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a b s t r a c t

As the main target cells of immune regulation, macrophages play an important role in the bone regen-

eration process. Macrophages can be polarized into the M1 and M2 types under the stimulation of dif-

ferent factors. They have proinflammatory and anti-inflammatory effects, respectively, and play key roles

in different stages of bone regeneration. The ratio of M1 to M2 macrophages can be regulated by im-

munomodulatory biomaterials to promote bone repair and regeneration. In this paper, we review the

recent literature on the chemical, physical and biological properties of biomaterials and the regulation of

macrophage polarization under the influence of other factors. We also cover new methods for preparing

immunomodulatory biomaterials for bone regeneration. This paper will provide new design ideas for the

development of biomaterials with immunological properties and will support the clinical translation of

bone-related medical biomaterials.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The innate immune system has received increasing attention,

especially the role of macrophages in bone regeneration. When

any such material is implanted into the human body for bone

repair, it will elicit an innate immune response. In the past, bio-

materials were designed under the goal of biological inertia to

isolate the material from the host immune system as much as

possible. However, in recent years, as our understanding of the

heterogeneity and plasticity of immune cells has grown, especially

of macrophages, and their role in bone regeneration and repair has

become better appreciated, researchers have begun to explore the

design of biomaterials that interact with the immune system more

actively to induce the body to generate a certain immune response

that is conducive to bone regeneration. Macrophages are heteroge-

neous cell populations, and each subset has different markers and

functions. The polarization and plasticity of macrophages allow

them to play different roles in the process of tissue regeneration.
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Broadly speaking, M0 macrophages are nonactivated macrophages.

Polarized macrophages can be divided into M1 and M2 pheno-

types. The M1 type is considered to significantly promote inflam-

mation and catabolism. In contrast, M2 type can reduce inflamma-

tion and promote anabolism.

For bone healing, macrophages have a dual regulatory role,

and the phenotype of M1/M2 macrophages in the inflamma-

tory response can undergo adaptive polarization with changes

in the microenvironment, play different roles, and participate

in the regulation of downstream bone healing responses. M1

macrophages secrete a variety of inflammatory factors, such as tu-

mor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and IL-6, in this

process, induce local inflammatory responses, and promote the dif-

ferentiation of monocytes into multinucleated osteoclasts, result-

ing in bone tissue inflammatory resorption and loss of bone mass.

M2 macrophages release cytokines such as transforming growth

factor-β (TGF-β), bone morphogenetic protein-2 (BMP-2), and vas-

cular endothelial growth factor (VEGF) to promote osteogenic dif-

ferentiation, angiogenic differentiation, and matrix deposition of

bone marrow mesenchymal stem cells (BMSCs) [1], while enhanc-

ing the expression of the anti-inflammatory factors IL-4 and IL-

10 to promote the inflammation resolution and tissue remodel-

ing. At 3–7 days after injury, the acute inflammation gradually
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subsides, and the hematoma is organized to form granulation tis-

sue. Many BMSCs infiltrate the granulation tissue, where they dif-

ferentiate into osteoblasts under the action of cytokines such as

BMP-2 and TGF-β , secrete extracellular matrix (ECM), and gradu-

ally mineralize. M1 macrophages promote the migration of BMSCs,

while M2 macrophages significantly increase the activity, prolifer-

ation, and osteogenic differentiation of BMSCs, so an appropriate

M1/M2 ratio is conducive to bone formation. Excessive M2 polar-

ization will cause fibrosis, and the defect area can even become

wrapped by fibrous tissue, resulting in nonunion of bone. Excessive

polarization to M1 will lead to a prolonged inflammatory response,

resulting in delayed healing or persistent nonhealing of bone

tissue. Therefore, the correct understanding the polarization func-

tion of macrophages in the bone healing process can not only

shed light on the mechanism of tissue scar healing and fibrosis

adhesion to surrounding tissues but also provide better guidance

on the research and development of new biomaterials for bone

regeneration.

Focusing on the polarization of macrophages, researchers have

developed many new biomaterials for bone regeneration through

different strategies with the goal of altering macrophage ratios by

adjusting specific factors such as the chemical composition, struc-

ture, hardness, roughness, pore size, and adhesion characteristics

of the implanted materials. Interactions between tissue microenvi-

ronmental changes, various cellular influences, and material prop-

erties can also change the phenotype of macrophages. This paper

reviews the current studies on the regulation of macrophage po-

larization by biomaterials to provide new ideas for the design of

biomaterials for bone regeneration.

2. Strategies for the regulation of macrophage polarization by

biomaterials

2.1. Material coating

The early interaction between the material and the tissue in-

terface can drive the host immune response and subsequent tissue

remodeling, which has an important impact on the downstream

response of bone regeneration. Previous studies have focused on

the design of inert coatings to inhibit the activation and regula-

tion of macrophages. The immune response to biomaterials, how-

ever, is not conducive to tissue regeneration. The coating of biolog-

ically active chemical elements on the surface of biomaterials can

make the surface functionalized, which can prevent the adsorption

of serum proteins on the surface of the material, thereby prevent-

ing the further activation of complement and coagulation reactions

and reducing the inflammatory response.

Chen et al. found that, as a commonly used coating material, β-

tricalcium phosphate (β-TCP) extract could induce macrophages to

polarize toward the M2 type, the mechanism of which was related

to the activation of the CaSR pathway. The expression of BMP-

2 was also significantly increased, suggesting that macrophages

may be involved in the β-TCP-induced bone regeneration response;

when the macrophage-conditioned β-TCP extract was applied to

BMSCs, the osteogenic differentiation of BMSCs was significantly

enhanced, indicating that macrophages play an important role in

the osteogenic response induced by biomaterials [2]. Magnesium

(Mg) is widely used in orthopedics due to its unique biodegradabil-

ity, biocompatibility, good mechanical properties, and osteogenic

action, but the rapid degradation of Mg in the body can trigger

an acute inflammatory response [3]. Therefore, its further applica-

tion in bone tissue engineering is limited. In a later study, Chen

et al. coated a Mg scaffold with β-TCP to construct a Mg-β-TCP

scaffold with excellent bone immunomodulatory properties. The

β-TCP coating reduced the degradation rate of the Mg scaffold and

induced the polarization of macrophages to the M2 type, which

may have inhibited the TLR pathway. VEGF and BMP-2 were sig-

nificantly upregulated in macrophages exposed to the Mg-β-TCP

scaffold, indicating that the macrophages in the β-TCP-modified

Mg scaffold had osteogenic properties; when BMSCs were stim-

ulated by the conditioned medium of the macrophages cultured

on the Mg-β-TCP scaffold, the osteogenic differentiation of BMSCs

was significantly upregulated. Thus, the macrophages in the Mg-

β-TCP scaffold had osteogenic properties [4]. Li et al. used plasma

spraying technology to combine cerium dioxide having antioxida-

tive activity with hydroxyapatite coating and found that after co-

culture with macrophages, the expression of the M2 macrophage

markers CD163 and CD206 was significantly upregulated and anti-

inflammatory cytokines (IL-10 and IL-1) were elevated, suggesting

that mixed coatings could induce macrophage polarization [5]. The

hypoxic microenvironment can regulate local immune responses,

thereby promoting tissue repair. Zhou et al. added copper ion

(Cu2+) to mesoporous bioactive glass to generate a hypoxia-like

microenvironment, activate the HIF-1α pathway, and enhance host

angiogenesis. They also found that local M2 macrophage infiltra-

tion increased, indicating regulation of macrophages by Cu2+. Oth-
ers studies showed that the surface of Cu2+-containing nanobio-

ceramics (Cu-Hier-Ti) enhanced osteogenesis and bactericidal ac-

tivity [6,7]. Titanium and titanium alloys have been widely used

as implant materials in the body due to their unique physical and

chemical properties, but these take a long time to achieve suffi-

cient bone ingrowth and bone remodeling [8]. Excessive differenti-

ation of M1 macrophages around pure titanium artificial joints can

lead to bone resorption and implant loosening around the prosthe-

sis [9]. Lu et al. sprayed a calcium borosilicate (Ca11Si4B2O22) coat-

ing on pure titanium material, finding that its degradation prod-

ucts promoted the transition of macrophages from M1 to M2 by

inhibiting the TLR signaling pathway, increased anti-inflammatory

factor (IL-10 and IL-1) levels, reduced the expression of proin-

flammatory cytokines (iNOS, IL-6, and TNF-α), stimulated the os-

teogenic differentiation of BMSCs, and inhibited the differentiation

of macrophages into osteoclasts (Fig. 1) [10]. Zhang et al. also found

that aminated salinized titanium could reduce the inflammatory

response and promote the chemical immunomodulatory effect of

M2 polarization in macrophages [11]. Lu et al. found that a phase-

transited lysozyme (PTL) coating on the surface of titanium ma-

terials improved the migration and adhesion of cells, and the PTL

with Sr coating stably released strontium ions to promote cell mi-

gration and bone formation. In addition, PTL with Sr regulated the

immune response of macrophages, thereby enhancing the recruit-

ment of BMSCs and their osteogenic differentiation [12].

The metal particles produced by prosthesis wearing after hip

arthroplasty can act as haptens to activate T cells to trigger

delayed hypersensitivity, which can induce the polarization of

macrophages to the M1 phenotype, leading to the formation of

granulation tissue, periprosthetic osteolysis, and necrosis of sur-

rounding tissues, which can further lead to serious complications

such as prosthesis loosening [13–16]. In response to this prob-

lem, many researchers have modified the coating of prostheses

to regulate the polarization of macrophages to reduce osteoly-

sis and promote bone ingrowth. Hachim et al. developed an IL-

4-loaded polypropylene material coating, which significantly in-

creased the number of M2 macrophages around the implant,

reduced the fibrotic adhesion around the implant, and improved

implant-surrounding tissue integration [17]. The study of Yang

et al. confirmed that titanium nanoparticles produced by wear

can activate the expression of M1 macrophages, and lithium chlo-

ride (LiCl) can drive the polarization of macrophages to the M2

phenotype and reduce the inflammatory response mediated by

titanium nanoparticles, eventually promoting the osteogenic differ-

entiation of rat BMSCs [18]. Mahon et al. also showed that pretreat-

ment of macrophages with a Syk inhibitor (R788/piceatannol) or a
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Fig. 1. Immunomodulatory and osteogenesis-promoting effects of the B-incorporated calcium silicate (B-CS) coating. Copied with permission [10]. Copyright 2018, Wiley

Publishing Group.

Fig. 2. Sr doped collagen scaffolds (Sr-CS) promoted in vitro cell proliferation and osteogenic differentiation of bone marrow mesenchymal stromal cells (BMSCs) and syner-

gistically improved osteogenesis of BMSCs by altering the macrophage response. Copied with permission [21]. Copyright 2020, KeAi Communications Co., Ltd.

MAPK inhibitor (SB203580/PD98059) could prevent the M1 pheno-

type polarization and attenuate the production of proinflammatory

mediators [19]. The regulation of macrophage polarization through

the coating can greatly improve the immune response around the

implant and ultimately achieve the goal of reducing fibrotic adhe-

sion and improving the integration of the implant interface with

the surrounding tissue.

2.2. Scaffold materials that bind metal ions and related molecules

Strontium plays an important role in bone remodeling. Incor-

poration of strontium ions into materials with different structures

is a common method to improve the immune response to materi-

als [20]. Liu et al. constructed multifunctional collagen scaffolds by

doping strontium ions into self-assembly/mineralization collagen,

and strontium released by Sr-doped collagen scaffolds stimulated

the polarization of macrophages from M1 to M2, which signifi-

cantly improved the osteogenic ability of rat BMSCs and enhanced

the effect of bone regeneration (Fig. 2) [21]. As a bone tissue repair

material, hydroxyapatite can easily induce many macrophages to

differentiate into the M1 phenotype. Wang et al. used the function

of lanthanum (La3+) to inhibit LPS, then doped it with magnetic

SrFe12O19 nanoparticles to recruit endogenous stem cells, finally

constructing a magnetic lanthanum-doped hydroxyapatite/chitosan

scaffold, which not only reduced the proportion of macrophages

that differentiated into M1 but also promoted the polarization of

macrophages to the M2 phenotype to inhibit the inflammatory re-

sponse [22].

Several cytokines are known to affect the polarization of

macrophages, including IL-10, IL-13 and IL-4. IL-4 induces M1

macrophages to re-enter the cell cycle and to polarize toward

the M2 phenotype, reduce M1 activation, and induce in situ pro-

liferation of M2 macrophages. IL-4 can also promote IL-10, IL-4,

PDGF and TGF-β secretion, leading to the amplification of the M2

macrophage response and promoting wound/tissue healing [23].

Jin et al. implanted a biomimetic hierarchical intrafibrillarly miner-

alized collagen (HIMC) three-dimensional scaffold loaded with IL-4

into an animal model of mandibular defects. The scaffold material
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significantly enhanced the polarization of macrophages toward the

M2 phenotype, thereby promoting the osteogenic differentiation of

BMSCs [24]. Zhang et al. confirmed that calcium-enriched gellan

gum loaded with IL-4 promoted the polarization of macrophages

to the M2 phenotype, increased the expression level of TGF-β1,

and activated the TGF-β1/Smad pathway in BMSCs, thereby pro-

moting osteogenic differentiation. This material also reduced cell

apoptosis in vivo [25]. Li et al. prepared a polydopamine coating

on TiO2 nanotubes, assembled the anti-inflammatory cytokine IL-4

and osteogenic RGD peptide layer by layer, and then coated it with

a carboxymethyl chitosan hydrogel layer to control IL-4 production

and fix an RGD peptide. The results showed that the scaffold ma-

terials not only drove the phenotypic polarization of macrophages

to the anti-inflammatory M2 phenotype and induced repair cy-

tokines such as IL-10 but also enhanced the osteogenic differen-

tiation associated with BMP/Smad/RUNX2 signaling pathway [26].

How to regulate the immune response of the host accurately and

actively is another important issue. In the process of normal tis-

sue repair, macrophages exhibit the proinflammatory M1 pheno-

type in the early stage and the healing-promoting M2 phenotype

in the later stage. To maintain normal tissue repair, M1 and M2

macrophages need to be synergistically activated; otherwise, the

imbalance of M1/M2 will lead to the obstruction of vascular and

bone regeneration. Spiller et al. constructed a composite scaffold

based on an acellular bone matrix, which successively released

IFN-γ and IL-4, and short-term release of IFN-γ promoted the po-

larization of macrophages to the M1 phenotype to initiate angio-

genesis; the more sustained release of IL-4 promoted polarization

to the M2 phenotype to promote vascular maturation; this design

significantly enhanced the vascularization of local tissues [27]. Gao

et al. loaded IL-4 into TiO2 nanotubes through a hydrogel coating

and then coated the hydrogel coating with IFN-γ to achieve IL-4

release after IFN-γ release. These results indicated that TiO2 nan-

otubes loaded with IL-4 and IFN-γ could stimulate the polariza-

tion of macrophages from the M1 phenotype to the M2 phenotype.

TiO2 nanotubes loaded with IL-4 alone also regulated the transi-

tion of macrophages from the M1 phenotype to M2 phenotype,

but their effect was weaker than that of IL-4- and IFN-γ -loaded

TiO2 nanotubes [28]. Zheng et al. implanted acellular bone matrix

materials into the cranial defects in rats, then delivered four dif-

ferent doses of IL-4 (0ng, 10ng, 50ng, and 100ng) to the defect

3 days after implantation. The immunomodulatory effects of the

10ng group were significantly better than those of other groups in

terms of new bone formation and angiogenesis, suggesting that ac-

curate delivery of IL-4 within a certain time frame can coordinate

M1 and M2 macrophages to better cooperate in tissue regenera-

tion and healing [29]. Kumar et al. used the concepts of synthetic

peptide chemistry, supramolecular self-assembly, and cytokine de-

livery to construct a novel hydrogel (multidomain peptide complex

with IL-4 and monocyte chemoattractant protein-1 delivery). This

hydrogel induces the spatiotemporal activation of monocytes and

macrophages through the biphasic release of cytokines. The results

showed that the hydrogel activated various macrophages sequen-

tially and inertially according to the stage of tissue healing, thereby

better promoting tissue regeneration [23].

The above results show that the regulation of macrophage po-

larization by cytokines is a complex process. A full understanding

of the role of M1 macrophages and M2 macrophages in the pro-

cess of tissue regeneration will help us rationally use cytokines to

regulate macrophage polarization.

2.3. Material surface properties (hydrophilicity, hydrophobicity,

roughness and charge expression)

Hydrophobic substances can enhance the adhesion of mono-

cytes, and the protein molecules on the hydrophobic surface are

easier to spread and diffuse, while a water layer with a hy-

drophilic or neutral surface is more conducive to the expansion

of macrophages, thereby reducing the foreign body giant cell for-

mation and inhibiting the inflammatory response [30,31]. Lv et al.

used the atomic layer deposition technique combined with ultra-

violet irradiation and self-assembled monolayers (SAMs) to pre-

pare hydrophilic and hydrophobic TiO2 thin films with similar sur-

face morphologies. The team also used the microcontact print-

ing technique to prepare a surface with alternating hydrophilic

and hydrophobic bands on the same substrate. Compared to the

hydrophobic surface, the hydrophilic surface was more conducive

to the expansion of macrophages. They compared the adhesion

morphology of macrophages in the hydrophilic region and the

hydrophobic region of the surface of the hydrophilic and hy-

drophobic bands. Compared with the hydrophobic surface, the hy-

drophilic surface promoted the transition of macrophages to the

anti-inflammatory M2 phenotype and promoted osteogenic differ-

entiation and mineralization of preosteoblasts (MC3T3-E1) through

the secretion of more osteogenesis-related factors (BMP-2 and TGF-

β1) that have a beneficial effect on tissue repair [32]. These results

indicate that macrophages cultured on materials with high surface

wettability can generate an anti-inflammatory microenvironment,

which can be used to improve the body’s healing response to bio-

materials. Not all hydrophobic and hydrophilic surfaces showed the

above results. To evaluate the effects of different surface chemi-

cals on macrophage polarization, Rostam et al. cultured monocytes

on untreated hydrophilic O2 plasma-etched polystyrene (O2-PS40)

surface for 6 days. The results suggested that monocytes cultured

on the hydrophilic O2-PS40 surface were polarized to the M1 phe-

notype, and the expression levels of proinflammatory transcription

factors STAT1 and IRF5 were significantly increased. In contrast,

monocytes cultured on the hydrophobic polystyrene surface ex-

hibited an M2-like phenotype, their expression of mannose recep-

tor was high, and they produced anti-inflammatory cytokines IL-10

and CCL18 [33]. This phenomenon, contrary to the above results,

may have been due to the adsorption of different biomolecules on

these surface chemical substances, resulting in the polarization re-

action of macrophages.

Previously, it was believed that rougher surfaces were more

likely to induce the secretion of inflammatory factors by

macrophages. Refai et al. produced four surface morphologies on

the surface of titanium materials: mechanical polishing, coarse

sandblasting, acid etching, sandblasting, and acid etching and

cultured macrophages on them. They found that the surface

morphology caused by sandblasting and acid etching regulated

the secretion of proinflammatory cytokines and chemokines by

macrophages in a time-dependent manner [34]. Li et al. showed

that the cytoskeleton of macrophages changed with the change

in the surface roughness of titanium in the roughness range of

100nm to 400nm, as did the factors they produced (TNF-α, IL-6

and IL-4). The production of IL-10 can be regulated by the sur-

face roughness of titanium. In addition, with the increase in sur-

face roughness, the macrophages cultured on the titanium surface

showed a trend of polarization toward the M1 phenotype [35].

In an in-depth study, Chen et al. found that the surface of large

nanogrooves could reduce the adhesion, migration, and cytokine

secretion of macrophages relative to the planar surface [36]. Luu

et al. confirmed that on a titanium surface with 400–500-nm-

wide grooves, the spread of macrophages peaked, and the phe-

notypes of macrophages were polarized toward anti-inflammatory

and promoting healing phenotype (M2) [37]. Wang et al. found that

macrophages elongated along the direction of wrinkles made of

shape-memory polymers and that they expressed more arginase-

1 and IL-10 and less TNF-α, indicating that the polarization was

toward the anti-inflammatory M2 type. After the material was im-

planted into the subcutaneous tissue of mice, it was also found
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that the surface morphology of the material changed the distribu-

tion of collagen deposition in the adjacent tissues. Compared with

the wrinkled material, denser collagen tissue was observed near

the flat material, and the cells surrounding the wrinkled mate-

rial exhibited higher expression of arginase-1. These results suggest

that the surface of the wrinkled material promotes the polarization

of macrophages to the M2 phenotype and may affect the body’s

response to the implant [38]. Ma et al. used 5V and 20V anodic

oxidation and ultraviolet irradiation on a titanium surface to pro-

duce hydrophilic TiO2 nanotube structure surfaces (denoted NT5

and NT20, respectively) and cocultured them with macrophages.

The results suggested that the NT5 surface induced the polariza-

tion of macrophages toward the healing related M2 type both in

vitro and in vivo. The surface of NT20 promoted the polarization

of macrophages toward the proinflammatory-related M1 type [39].

In contrast, Wang et al. generated two different sizes of TiO2 nan-

otube structure surfaces by anodic oxidation at 10V (NT10) and

20V (NT20) on the titanium surface and found that cocultured

with macrophages, NT20 induced macrophages to polarize toward

the anti-inflammatory M2 macrophages, and their expression of

IL-10 and Arg-1 was enhanced, while NT10 induced macrophages

to polarize toward the proinflammatory M1 macrophages, and IL-

1β , iNOS and TNF-α were upregulated [40]. The two studies ob-

tained different results, but the methods used to form the surface

of the TiO2 nanotube structure were different, as were the mor-

phology, hydrophilicity, and roughness of the titanium surfaces.

Therefore, the two studies obtained different results, but it can

still be concluded that the polarization of macrophages is affected

by the characteristics of the titanium surface, including its mor-

phology, roughness, and wettability. It was also confirmed that

the reason that different roughness affect the immune response

is that the surface morphology of the material changes the dis-

tribution of collagen deposition in the adjacent tissues, smooth

surfaces being able to significantly reduce the adhesion and acti-

vation of platelets and cells compared to the rough surface [41].

The modification of the roughness and wettability of the titanium

surface by Hotchkiss et al. induced the body’s adaptive immune

response to Th2 polarization (promoting wound healing), which

made the inflammation subside more quickly [42]. Hamlet et al.

observed that the CD163 protein expression and Arg-1 gene ex-

pression of M1 macrophages cultured on the surface of microrough

and hydrophilic modified titanium significantly increased, confirm-

ing that M1 macrophages differentiated toward the M2 phenotype

[43]. Hotchkiss et al. also confirmed that a smooth titanium sur-

face could induce the differentiation of macrophages toward the

M1 phenotype, and it significantly increased the expression levels

of IL-1β , IL-6 and TNF-α. In contrast, the hydrophilic rough tita-

nium surface induced macrophages to differentiate toward the M2

phenotype, and the expression levels of IL-4 and IL-10 were signifi-

cantly increased, suggesting that the combination of hydrophilicity

and roughness on the surface of the material may have a synergis-

tic effect. The study also further confirmed that the increase in sur-

face hydrophilicity had a stronger immunomodulatory effect than

increased surface roughness [44].

The charge on the surface of the material also has a certain

impact on the immune response. Chang et al. confirmed that the

surface of hydrophilic/neutral and anionic materials stimulated the

activation of M1 macrophages, induced the expression of IL-8, IL-6,

and TNF-α, and lowered the expression of IL-10, thereby promoting

the inflammatory response. The surface of the hydrophilic cationic

material promoted the activation of M2 macrophages, thereby

promoting the anti-inflammatory response [45]. Supported lipid

bilayers can indirectly control ligand-mediated cell signal transduc-

tion by changing the concentrations of their components or insert-

ing molecules such as proteins and cholesterol. Phosphatidylser-

ine is the most abundant negatively charged phospholipid on cell

membranes. It can produce anti-inflammatory effects by binding to

macrophages. Quan et al. prepared phosphatidylserine-containing

supported lipid bilayers on the surface of titanium materials to in-

duce the polarization of macrophages toward the M2 type, sug-

gesting it can be used as an immunomodulatory coating material

to alleviate the response of the host immune system to the pros-

thesis [46].

2.4. Diameter and arrangement of nanofiber materials

Due to its special effect on cell adhesion and proliferation, the

morphology of the material has a more extensive regulatory effect

on cell function, and a slight change may lead to significantly dif-

ferent responses of macrophages. The nanofiber structure mimics

the phenotypic characteristics of the natural ECM and can regu-

late the transition of macrophages to the anti-inflammatory phe-

notype in vitro. Wang et al. applied electrospinning technology to

spin thermoplastic polyurethane into nano and microfiber mem-

branes. Compared with microfiber membranes, nanofiber mem-

branes caused a weaker macrophage response in vitro and in vivo

and only caused minor foreign body reactions. In their further

studies, the device made of nanofibers could effectively protect the

allograft from host immune attack, suggesting that nano topogra-

phy can endow the material with biocompatibility and that the

nanofiber material is worthy of further development, which can

be used to develop “invisible” immune isolation devices for cell

transplantation (Fig. 3) [47]. Shayan et al. used bulk metallic glass

to nanopattern and explored its interaction with macrophages. The

results showed that after nanopatterning, the bulk metallic glass

could regulate the polarization of macrophages to the M2 phe-

notype and transiently induce less fibrosis and more angiogenesis

[48]. Castellano et al. used the electrospinning method to prepare

poly(3-hydroxybutyrate) (PHB) nanofiber scaffolds. Neither the

non-cross-linked collagen membrane nor PHB induced fiber encap-

sulation, and they gradually degraded. In the myocardial tissues

of the rat myocardial infarction model, both the non-cross-linked

collagen membrane and PHB induced the inflammatory response

of macrophages to differentiate into the M2 phenotype, and PHB

induced angiogenesis [49]. Saino et al. cultured macrophages on

four types of electrospun poly(l-lactic acid) scaffolds (orderly ar-

ranged microfibers, neatly arranged nanofibers, randomly arranged

microfibers, and randomly arranged nanofibers). The morphology

of the scaffold or membrane affected the polarized immune re-

sponse of macrophages, especially in the early stage of inflamma-

tion. The secretion of proinflammatory molecules by macrophages

was mainly determined by the fiber diameter. Nanofiber poly(l-

lactic acid) scaffolds minimized the inflammatory response com-

pared to microfiber scaffolds [50].

The above results suggest that we can control the fiber diam-

eter and thickness of electrospun nanofiber membranes by simply

adjusting the relevant parameters and conveniently manipulating

and controlling the composition and structure of the mesh. Their

unique nanofiber structure is not only semipermeable but can also

be used as an immune barrier to protect allografts from immune

attack, improve the biocompatibility of the material, and reduce

the foreign body reaction. The surface morphology, diameter, and

arrangement of nanofibers will affect the direction of macrophage

polarization.

2.5. Material pore size and porosity

The porosity and pore size of biomaterials are also important

factors that regulate macrophage polarization and affect bone and

soft tissue repair. Increasing the pore size, porosity, and fiber diam-

eter of the material can promote the polarization of macrophages

to the M2 phenotype, the migration of BMSCs, and the recruitment
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Fig. 3. Electrospun membranes based on thermoplastic polyurethane (TPU) were fabricated to contain microfibers (PU-micro) or nanofibers (PU-nano): PU-nano caused

minimal macrophage responses in vitro and in vivo and induced only mild foreign body reactions compared to PU-micro membranes. Copied with permission [47]. Copyright

2016, Elsevier Ltd.

of endogenous cells [51,52]. Wang et al. found that vascular grafts

prepared by electrospinning usually have relatively small pores,

which limits the infiltration of cells into the graft and hinders

the regeneration and remodeling of the graft into new blood ves-

sels. They prepared polycaprolactone scaffolds with coarser fibers

(5–6μm) and larger pores (∼30μm diameter), and in vitro cell

culture showed that macrophages cultured on coarser fibers and

pore size scaffolds tended to polarize to the M2 phenotype, which

promoted tissue remodeling, while the macrophages cultured on

the thinner fiber scaffold were polarized to the proinflammatory

M1 phenotype. The in vivo results showed that large-pore grafts

exhibited more cellular infiltration and ECM deposition, and the

ECM was similar to that of natural arteries. These results indicate

that thicker and larger-pored fibrous scaffolds can induce many

M2 macrophages to infiltrate the grafts, which will further pro-

mote cell infiltration and vascularization [53]. Pan et al. found that

macrophages were polarized toward the M2 phenotype on the

stratified macropore/nanosurface, with downregulated inflamma-

tory cytokines and upregulated anti-inflammatory cytokines, which

may be related to the cytoskeletal tension induced by specific cell

shapes [54].

Although the porous structure has a certain impact on the po-

larization of macrophages, the composition of the material itself

plays a more important role. Chen et al. studied the effects of

porous ceramic calcium phosphates with different phase composi-

tions on macrophage polarization and bone repair and found that

porous biphasic calcium phosphate ceramics induced macrophages

to polarize to the M2 phenotype and promoted bone repair, while

porous β-TCP induced macrophages to polarize toward the M1

phenotype [55]. Porous biomaterials can also be used as carriers to

deliver drugs or cytokines to promote repair. Wagner et al. inocu-

lated PLGA microspheres containing different growth factors (VEGF,

BMP-2, or FGF-2) on porous polycaprolactone fumarate polymer

scaffolds, which yielded a greater vascular in growth rate, vas-

cular penetration, and mineral deposition [56]. Yang et al. inoc-

ulated sodium butyrate on three-dimensional porous sulfonated

polyetheretherketone, which improved the phagocytic ability of

macrophages and the anti-infection property of the material and

induced the polarization of macrophages to M2 to promote bone

regeneration [57]. The porosity and pore size of the material also

affect the overall structural stability of the material. When consid-

ering the use of the porous structure of the material to regulate

the polarization of macrophages, the required repair strength at

the implantation site should also be considered so it will reach the

optimal equilibrium point to better complete bone repair [58].

4. Conclusion and outlook

After biomaterials are implanted in the human body for bone

regeneration, they will have effects on local tissues and the whole

body, mainly in the form of local tissue responses and immune

responses in the body. The implantation of biomaterials into the

body is a traumatic process, so the local reaction after implanta-

tion is similar to the typical bone healing process, which mainly

includes an inflammatory phase and the repair phase. As the ma-

terial remains in the body for a long time and becomes a persistent

inflammatory irritant, local inflammatory cell activity is enhanced,

the inflammatory period is prolonged, and the repair period is also

prolonged. Therefore, the length and extent of the posttraumatic

inflammatory repair mainly depend on the biocompatibility and

degradability of the implant. Although biomaterials have good bio-

compatibility and degradability, they will still be seen as foreign

bodies after implantation. Therefore, there will be foreign body re-

actions surrounding the material generated by the host’s immunity.

The intensity and extent of the foreign body reaction is closely re-

lated to the immunomodulatory properties of the material.

Macrophages are important immune cells that have the func-

tions of phagocytosis of pathogens, antigen presentation, and
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secretion of a variety of cytokines. In different stages of bone

repair, various types of macrophages play different roles. M1

macrophages can produce large amounts of proinflammatory cy-

tokines. They have a highly phagocytic function, as they can phago-

cytose apoptotic neutrophils and remove pathogens or debris from

the injury site. M2 macrophages have anti-inflammatory effects.

Their differentiation can be induced by IL-4, IL-13, or apoptotic

neutrophils in vitro. M2 macrophages can regulate vascular regen-

eration and collagen production. In recent years, rational design

of the configuration of biomaterials to regulate macrophage po-

larization has been a research hotspot. The immune response af-

ter the implantation of a material into a bone can be adjusted by

fine-tuning the physical parameters and chemical properties of the

biomaterial, and the regulation of the polarization of macrophages

is particularly important for bone repair. Surface modification,

coating, and synthesis techniques have given biomaterials new

properties, such as material hydrophilicity/hydrophobicity, charge

expression, roughness, pore size/porosity and nanofiber diameter

and arrangement. The immune response induced by implantation

of biomaterials into the body is a complex process. The best strat-

egy to ensure the immune compatibility of biomaterials and their

ability to promote bone repair and regeneration is to regulate the

immune response rather than inhibit it. As an ideal implant ma-

terial for bone regeneration, it not only needs to meet the spe-

cific functional requirements of tissues but also must have immune

characteristics to ensure the success and long-term survival of the

implant.

The polarization of macrophages after biomaterials are im-

planted in the body for bone regeneration is related not only to

the material itself but also to the physiological and pathological

conditions of the host and the local tissue microenvironment. For

example, there are significant differences in the response of young

and old host to substances. Therefore, the design of the mate-

rial should fully consider the onset characteristics and pathological

state of the disease. The local microenvironment can significantly

affect the behavior of macrophages, leading to different results in

vitro, in vivo, and at different implantation sites. Therefore, it is

difficult to mimic the real situation in the body through in vitro

analysis alone. Due to the differences in various objective factors

between different studies, such as different structures and differ-

ent mechanical properties of materials in different parts, different

immune properties may be in play, resulting in contradictory and

difficult-to-compare results. Therefore, when designing various pa-

rameters of immune-regulating biomaterials, the effects of the lo-

cal microenvironment of the implantation site and other external

signals should be fully considered, and a consistent animal model

that can simulate the pathological state should be constructed to

verify the repair effect.

M1 and M2 macrophages play an indispensable role in the re-

generation of bone. The M1 macrophage-mediated inflammatory

response is an essential step in the repair process. Most current

biomaterial designs focus on simple induction of M2 polarization

but ignore the role of M1 macrophages in the bone repair process.

The excessive polarization of macrophages to the M2 phenotype

can lead to fibrosis. A higher M2 profile could be achieved through

an M1 intermediary. According to previous study indicating that

a predominantly M2 type response and constructive remodeling

in tissue defects could be led by the acellular scaffold, as com-

pared to cellular scaffold, which resulted in a predominantly M1

response and deposition of dense connective tissue and/or scar-

ring [9]. Therefore, further studies should continue to investigate

the time, sequence, and intensity of the transition between differ-

ent phenotypes of macrophages during the bone repair process and

combine the above different methods to improve the design of im-

munomodulatory materials for bone regeneration.
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