing micropatterning techniques to artificially constrain cell shape demonstrate that enforced elongation alone is sufficient to promote M2 marker expression and suppress pro-inflammatory cytokine secretion. This effect is abolished by inhibiting actin polymerization or actomyosin contractility, underscoring the role of cytoskeletal tension in topography-induced polarization (Folkman and Moscona, 1978). In a complementary manner, Tu et al. reported that cyclic mechanical stretch promotes pro-inflammatory macrophage activation through the RhoA–ROCK–NF-κB signaling axis, further emphasizing the importance of cytoskeletal dynamics in shaping macrophage functional states in response to physical forces (Figure 4) (Tu et al., 2022).
Interestingly, substrate stiffness also indirectly shapes macrophage topography. Macrophages cultured on stiffer substrates often spread and flatten, while those on softer surfaces tend to adopt a rounded shape (McWhorter et al., 2013; Blakney et al., 2012; Irwin et al., 2008). These morphological adaptations may partly explain the seemingly paradoxical M2-like polarization observed on certain high-stiffness materials. For example, Lin et al. demonstrated that co-culture with multi-walled carbon nanotubes promoted M2 polarization of macrophages, thereby enhancing osteogenesis of bone marrow mesenchymal stem cells (BMSCs) (Lin et al., 2023).
In the context of bone tissue engineering, cells are highly responsive to topographical cues embedded in scaffold surfaces. Hydroxyapatite nanoparticles (HANPs), widely utilized in bone regeneration, offer a compelling example. One study comparing four different HANP shapes (rods, dots, sheets, and fibers) found that fiber-shaped particles triggered the strongest immune response, as evidenced by elevated reactive oxygen species (ROS) generation in inflammatory cells (Pujari-Palmer et al., 2016). Though conducted in zebrafish embryos, these findings provide valuable insights into how nanoparticle morphology may regulate macrophage activation in mammalian systems. Micro/nano-sheet array structures have also been shown to modulate macrophage polarization by influencing cytoskeletal organization and focal adhesion dynamics. Such topographical cues promote M2-like phenotypes while suppressing inflammatory responses, likely through integrin-mediated activation of RhoA–ROCK and PI3K–Akt pathways. These effects contribute to a pro-regenerative immune environment favorable for osteogenesis (Figure 4) (Zheng et al., 2022).
Electrospinning technology allows for the fabrication of fibrous scaffolds with precise alignment and diameter control. Saino et al. cultured macrophages on scaffolds composed of oriented polylactic acid (PLLA) microfibers (∼1.3 μm in diameter) and nanofibers (∼390 nm in diameter), in addition to flat PLLA films. Their results demonstrated that macrophages cultured on flat PLLA films exhibited the strongest pro-inflammatory response. While those on nanofibrous scaffolds displayed the lowest inflammatory activity. Interestingly, fiber alignment had relatively minor effects on inflammatory levels (Figure 5) (Saino et al., 2011).
[image: Diagram illustrating a process of bone regeneration using a 3-D porous scaffold. It begins with hierarchical intrafibrillarly-mineralized collagen forming the scaffold, which is applied to a bone defect. This leads to host cell recruitment, highlighted by macrophage activity and immunomodulation involving interleukin and tumor necrosis factors. The process supports a hierarchical nanointerface, facilitating endogenous bone regeneration through mesenchymal stem cell (MSC) involvement and signals like BMP2 and Runx2.]FIGURE 5 | Inflammatory response of macrophages decreases from flat PLLA films to microfibers and further to nanofibers. Reprinted with permission from Saino et al. (2011). Copyright 2011 American Chemical society.At times, the surface topography of materials is described in terms of “roughness.” For example, titanium surfaces with mesoporous nano-cavitated structures (20–22 nm in diameter and 10–20 nm in depth) have been shown to modulate macrophage behavior. These surfaces produce topographic and chemical cues that drive macrophages toward a less inflammatory state (Ariganello et al., 2018). Furthermore, in a rat tibia implantation model, Karazisis et al. demonstrated that titanium implants modified with well-defined semispherical nanotopographies (∼75 nm) significantly reduced early inflammatory responses and enhanced early osteogenic activity through upregulation of osteocalcin expression and increased new bone formation within 3 days post-implantation (Karazisis et al., 2017). These findings provide in vivo confirmation that nanoscale topographies can orchestrate both immunomodulation and osteogenesis.
More complex geometries have also shown promise in immunomodulation. Carrara et al. developed biomimetic topographic substrates with hierarchical multiscale features, including periodic lattices and sub-micrometer cues (down to 500 nm), which promoted polarization toward the M2d macrophage phenotype. In other investigations, the topography of 3D features such as vertex angles (<60°) was found to critically affect cell adhesion and macrophage polarization. Sharp triangular pyramids, by contrast, dramatically reduced macrophage attachment and limited polarization altogether (Carrara et al., 2023).
Strikingly, these observations are parallel to biological systems. Lung epithelial tissues, for example, are notable for their intrinsic fractal geometries, reflecting a naturally evolved spatial organization that governs immune cell behavior (Vassey et al., 2023). By extension, the microstructure of fracture ends in bone may serve as a spatial cue for directing macrophage phenotype during regeneration.
In conclusion, these findings emphasize that scaffold topography is not merely a passive design feature but an active modulator of immune cell behavior. The spatial configuration—be it at the cellular, topographical, or architectural scale—can instruct macrophage polarization and function, ultimately influencing the regenerative outcome.
3.4 Pore size and porosity
Bone is inherently a porous tissue. Cancellous bone is composed of trabeculae with a porosity of 50%–90%, while cortical bone exhibits a much lower porosity, typically ranging from 5% to 10% (Cockerill et al., 2020; Maksimkin et al., 2017). Mimicking this structure, bone tissue engineering scaffolds are typically designed with 3D porous architectures that allow cellular infiltration, nutrient diffusion, and vascular ingrowth. Emerging evidence indicates that both pore size and overall porosity critically influence macrophage behavior, particularly polarization phenotypes.
To replicate the native bone microenvironment, scaffolds are increasingly fabricated with hierarchical porous structures. For instance, Jin et al. developed a hierarchical intrafibrillarly mineralized collagen (HIMC) membrane that mimics both the structural and compositional complexity of bone ECM. Although specific pore sizes were not examined, the staggered nanointerface and porous structure of the material promoted M2 macrophage polarization and enhanced host BMSC recruitment, thereby accelerating bone regeneration (Figure 6) (Jin et al., 2019). Similarly, Xuan et al. reported that HIMC membranes facilitate M2 polarization, which subsequently enhances BMSC migration and tissue integration (Xuan et al., 2022).
[image: Diagram showing a multi-step process for creating Ti6Al4V vertebral body implants. It includes 3D printing, hydrothermal synthesis with barium and titanium compounds, and corona polarization. Implants are then tested in goats. The lower section illustrates piezoelectric stimulation for bone regeneration, macrophage involvement, and cellular mechanisms.]FIGURE 6 | HIMC scaffolds with well-defined pore size and porosity promote endogenous bone regeneration by modulating macrophage polarization. Reprinted with permission Jin et al. (2019). Copyright 2019 American Chemical society.The role of pore confinement on macrophage phenotypes has been further explored using microporous annealed particle (MAP) scaffolds. Liu et al. examined MAP scaffolds composed of microgels with diameters of 40, 70, and 130 μm (Liu Y. et al., 2023). Their findings demonstrated that spatial confinement within pores of different scales elicited distinct morphological and phenotypic responses in macrophages. In 40 μm MAP scaffolds, macrophages were forced to elongate within tight pores and exhibited increased Arg1+CD206+ expression, indicating an anti-inflammatory M2-like state. By contrast, 70 μm scaffolds supported a more spherical cell and nuclear shape, associated with a mixed M1/M2 phenotype, which was also validated in vivo. Interestingly, in the 130 μm scaffolds, which allowed greater motility, macrophages displayed reduced CD11c expression despite low inflammatory markers, suggesting decreased antigen presentation capacity. These results highlight the critical role of physical confinement and cell shape in shaping macrophage fate within 3D environments.
Despite these insights, the underlying mechanisms remain incompletely understood. Yang et al. reported that scaffolds with larger pore sizes promoted M1-to-M2 transition, while smaller pores tended to entrap macrophages at the scaffold periphery, promoting an inflammatory M1 phenotype (Yang X. et al., 2023; Madden et al., 2010).
Beyond immunomodulation, pore architecture also regulates angiogenesis. Pore sizes that permit adequate oxygen diffusion support vascular ingrowth (Wang et al., 2021b; Meh et al., 2013), whereas excessively small pores may create hypoxic niches that trigger chronic inflammation (Kuboki et al., 2002). Hypoxia has been shown to drive macrophage metabolism toward glycolysis and pro-inflammatory activation, thereby exacerbating the inflammatory cascade and impairing bone repair (Díaz-Bulnes et al., 2020).
Nonetheless, increasing pore size and porosity often compromises mechanical strength. Thus, achieving an optimal balance between immunomodulatory capacity, angiogenic potential, and structural integrity remains a key challenge in scaffold design for bone regeneration.
3.5 Hydrophilicity
Once implanted into a bone defect, scaffolds are rapidly immersed in a dynamic immune microenvironment where their surface properties critically influence host responses. Among these properties, surface hydrophilicity has emerged as a key determinant of early macrophage behavior. Hydrophilic surfaces can modulate protein adsorption patterns, altering the biomolecular corona that cells first encounter. This, in turn, affects macrophage adhesion, morphology, and downstream polarization. Proteomic studies have shown that macrophages cultured on hydrophilic materials display distinct protein expression profiles and Calcitonin gene-related peptide exerts anti-inflammatory property through regulat altered cytokine and chemokine secretion, reflecting a shift in their functional phenotype (Dinnes et al., 2007).
Titanium, a commonly used orthopedic material, has served as a prototypical platform for studying hydrophilicity-induced immune modulation. Notably, modifications that increase titanium’s surface wettability—often through acid etching, UV treatment, or plasma activation—have been consistently associated with enhanced M2-like polarization. These surfaces upregulate anti-inflammatory mediators such as IL-4 and IL-10, while suppressing pro-inflammatory cytokines like TNF-α and IL-6 (Hotchkiss et al., 2016; Hamlet et al., 2019). In parallel, M2-associated gene markers are also elevated, indicating a functional immune shift toward a pro-healing state. These immunomodulatory effects have been linked to improved osteogenic signaling and enhanced osseointegration, highlighting the potential of surface chemistry as a design lever for next-generation immuno-instructive bone scaffolds.
Despite these promising outcomes, several limitations and unanswered questions remain. First, hydrophilicity does not operate in isolation. It is inherently intertwined with other surface attributes such as charge, topography, and stiffness, making it challenging to dissect its individual contribution. For example, increased hydrophilicity often co-occurs with enhanced surface energy and altered electrostatic interactions, both of which can independently affect protein adsorption and macrophage phenotype. Second, while in vitro studies often report robust M2 polarization on hydrophilic surfaces, the reproducibility and durability of these effects under dynamic in vivo conditions, which are characterized by fluid shear, protein exchange, and mechanical loading, are still poorly understood. Furthermore, the optimal range of hydrophilicity that balances immune regulation without inducing unintended fibrotic responses remains undefined.
3.6 Electromagnetic stimuli
Electromagnetic cues have been increasingly recognized as potent modulators of macrophage function and bone regeneration (Wosik et al., 2018; Xu et al., 2022). Given their dual role in modulating immunity and promoting osteogenesis, electroactive biomaterials have garnered increasing interest in the field of bone tissue engineering. Piezoelectricity, defined as the generation of electric potential upon mechanical deformation, has been observed in numerous biological tissues such as bone, cartilage, and tendons (Zengo et al., 1973). This phenomenon largely arises from the unique structural properties of the ECM, where collagen molecules, arranged in a non-centrosymmetric triple helix, constitute the primary source of biological piezoelectricity (Zhang et al., 2023).
Recent advancements have leveraged these principles to design responsive scaffolds for immunomodulation. For example, Kong et al. developed a noninvasive strategy that utilizes ultrasound to stimulate piezoelectric β-PVDF films, generating localized electrical signals that promote calcium influx via voltage-gated channels (Kong et al., 2021). This process activates the Ca2+–CAMK2A–NF-κB pathway, resulting in selective M1 polarization and the release of pro-inflammatory chemokines. In contrast, piezoelectric materials such as barium titanate (BaTiO3) can generate electric signals in response to mechanical stress, thereby promoting apatite deposition, cell differentiation, and osteogenesis (Figure 4) (Ehterami et al., 2018; Tang et al., 2017). Wu et al. fabricated a piezoelectric BaTiO3/Ti6Al4V (BT/Ti) scaffold by hydrothermally synthesizing a uniform BaTiO3 layer on a 3D-printed titanium alloy base. They validated the regenerative potential of BT/Ti scaffolds in both in vitro and in vivo models. Following stimulation with low-intensity pulsed ultrasound, these scaffolds promoted M2 polarization of macrophages and enhanced osteogenesis in a sheep cervical corpectomy model. Transcriptomic analyses confirmed downregulation of MAPK/JNK signaling and upregulation of oxidative phosphorylation pathways, supporting the scaffold’s immunoregulatory function (Figure 7) (Wu et al., 2023). Altogether, these findings support an emerging strategy for improving bone healing through the design of bioelectrically active scaffolds.
[image: Diagram depicting cell signaling pathways. Integrin activates RhoA and FAK, leading to PI3K and AKT signaling, further affecting mTOR, STAT3, and STAT6. Ca²⁺ influx from Piezo 1 influences YAP/TAZ, CaM, ROS, and pathways involving IKK, TEAD, NF-kB, and CaMkIIa.]FIGURE 7 | Piezoelectric BT/Ti scaffolds promote M2 macrophage polarization and enhance bone regeneration in a sheep cervical corpectomy model, accompanied by downregulation of MAPK/JNK signaling and upregulation of oxidative phosphorylation pathways. Reprinted with permission from Wu et al. (2023). Copyright 2022 Elsevier Ltd.Beyond material-driven effects, the parameters of electrical stimulation itself also influence macrophage behavior. Gu et al. demonstrated that a square waveform preferentially enhanced LPS/IFN-γ-induced M1 polarization, while a sinusoidal waveform promoted both M1 and IL-4-induced M2 polarization (Gu et al., 2022). In a related study, Hore et al. reported that electrical fields significantly enhanced macrophage phagocytic capacity toward various targets, including carboxylate beads, apoptotic neutrophils, and Candida albicans (Hoare et al., 2016).
However, despite the promising findings, several critical challenges remain in interpreting the role of electromagnetic cues in macrophage polarization. First, variations in experimental conditions, such as waveform parameters, frequency, field strength, and exposure duration, complicate direct comparison across studies and may lead to inconsistent polarization outcomes. Furthermore, most in vitro experiments are conducted in simplified systems that fail to recapitulate the dynamic mechanical and bioelectrical microenvironment encountered in vivo, where multiple signaling pathways converge.
Another limitation lies in the incomplete understanding of how macrophages sense and transduce electrical signals. While some studies have implicated voltage-gated calcium channels and downstream pathways such as Ca2+–CAMK2A–NF-κB, the upstream membrane receptors, mechanosensitive ion channels, and intracellular signaling crosstalk remain poorly defined. It is also unclear whether electrical stimuli act independently or synergistically with biochemical cues such as cytokines, matrix stiffness, or surface topography.
In addition, the influence of scaffold composition and architecture on local charge distribution is often overlooked. Piezoelectric effects may vary not only with material properties but also with microstructural anisotropy, degree of polarization, and the presence of insulating interfaces. Without standardized methods for characterizing and delivering electrical stimuli, reproducibility and clinical translation remain significant obstacles.
3.7 Metal composition
To regulate the local inflammatory microenvironment and promote bone regeneration, metallic elements such as magnesium, zinc, strontium, copper, and tantalum have been widely incorporated into scaffold designs (Chen et al., 2016).
Magnesium is notable for its rapid in vivo degradation into bioactive ions and its intrinsic anti-inflammatory properties (Bessa-Gonç et al., 2023; Seitz et al., 2014). Hu et al. demonstrated that Mg inhibits macrophage activation by downregulating both pro- and anti-inflammatory cytokine expression at the mRNA level, and by reducing IL-1β, IL-6, and IL-10 levels in the cell supernatant (Hu et al., 2018). Furthermore, Mg was shown to suppress the activation of nuclear factor-κB (NF-κB) by reducing its nuclear translocation and phosphorylation. Similarly, Cheng et al. reported that high-purity Mg screws inhibited M1 polarization and enhanced M2 polarization at the tendon–bone interface over a 4-week period (Chen et al., 2022).
Zinc, an essential trace element involved in immune regulation, is also widely applied in bone scaffolds (Gao et al., 2018; Toledano et al., 2021). Zn-coated sulfonated polyetheretherketone has been shown to shift macrophages toward an M2 phenotype while promoting the release of anti-inflammatory and osteogenic cytokines (Liu et al., 2018). These findings reinforce Zn’s status as a “star element” in immunomodulatory scaffold materials (Zamani et al., 2019; Boyd et al., 2009).
Strontium, a non-radioactive element with established osteogenic potential, plays a dual role by inhibiting bone resorption and enhancing bone formation (You et al., 2022). Xu et al. demonstrated that titanium implants with Sr-incorporated micro/nano-roughened surfaces facilitated new bone formation and were associated with increased infiltration of M2 macrophages, along with reduced M1 macrophage presence (Xu et al., 2021).
Copper, in contrast, exerts a predominantly pro-inflammatory effect on macrophages (Flemming, 2023). The rapid ion release from copper oxide nanoparticles has been linked to cytotoxicity and heightened inflammation (Líbalová et al., 2018). Moreover, Cu enhances macrophage signaling by elevating mitochondrial copper levels, an effect associated with CD44 upregulation and immune activation (Solier et al., 2023).
Tantalum, long recognized for its biocompatibility and osteoconductivity (Liu T. et al., 2022; Wang et al., 2022; Woodhall and Spurling, 1945), was once considered biologically inert. However, recent studies reveal that Ta nanoparticles promote M2-like morphology in macrophages, suppress the expression of pro-inflammatory genes, and upregulate anti-inflammatory mediators such as TGF-β1 and IL-10 (Sun et al., 2022).
These findings collectively highlight the capacity of specific metallic elements to shape macrophage polarization and, by extension, modulate the inflammatory milieu in favor of bone regeneration.
However, the immunological roles of metals in scaffold systems remain far from fully elucidated. One critical issue is the dose-dependent duality of several metal ions. For example, while low concentrations of magnesium and zinc are anti-inflammatory, their excessive release may result in cytotoxicity or oxidative stress. Similarly, Copper’s pro-inflammatory effects may be harnessed for early immune activation but could impair healing if not tightly controlled.
Moreover, many current studies fail to account for material interactions, such as the combined effects of metal ions with scaffold stiffness, porosity, or degradation kinetics. The local microenvironment, including pH, ionic strength, and protein adsorption, can significantly alter ion solubility and bioavailability, further complicating interpretation.
Future studies should emphasize systematic dose-response evaluations, longitudinal in vivo tracking, and multivariate material design to better understand the dynamic interplay between metal ions, immune responses, and bone remodeling. Such efforts will be essential for developing next-generation immuno-instructive scaffolds that leverage metallic elements with precision and safety.
4 SYNERGISTIC ROLES OF PHYSICAL AND BIOCHEMICAL CUES
The immune microenvironment during bone regeneration is governed by an intricate interplay of mechanical and biochemical signals. While prior sections highlighted how physical cues can guide macrophage polarization, these effects are often modulated or even amplified in the presence of biochemical signals. Increasing evidence suggests that physical and biochemical cues synergize in a spatiotemporally coordinated manner, shaping macrophage phenotypes and downstream regenerative outcomes.
Classic anti-inflammatory cytokines including IL-4, IL-10, and TGF-β have demonstrated efficacy in reducing pathological inflammation both in vitro and in vivo (Gärtner et al., 2023). IL-4 promotes alternative activation of macrophages toward the M2 phenotype while inhibiting M1 polarization. This shift leads to increased production of IL-10 and TGF-β, further reinforcing the anti-inflammatory microenvironment (Bosurgi et al., 2017). The regulation of these biological agents is a multifaceted and highly interconnected process, with each factor exerting a distinct yet synergistic influence on macrophage behavior and the bone healing cascade.
A representative delivery strategy involves poly (lactic-co-glycolic acid)–multistage porous silicon vector composite microspheres encapsulating IL-4, which upregulate genes associated with M2 polarization such as IL-10, CD206, and Arg1 within 48 h in vitro (Minardi et al., 2016). IL-10 inhibits the secretion of proinflammatory cytokines and reactive oxygen species, reducing macrophage activation and infiltration (Shen et al., 2022). TGF-β also suppresses CD4+ T cell activation by acting through dendritic cells, promoting the generation of regulatory T cells (Tregs) and increasing IL-10 levels (Orr et al., 2016). Similarly, CXCL12 has been shown to attract M2 macrophages via the CXCR4 receptor axis, and blocking this receptor markedly impairs M2 chemotaxis (Li et al., 2019; Fang et al., 2022).
While many studies have emphasized anti-inflammatory factors, pro-inflammatory mediators like IFN-γ and TNF-α also play critical roles in orchestrating immune responses. IFN-γ promotes M1 polarization and upregulates MHC class II molecule expression, contributing to antigen presentation and early vascularization in bone repair (Liu W. et al., 2022; Luo et al., 2021; Li T. et al., 2018). TNF-α, predominantly produced by macrophages and monocytes (Olszewski et al., 2007), was traditionally viewed as a pro-inflammatory cytokine (Zelová and Hošek, 2013). However, recent evidence suggests that TNF-α possesses dual roles, capable of both amplifying and resolving inflammation depending on concentration, duration, and microenvironmental context (Ma, 2001a). It facilitates leukocyte adhesion via E− and P-selectin expression (Chandrasekharan et al., 2007), but can also suppress IL-12 production (Ma et al., 2000), which in turn may favor M2 polarization due to IL-12’s role as a key proinflammatory mediator (Ma, 2001b; Trinchieri and Gerosa, 1996).
To leverage this immunological complexity, several advanced delivery platforms incorporate both biochemical and physical design elements. For example, Xu et al. engineered genipin-crosslinked carboxymethyl chitosan/collagen hydrogels that acted as a barrier to intercept the initial burst release of IL-4, sustaining a mild M1 response to support mesenchymal stem cell recruitment and angiogenesis in early fracture healing. Over time, degradation of the gel enabled IL-4 release to induce M2 polarization in the remodeling phase (Xu et al., 2023). Similarly, Annamalai et al. created genipin-crosslinked gelatin microspheres loaded with bone morphogenetic protein-2, which were preferentially degraded by M1 macrophages, releasing osteogenic cues in a context-dependent manner (Annamalai et al., 2018).
Recent advances suggest that biomimetic modifications to delivery platforms can substantially improve the immune-instructive potential of biological agents. For example, coating nanoparticles with macrophage or leukocyte-derived membranes enables homotypic targeting and facilitates immune evasion, leading to more efficient delivery and activation of macrophage polarization pathways in situ (Savchenko et al., 2023). Such systems mimic natural cell–cell communication, thus providing not only delivery precision but also a biomimetic immune modulation mechanism that may better recapitulate in vivo immune signaling. Despite growing evidence supporting the immunomodulatory potential of biological agents, their delivery remains a challenging task, particularly when aiming to achieve synergistic regulation with physical cues. Many current strategies rely on the administration of single cytokines, overlooking the complexity of the in vivo microenvironment, which features a dynamic interplay of overlapping and sometimes conflicting signals. In reality, the bioactivity of cytokines is highly dependent on mechanical context, receptor expression patterns, and spatiotemporal interactions with other signaling inputs. As such, single-factor approaches may fail to recapitulate the integrated signaling required for effective macrophage reprogramming and bone repair.
Moreover, the timing of cytokine release often fails to match the immunological phases of bone healing. Anti-inflammatory factors released too early may suppress necessary M1-driven inflammation, while delayed release may miss the critical window for M2 polarization. Similarly, the temporal dynamics of physical cues—such as matrix stiffness—must also align with biological signaling to guide proper immune responses. A mismatch between scaffold degradation, mechanical adaptation, and cytokine kinetics may impair therapeutic outcomes.
Interindividual variability in immune status, vascularization, and comorbid conditions further complicates the predictability and consistency of these immune-material interactions, underscoring the need for adaptable, responsive systems.
Looking ahead, next-generation biomaterials must integrate both spatiotemporal control of biochemical factor release and adaptive physical modulation. Intelligent platforms that respond to environmental triggers, such as pH, enzymatic activity, and ROS, can dynamically tune both cytokine delivery and mechanical properties in real time. When coupled with imaging-guided feedback systems and multi-cytokine delivery logic, these dual-instructive materials may offer a transformative strategy to synchronize immune modulation with the staged requirements of bone regeneration.
5 CONCLUSION
This review highlights the immunoregulatory effects of physical cues in biomaterials for bone tissue engineering, with an emphasis on how these cues influence macrophage polarization and ultimately affect bone regeneration outcomes. Scaffold characteristics serve not only as structural frameworks but also as active regulators of the immune microenvironment.
While earlier scaffold designs prioritized biocompatibility and osteoconduction, it is now increasingly recognized that modulation of the local immune response is equally critical. In particular, macrophages are emerging as key intermediaries between materials and host tissues. Numerous studies have demonstrated the potential of engineered physical cues to shift macrophage behavior toward pro-regenerative phenotypes, especially M2-like phenotypes.
However, despite these promising insights, several challenges remain. Most current studies focus on correlational observations between scaffold cues and macrophage phenotypes, without fully elucidating the underlying mechanosensing mechanisms. While integrin-mediated pathways, such as the integrin–focal adhesion–stress fiber–YAP/TAZ axis, have been proposed, this model may be insufficient to explain macrophage responses in 3D environments. Recent findings suggest that podosomes and filopodia may play dominant roles in macrophage mechanosensation (Cervero et al., 2012), highlighting the need to revisit classic models (Halder et al., 2012; Ohashi et al., 2017).
Moreover, the review primarily focuses on macrophage–scaffold interactions, while neglecting the crosstalk between macrophages and other immune cells, such as T cells and neutrophils, which are increasingly implicated in bone remodeling, inflammation resolution, and osteoclastogenesis (Li J. et al., 2018; Zhang et al., 2021). Future scaffold designs must incorporate this multicellular immune complexity to fully harness the regenerative potential of the host immune system.
To facilitate a holistic understanding, Table 1 summarizes the distinct physical cues, their corresponding effects on macrophage polarization, and the underlying signaling pathways. This integrative comparison highlights the multifactorial and context-dependent nature of scaffold–immune interactions and provides a practical reference for rational design of immuno-instructive biomaterials.
TABLE 1 | Comparison of physical cues on macrophage modulation.	Physical cue	Effect on macrophage phenotype	Key signaling pathways	References
	Stiffness	High stiffness activates Piezo1 leading to Ca2+ influx and YAP nuclear translocation, inducing M1 phenotype	Piezo1–YAP, NF-κB	71, 73
	Intermediate stiffness promotes M2 phenotype via ROS reduction and NF-κB inhibition	ROS–NF-κB, Integrin	79
	High stiffness enhances ROCK activity, increases stress fiber formation and inflammation	ROCK, Cytoskeleton tension	84
	Viscoelasticity	High viscoelasticity enhances STAT6 activation and cytoskeletal softening, driving M2 polarization	STAT6, Integrin-cytoskeleton	87, 88
	Viscoelastic cues induce metabolic reprogramming from glycolysis to OXPHOS, promoting M2 phenotype	OXPHOS, NF-κB	90
	Modulates LPS signaling duration, enhancing fine-tuned immune responses	LPS–NF-κB	91
	Topography	Elongated cell morphology induces M2 marker expression and reduces inflammatory cytokines	Actomyosin, RhoA–ROCK–NF-κB	94, 95
	Nanostructures activate integrin–PI3K–Akt signaling, favoring M2 phenotype	Integrin–PI3K–Akt	101, 102
	75 nm nanospheres reduce early inflammation and promote bone formation in vivo	Surface Topography, Osteocalcin	104
	Pore Size & Porosity	Small pores induce spatial confinement and promote M1 phenotype	Hypoxia, NF-κB	112, 117
	Large pores enhance oxygen diffusion and cell spreading, inducing M2 phenotype	Oxygenation, Arg1/CD206	111
	Hydrophilicity	Hydrophilic surfaces modulate protein adsorption and upregulate IL-10 to promote M2 polarization	Protein corona, IL-10/IL-4	119, 120
	Hydrophilic titanium surfaces enhance osseointegration and anti-inflammatory cytokine expression	Anti-inflammatory cytokines	120
	Electromagnetic Stimuli	Ultrasound-stimulated piezoelectric materials induce Ca2+ signaling and M2 polarization	Ca2+–CAMK2A–NF-κB, OXPHOS	125, 128
	Square waves enhance M1; sinusoidal waves modulate both M1 and M2 polarization	Waveform–dependent modulation	129, 130
	Metal Composition	Mg, Zn, Sr, Ta promote M2 via NF-κB inhibition and upregulation of IL-10 and PPARγ	NF-κB inhibition, PPARγ, IL-10	132, 138, 142
	Cu promotes M1 phenotype via mitochondrial copper signaling and CD44 upregulation	Mitochondrial Cu, CD44, ROS	143, 145


Additionally, the cytokine requirements during bone regeneration are highly dynamic, varying across the inflammatory, repair, and remodeling phases. Coupled with the fact that scaffold degradation continuously reshapes the microenvironment sensed by macrophages (de Jonge et al., 2014; Wissing et al., 2019), this necessitates the development of materials capable of spatiotemporally controlled immunomodulation (Table 2).
TABLE 2 | Future challenges and design guidelines for immuno-instructive biomaterials.	Challenges	Future directions	Design guidelines
	Limited understanding of macrophage mechanosensing mechanisms	Elucidate signaling pathways involving podosomes and filopodia	Incorporate roles of non-canonical mechanosensory structures like podosomes
	Insufficient models reflecting 3D physiological environments	Develop more physiologically relevant 3D mechanotransduction models	Mimic 3D microenvironments in scaffold design
	Neglect of immune crosstalk with T/B cells and other immune players	Investigate interactions between macrophages and T/B cells in bone remodeling	Integrate multicellular immune interactions in scaffold design
	Dynamic cytokine demands during regeneration phases	Construct materials enabling phase-specific immune modulation	Enable stage-specific release of immunoregulatory signals
	Scaffold degradation alters local microenvironment over time	Develop spatiotemporally responsive materials for sustained immunomodulation	Design biodegradable scaffolds responsive to environmental and temporal cues


In conclusion, this review presents a novel conceptual framework in which biomaterial physical cues are positioned as central regulators of immune response in bone regeneration. Moving forward, integrating physical, chemical, and temporal dimensions of macrophage modulation—alongside mechanistic insights and multicellular immune integration—will be crucial to designing immuno-instructive biomaterials for robust, functional bone repair.
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