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A B S T R A C T   

Musculoskeletal disorders are common in clinical practice. Repairing critical-sized defects in musculoskeletal 
systems remains a challenge for researchers and surgeons, requiring the application of tissue engineering bio-
materials. Successful application depends on the response of the host tissue to the biomaterial and specific 
healing process of each anatomical structure. The commonly-held view is that biomaterials should be biocom-
patible to minimize local host immune response. However, a growing number of studies have shown that active 
modulation of the immune cells, particularly macrophages, via biomaterials is an effective way to control im-
mune response and promote tissue regeneration as well as biomaterial integration. Therefore, we critically re-
view the role of macrophages in the repair of injured musculoskeletal system soft tissues, which have relatively 
poor regenerative capacities, as well as discuss further enhancement of target tissue regeneration via modulation 
of macrophage polarization by biomaterial-mediated immunomodulation (biomaterial properties and delivery 
systems). This active regulation approach rather than passive-evade strategy maximizes the potential of bio-
materials to promote musculoskeletal system soft tissue regeneration and provides alternative therapeutic op-
tions for repairing critical-sized defects.   

1. Introduction 

As global life expectancy increases, the absolute number of years 
lived with disability (YLDs) due to non-communicable diseases is also 
growing rapidly [1]. In 2016, musculoskeletal conditions were rated as 
the second most debilitating disease in the world. Musculoskeletal sys-
tem injuries are also very commonly encountered in the clinic. Small 
acute defects can be repaired and some degenerative injuries can be 
removed surgically. However, there are still a lack of effective treatment 
modalities for critical sized defects. Clinically, utilizing autografts and 
allografts also have many disadvantages including donor site 

complications, rejection and infection [2]. Therefore, how to effectively 
treat musculoskeletal system disease and repair critical sized injuries is 
crucial to improving people’s quality of life and extending their pro-
ductive life [3]. 

In the past few decades, biomaterial-based tissue engineering is 
gaining in popularity in facilitating healing of musculoskeletal injuries. 
The ultimate function of biomaterials depends on the response of the 
host tissue to biomaterials and the specific remodeling process of each 
anatomical structure [4]. A common problem with implanted bio-
materials is that they trigger an adverse immune response that may lead 
to excessive inflammation, pain, tissue destruction, fibrotic 
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encapsulation and even graft failure [4]. These adverse reactions are the 
bottlenecks that hinder the successful application of biomaterials, so 
previous implants were designed to evade immune responses [5–7]. 
However, increasing numbers of studies have shown that active regu-
lation of the immune system can better promote tissue regeneration 
[8–11]. The immune cells, particularly macrophages, play a vital role in 
the regeneration and repair of injured musculoskeletal tissues. Macro-
phages have dynamic and plastic phenotypes, which can take on 
different functions as the microenvironment changes, such as the 
transformation of pro-inflammatory M1 phenotype to pro-regenerative 
M2 phenotype [12]. The imbalance of macrophage phenotypes and 
dysregulation of the conversion between M1 and M2 are important 
causes of unresolved inflammation and poor regeneration. Furthermore, 
unresolved chronic inflammation can lead to the fusion of macrophages 
into giant cells, the recruitment of fibroblasts, the formation of fibrous 
capsule, and ultimately the failure of the implant [4,12]. Recent evi-
dence demonstrated that the behavior of macrophages and the trans-
formation of phenotypes could be fine-tuned by varying the biomaterial 
properties (such as physiochemical surface properties and topography), 
and that biomaterials could also be used as carriers to deliver bioactive 
molecules and drugs to directly modulate the immune response [10,11, 
13,14]. In this way, modulating the macrophage polarization and im-
mune response in the microenvironment via the immunomodulation of 
biomaterials to make it develop in the direction of enhancing regener-
ation may be a promising strategy for musculoskeletal system regener-
ative medicine. 

In view of the fact that a large body of research has explored the role 
of immunomodulation of biomaterials in promoting bone regeneration, 
with few studies being conducted on cartilage, tendon/ligament, and 
muscle tissues, we attempted to discuss the important role of 
biomaterial-mediated modulation of macrophage polarization in the 
repair of these tissues that have relatively poor regenerative capacities. 
In this review, we will first briefly describe how the immune system is 
involved in the process of tissue repair after injury, and the important 
roles that specific phenotypes of macrophages play in the regeneration 
of cartilage, tendon/ligament, and muscle tissues. Then we will examine 
how the behavior of macrophages could be regulated by different 
properties of the biomaterial and through delivery of drugs. Finally, we 
will discuss immunomodulatory biomaterials and drug delivery system 
used to harness regenerative subpopulations of macrophages in carti-
lage, tendon/ligament and muscle regeneration. 

2. The polarization of macrophages and their roles in 
musculoskeletal system soft tissue regeneration 

After tissue injury, damage-associated molecular patterns (DAMPs) 
will be triggered and induce inflammation [15]. DAMPs are endogenous 
molecules released from necrotic cells or damaged extracellular matrix 
(ECM), including heat shock proteins (HSP), high-mobility group box 
protein 1 (HMGB1), nucleic acids including mitochondrial DNA, in-
flammatory cytokines such as interleukin 1 alpha (IL-1α), and IL-33 and 
fragments of ECM such as hyaluronic acid, collagen, etc. [16,17]. 
Toll-like receptors (TLR) and some other types of pattern recognition 
receptors present on antigen-presenting cells (such as dendritic cells and 
macrophages) would recognize these danger signals and initiate 
inflammation by activating transcription factors NF-κB or 
interferon-regulatory factors [18]. Post-injury inflammation progresses 
in three stages: The first stage is the early pro-inflammatory response, 
where necrotic cells, coagulation, and invading microorganisms activate 
the inflammatory response, leading to recruitment of innate immune 
cells like neutrophils and monocytes to the wound site to remove cell 
debris and infectious organisms, which help in coordinating the tissue 
repair. In the second stage, the inflammatory response gradually sub-
sides, and the immune cells involved in inflammatory response (such as 
macrophages) switch to anti-inflammatory and pro-regenerative phe-
notypes, promoting the repair and remodeling of the tissue; In the final 

stage, the inflammatory cells gradually die off or leave the injury site, 
and the injury is gradually repaired [19](Fig. 1A). The degree and 
duration of the inflammation can vary and affect the outcome of the 
eventual repair. Too little inflammation can cause harmful factors 
(especially bacteria) to linger and destroy tissues, whereas chronic and 
unresolved inflammation can eventually lead to a variety of diseases, 
including fibrosis and even cancer [20]. 

2.1. The polarization of macrophages 

Although many immune cell types are involved in the inflammatory 
response after injury, macrophages play a vital important role in tissue 
repair, regeneration, and fibrosis [21]. Macrophages involved in injury 
repair can be derived from tissue-resident macrophages or from the 
recruitment and differentiation of circulating monocytes in the blood. 
Classically-activated macrophages (M1 macrophages) and 
alternatively-activated macrophages (M2 macrophages) are two of the 
most commonly studied phenotypes in tissue repair [22]. The traditional 
classification of M1 and M2 is based on in vitro characterization, in 
which M1 phenotype is stimulated by lipopolysaccharide (LPS), 
interferon-gamma (IFN-γ) and tumor necrosis factor-α (TNF-α), while 
M2 phenotype is stimulated by IL10, IL-4 or IL-13 [23,24] (Fig. 1B). 
Activation of M1 macrophages is related to signal transducers and ac-
tivators of transcription 1(STAT1) and interferon regulatory factor (IRF) 
activation, while activation of M2 is associated with STAT6 [25]. These 
pathways could inhibit each other, for example, the activation of STAT6 
could suppress STAT1-dependent transcription in mouse macrophages, 
and the activation of STAT1 could also suppress STAT6-dependent 
transcription [26,27]. However, within the complex in vivo environ-
ment, M1 and M2 are not representative of all macrophage states, but 
are considered to be two extremes of a continuum of functional states. 
Individual macrophages that co-express M1 and M2 markers can be seen 
in vivo [28]. When M1 macrophages are treated with IL-4 alone or in 
combination with IL-13, they can be repolarized and exhibit 
anti-inflammatory phenotypes [29–31]. Similarly, when M2 macro-
phages are treated with LPS or IFN-γ, they will express markers associ-
ated with an inflammatory phenotype. When stimulated by a 
combination of IL-4, IL-13, LPS, and IFN-γ, both M1 and M2 markers 
(CD86 and CD206) were observed to be expressed in individual cells 
[32]. The expression of CD86 declined after the first 24 h and returned to 
the basal levels after 96 h, while CD206 expression continued to increase 
after 48–72 h and remained sustained even after 96 h. These results thus 
indicated a high plasticity of macrophage phenotypes and a continuum 
model of activation. M1 macrophages are the predominant population 
during the first few days after injury, secreting a large number of 
pro-inflammatory cytokines such as TNF-α, inducible nitric oxide syn-
thase (iNOS), and IL-12, which induce inflammatory response and early 
proliferation. Then, the macrophage phenotype changes to M2, which 
secretes anti-inflammatory cytokines IL-4 and IL-10, as well as trans-
forming growth factor-beta (TGF-β) and arginase, which contribute to 
proliferation, differentiation, and tissue remodeling [24]. 

With continuous research on the function of macrophages, we find 
that the sequential activation of the M1 and M2 phenotypes of macro-
phages not only affects the outbreak and regression of inflammation, but 
also exerts a profound impact on the quality of tissue regeneration and 
the results of remodeling. For example, some recent studies have shown 
that M1 macrophages could induce osteogenesis and mineralization of 
mesenchymal stem cells (MSCs) through cyclooxygenase-2 (COX-2)- 
prostaglandin E2 (PGE2) pathway during the early stages of fracture 
healing [33]. Initial transient inflammation can more effectively pro-
mote the activation of MSCs and the secretion of higher levels of PGE2 
and other anti-inflammatory signals, thus enhancing osteoblast differ-
entiation and shifting macrophages from M1 to M2 phenotype. These 
results thus suggest that early initiation of the repair program by M1 
macrophages, followed by the transition from M1 phenotype to M2 
phenotype at the appropriate time point, is the key to enhancing bone 
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Fig. 1. The characterization of M1 and M2 macrophages and their roles in musculoskeletal system soft tissue regeneration. (A) Three phases following tissue 
injury: the first phase is the early pro-inflammatory response, then inflammation subsides and the immune cells involved in the inflammatory response (mainly 
macrophages) switch to pro-regenerative phenotypes to induce regeneration until the injury is finally repaired. (B) Schematic illustration of canonical M1 and M2 
polarized macrophages. (C) Overview of the roles that M1/M2 macrophages play in the repair of injured musculoskeletal system soft tissues. 
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regeneration [33,34]. Moreover, sequential activation of macrophages 
from M1 to M2 could also facilitate the vascularization of scaffolds 
applied in bone regeneration [35]. 

However, the actual functions of macrophages may vary among 
diverse tissue repair process. In view of this, we attempted to summarize 
the role of different macrophage phenotypes in musculoskeletal system 
soft tissue regeneration process and explored whether they could be 
potential molecular targets for evoking this autogenous regenerative 
power. 

2.2. The role of macrophages in cartilage regeneration 

Macrophages play a complex and important role in the repair of 
cartilage, tendon/ligament and muscle after injury (Fig. 1C). Macro-
phages are present in the synovial lining of joints and are involved in the 
progression of osteoarthritis [36]. Blom et al. [37] selectively depleted 
synovial macrophages from the synovial lining with clodronate lipo-
somes prior to experimental osteoarthritis (OA) induction in mice knee 
joints and found that osteophyte formation and fibrosis were signifi-
cantly reduced after OA induction. However, more recent studies 
analyzed diverse subsets of macrophages in healthy and inflamed joints, 
and found that synovial macrophages exhibited functional diversifica-
tion [38]. Utomo et al. [39] found that M1 macrophages induced by IFN 
+ TNF enhanced cartilage inflammation and degeneration in vitro, while 
IL-4 or IL-10 induced M2 macrophages did not directly inhibit this ef-
fect. Although their study did not show a direct protective effect of M2 
macrophages on cartilage, this phenotype should not be completely 
ignored. Through the activation and inhibition of rapamycin complex 1 
(mTORC1), Zhang et al. [40] proved that M1 polarized synovial mac-
rophages aggravated osteoarthritis while M2 polarization could alle-
viate it. Besides, they demonstrated that M1 macrophages exacerbated 
OA partially through R-spondin-2 (Rspo2), which represented a poten-
tial and novel therapeutic target. Interaction between different macro-
phage phenotypes and with other types of cells may contribute to the 
outcome of cartilage regeneration. M1 macrophages have been proven 
to be the major mediator of inhibition of MSC chondrogenesis, while 
polarized M2 macrophages up-regulate the expression of TGF-β and 
insulin-like growth factor (IGF), creating a microenvironment that 
promotes cartilage formation and the synthesis of type II collagen and 
glycosaminoglycan [41,42]. 

2.3. The role of macrophages in tendon/ligament regeneration 

Macrophages are also involved in the process of tendon/ligament 
regeneration after injury and are closely associated with it. Tendons and 
ligaments are mainly composed of type I collagen, but they undergo 
repair with the formation of fibrotic scar following injury [43,44]. Such 
pathological scar formation leads to the weakening of mechanical 
strength, which is not the optimal regeneration that we want. Durantaye 
et al. [45] found that macrophages in injured tendons could promote cell 
proliferation and ECM synthesis, but their presence also led to tissue 
fibrosis with inferior mechanical properties. While another study 
demonstrated that although non-specific depletion of macrophages 
could limit granulated tissue formation, it hindered early matrix for-
mation, which was detrimental to ligament tensile strength [46]. 
Because both studies involve non-specific depletion of macrophages, 
their results did not compare the different roles of M1 and M2 macro-
phages in the process of tendon regeneration. Nevertheless, they both 
agreed that regulating macrophage phenotypes rather than non-specific 
depletion could be a more effective way to reduce scarring and regen-
erate natural tendon tissues. Sugg et al. [47] investigated changes of 
macrophage phenotypes within 28 days after tenotomy and repair. 
Three days after surgery, M1 macrophages could be seen clustering in 
the area of the newly-formed tendon tissue, mainly in the area of ECM 
absorption, and remained throughout the study period. However, at the 
site of tendon ECM organization, M2 macrophages accumulated slowly 

and became the dominant macrophage phenotype by 28 days. During 
the early stages of tendon injury, macrophages are responsible for 
phagocytosis and the removal of dead cells and tissue debris. M1 mac-
rophages are involved in early inflammatory responses and are associ-
ated with sharp increases in the expression of pro-inflammatory genes, 
like TNFα, IL-1β, and COX2; whereas M2 macrophages play a crucial 
role in the regeneration and remodeling of tendon tissue by stimulating 
cell proliferation and the synthesis of ECM components [47,48]. The use 
of anti-inflammatory drug Parecoxib during the first 5 days after tran-
section of the Achilles tendon in rats impairs tendon repair, suggesting 
that early inflammation is necessary for functional remodeling of the 
tendon [49]. However, Lin et al. [50] showed that an abnormally 
increased ratio of M1 to M2 correlated with pathological fibrosis during 
tendon healing. However, recent studies have demonstrated that M2 
macrophages are also associated with fibrosis, and excessive M2 
macrophage activation can lead to increased scar formation and impair 
normal tendon healing [51,52]. This suggests that the excellent outcome 
of tendon/ligament regeneration——reduced damage by mitigating 
inflammation, enhanced tissue regeneration and limited pathological 
fibrosis, may be achieved by the sequential transformation of macro-
phage phenotype instead of a specific phenotype of macrophages. 
Connie et al. [53] demonstrated this by using extracellular vesicles 
isolated from MSCs to reduce the ratio of M1 to M2 phenotypes, thereby 
improving tendon healing outcomes. Even so, the exact role of the 
various phenotypes of macrophages in tendon/ligament healing is still 
not precisely defined. With the development of high throughput single 
cell RNA-sequencing technologies, it is reasonable to assume that we can 
more accurately identify and characterize the various macrophage 
subpopulations, and understand the interaction between these cells and 
fibroblasts, so as to provide a precise therapeutic target for the pre-
vention of fibrotic tendon/ligament healing. 

2.4. The role of macrophages in muscle regeneration 

Muscle regeneration depends on myogenic precursor cells (MPCs), 
also known as satellite cells. After muscle injury, previously quiescent 
satellite cells are activated and enter the cell cycle. Some of the post- 
mitotic daughter cells differentiate into multi-nucleated myotubes and 
then undergo rapid growth and terminal differentiation, while others 
return to quiescence and replenish the satellite cell stock [54]. Activa-
tion of satellite cells is a key factor in muscle repair, and the initial in-
flammatory response is closely related to it. M1 macrophages express 
IFN-γ, which induces more macrophages to undergo M1 polarization, 
and inhibits MPCs differentiation via a pathway mediated by the MHC 
class II transactivator, so as to keep them proliferating to rapidly in-
crease their population and support tissue repair [55,56]. Another 
pro-inflammatory cytokine, TNF, promotes the early differentiation of 
MPCs [56–58]. These results indicate that M1 macrophages play an 
important role in regulating the proliferation and differentiation of 
MPCs during the early stage. In addition, M1 macrophages can also 
express insulin-like growth factor 1 (IGF1) as a strong mitogen of MPCs 
and mediate the transition from M1 to M2 [59]. The transition of the 
macrophage phenotype from M1 to M2 is also necessary for muscle 
regeneration. With the transformation of macrophage phenotype, the 
increase of IL-10 expression level also represents the transition of muscle 
regeneration from proliferation to differentiation and growth [60]. 
During the switch of M1 to M2 phenotype, the depletion of F4/80+
macrophages reduced muscle regeneration and muscle membrane 
repair, which demonstrated the important role of M2 macrophages in 
muscle repair and regeneration [61]. Muscle regeneration also requires 
the deposition of extracellular matrix, which is dependent on fibro/a-
dipogenic progenitors (FAPs) activation [62]. After acute muscle dam-
age, TNF produced by M1 macrophages induces FAPs apoptosis, while 
M2 macrophages can release TGF-β to inhibit this effect and induce FAPs 
to differentiate into a fibrogenic phenotype [63,64]. Therefore, resto-
ration of the complete structure and function of injured muscles requires 
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both M1 macrophages to eliminate excessive FAPs and avoid excessive 
pathological fibrosis, and M2 macrophages to control proper matrix 
deposition necessary for muscle regeneration. This poses a challenge for 
us to regulate macrophage phenotypes, because the switch needs to be 
controlled at a very precise point in time [64]. 

Based on these results, we can conclude that macrophages play an 
extremely important role in the remodeling of the musculoskeletal sys-
tem soft tissues, and that the regulation of the macrophage phenotype 

may serve as a beneficial strategy to maximize the repair potential. 

3. Biomaterial-mediated modulation of macrophage 
polarization 

Currently, the development of tissue engineering technology opens a 
new avenue for tissue regeneration and repair. As foreign bodies, bio-
materials are recognized by the immune system upon implantation, 

Fig. 2. Biomaterial and biomaterial-based delivery of bioactive signals to trigger macrophage polarization. The physical and biochemical properties of 
biomaterials as well as biomaterial-based delivery system induce macrophages to polarize into pro-reparative phenotype to improve repair outcomes. 
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which triggers an immune response. The immune response induced by 
biomaterials is a “double-edged sword”. A beneficial immune response 
can form a microenvironment that promotes tissue healing and im-
proves tissue repair and regeneration, while a poor immune response 
may lead to chronic inflammation and the formation of fibrous capsules 
around the implant, leading to loss of functions and even tissue 
destruction [4]. Therefore, it is imperative to delve into how bio-
materials interact with the immune system and modify the properties of 
biomaterials to modulate the behavior of immune cells so that the im-
mune response could develop in the direction we need it to. 

3.1. Strategies for immunomodulating macrophage polarization through 
surface or biochemical parameters 

A large number of studies have proven that the surface properties 
and biochemical properties of biomaterials play an important role in 
modulating macrophage polarization [13](Fig. 2). The regulatory effect 
of biomaterials on immune cells depends to a large extent on surface 
properties, possibly because they can affect protein adsorption [65–67]. 
As soon as the biomaterial is implanted into the body, proteins (such as 
fibrinogen, fibronectin, complement proteins and vitronectin) in the 
blood and interstitial fluids immediately adhere to the surface of the 
biomaterial. The properties of the biomaterial itself (such as surface 
chemistry and topography) play a crucial part in the type and manner of 
protein adsorption. When the protein is adsorbed onto the surface of the 
biomaterial, it may undergo conformational changes and expose some 
domains or epitopes that were previously hidden. When host cells 
(including immune cells) recognize and bind to these sites, specific 
cellular responses to the surface properties of the biomaterial are trig-
gered. For example, fibrinogen denatures when attached to the surface 
of a biomaterial, exposing two epitopes (γ190-202, P1, and γ377-395, 
P2) [68]. These epitopes interact with the phagocyte integrin Mac-1 
(CD11b/CD18), leading to aggregation of phagocytes and promoting 
an inflammatory response. The more epitopes are exposed, the more 
severe the inflammatory response will be. 

The surface topography of the biomaterial is an important parameter 
that affects the adhesion and differentiation of macrophages [69–71]. 
McWhorter et al. [70] found that in vitro M1 macrophages have a 
rounded shape while M2 macrophages are elongated. Therefore, they 
used a micropatterning approach to directly elongate macrophages, and 
found an increase in M2-phenotypic markers and a decrease in the 
secretion of inflammatory cytokines. Porosity and pore size are also key 
factors in determining the effectiveness of biomaterials, as they can 
affect not only the diffusion of nutrients and oxygen supplies, but also 
the polarization of macrophages. Increased porosity and pore size of an 
electrospun scaffold increased expression of M2 marker Arginase 1 
while decreasing expression of M1 marker iNOS, suggesting that they 
induced macrophages to polarize towards the pro-regenerative M2 
phenotype instead of pro-inflammatory M1 phenotype [72]. In addition, 
the surface chemical properties of the material, such as surface hydro-
philicity and surface charge, also have a significant impact on the 
adhesion of macrophages and their release of pro-inflammatory factors 
and chemokines [73–75]. The surface of a more hydrophilic nature did 
not induce activated monocyte adhesion, while enhanced monocyte 
adhesion was observed on the surface that was more hydrophobic, 
leading to a localized inflammatory response [73]. Hotchkiss et al. [74] 
also found that rough titanium surfaces with higher hydrophilicity were 
more conducive to the polarization of M2 macrophages. In the past, we 
mainly considered the effect of surface properties on stem cell differ-
entiation. This view should be revised, and we should realize that the 
surface properties of biomaterial are equally important in regulating the 
phenotype and functional change of macrophages that can positively 
influence regeneration. 

The biochemical properties of biomaterials (e.g., synthetic or 
naturally-derived) also play a significant role in determining macro-
phage functions. Decellularized ECM-derived scaffolds have been shown 

to promote wound healing and guide M2 macrophage polarization, 
which might be related to the mTOR/Rictor mediated T helper 2 
pathway [11]. However, the typical foreign body response induced by 
synthetic biomaterials was found to be mediated by Th17-associated 
molecules secreted by IL-36+ macrophages through single-cell RNA 
sequencing analysis [76]. Beattie and colleagues showed that the 
decellularized scaffolds composed of porcine urinary bladder ECM 
caused more progenitor cells to migrate to the tendons than autologous 
tendon graft, which was likely because decellularized ECM scaffolds 
promoted the polarization of M2 macrophages [77]. Moreover, type II 
collagen, an indispensable collagenous component of articular cartilage, 
could also favor M2 polarization, which contributes to chondrogenesis 
and cartilage repair [42]. 

The immunomodulatory capacities of nanoparticles can be utilized 
to create an environment conducive for tissue regeneration, making it a 
successful strategy. Micron-sized hydroxyapatite (HA) particles could 
drive immature macrophages towards a pro-inflammatory M1 pheno-
type, whereas nano-sized HA particles preferentially promoted macro-
phages to polarize into the M2 phenotype and enhance MSC 
osteogenesis as well as tissue angiogenesis in an IL-10-dependent 
manner [78,79]. As foreign substances, it is macrophages that play a 
crucial role in the recognition, processing and removal of nanoparticles 
(NPs) when they enter the body. At the same time, nanoparticles can 
play different roles in the polarization and reprogramming of macro-
phages due to their different physical and chemical properties [80]. For 
example, compared with Ag nanoparticles, Au nanoparticles induced 
up-regulated expression of IL-1, IL-6 and TNF-α. This might be due to the 
different uptake patterns of these nanoparticles. A part of the negatively 
charged AuNPs were more likely to adsorb non-specific serum proteins 
on their surfaces to enter cells through receptor-mediated endocytosis, 
while Ag NPs entered macrophages through simple endocytosis [81]. 

Overall, the examples mentioned above demonstrated that the 
interaction between biomaterials and macrophages could provide a 
basis for regulating the phenotype transition of the macrophages. We 
need to validate the relationship between different parameters of bio-
materials and functional changes of macrophages, and take them into 
account when designing biomaterials for tissue engineering 
applications. 

3.2. Strategies for immunomodulating macrophage polarization through 
biomaterial-based delivery systems 

Although the importance of physical and chemical cues of bio-
materials in the regulation of macrophages has been fully confirmed, the 
fine regulation of macrophage phenotypes is still largely unknown, 
especially how to regulate the degree of polarization and the precise 
time point of regulation. By contrast, biomaterials that deliver anti- 
inflammatory drugs, cytokines, and genes allow for more fine-tuned 
control of the timing and extent of macrophage polarization (Fig. 2). 

Recently, diverse biomaterial-based drug delivery strategies have 
been developed for sequentially modulating macrophage polarization, 
which is beneficial to improving our understanding of the temporal 
control of macrophage behavior and precise control of polarization de-
gree. Spiller et al. [35] designed a decellularized bone scaffold on which 
IFNg was physically adsorbed for short release kinetics (24 h) and IL-4 
was conjugated via biotin-streptavidin binding for sustained release 
kinetics (6 days). Although the early rapid release of IFNg promoted M1 
polarization in macrophages and increased scaffold vascularization, the 
system they designed did not induce robust M1 and M2 activation in 
either the early or late stage, but instead yielded a mixed macrophage 
phenotype. Although a mixed M1/M2 phenotype may be favorable for 
angiogenesis, it is associated with fibrosis around the implant and is not 
conducive to implant integration [82,83]. Therefore, distinct activation 
periods are crucial to avoid overlapping phases when designing delivery 
system to modulate the sequential polarization of macrophages. Chen 
et al. [84] prepared a system of titania nanotubes (TNT) with double 
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hydrogel layers, loaded IL-4 in TNT, and then placed IFN-γ between the 
two hydrogel layers. After macrophages were seeded on the system, 
IFN-γ was rapidly released within 3 days and promoted the polarization 
of macrophages towards the M1 phenotype. However, IL-4 was contin-
uously released over the first week and promoted the conversion of 
macrophages from the M1 to M2 phenotype after 4 days, thus realizing 
the regulation of macrophage phenotype conversion. Li et al. [85] found 
that silicon could promote M2 polarization of macrophages, so they 
designed a 5% (w/v) calcium silicate/β-tricalcium phosphate 
(CaSiO3-β-TCP) scaffold and loaded IFN-γ onto the scaffold. When the 
scaffold was implanted subcutaneously, IFN-γ was released and induced 
M1 polarization of macrophages in the first three days, and then the 
scaffold gradually degraded and released silicon ions to induce M2 po-
larization. This design enabled the sequential polarization of the 
macrophage phenotype and promoted the vascularization of 
tissue-engineered bone. 

These results thus indicated the importance of characterizing the 
release profiles in vivo and tailoring to the application at hand. As 
mentioned above, macrophages play diverse roles in different tissue 
regeneration processes, and each phenotype of macrophages may 
appear and remain active at different time points. Therefore, it is crucial 
for engineers to design the delivery system and optimize the release 
curve according to the specificity of each tissue, and choose an optimal 
modulatory time to avoid a mixed phenotype. Moreover, excessive po-
larization of a specific phenotype of macrophages can lead to undesir-
able results [86]. However, due to the complexity of the environment in 
vivo, there are few studies focusing on the relationship between the 
required doses of drugs and the degree of macrophage polarization. It 
has been shown that macrophages from aged mice are hypo-responsive 
to IFN-γ, suggesting that higher doses are required to promote M1 po-
larization [87]. Therefore, more research is needed in the future to 
determine the exact dose required for polarizing macrophages in vivo, 
which is essential for the successful application of the delivery system. 

Additionally, due to their special colloidal stability, some nano-
particles have been increasingly used as carriers to deliver drugs to 
targets and to achieve sustained drug release [88]. When modified 
zeolitic imidazolate framework-8 (ZIF-8) NPs were ingested by M1 
macrophages, due to their pH-sensitive degradation ability, ZIF-8 NPs 
would degrade in the acidic condition of the endosomes and release the 
internal proteins, thereby reducing undesired drug release and 
increasing drug concentration at the target site [89]. Anti-CD16/32 
antibody could also be jointed to the surface of nanoparticles, 
enabling them to be more precisely targeted at M1 macrophage to 
improve efficiency. 

Shields et al. [90] designed a “backpack” made of three layers of 
biodegradable polymers, a polyvinyl alcohol (PVA) layer as the inner-
most middle layer to load IFN-γ, and two layers of poly 
(lactic-co-glycolic) acid (PLGA) on either side to provide structural 
support. The backpack could adhere to the surface of macrophages and 
continuously release IFN-γ to promote the M1 polarization of macro-
phages. The design of the backpack, which is currently used to treat 
cancer, is a novel delivery strategy and could be applied to tissue 
regeneration by changing the immunomodulatory payloads and the 
dosage. 

Because of the remarkable results achieved in the regulation of 
macrophage phenotypes by biomaterials, and the close relationship 
between macrophages of different phenotypes and the regeneration 
process of musculoskeletal system soft tissue, we believe that the out-
comes of tissue repair can be improved through the immunomodulation 
of biomaterials and this is a promising direction for the future design of 
musculoskeletal soft tissue regenerative biomaterials. 

4. Application of immunomodulatory biomaterials in 
musculoskeletal soft tissue regeneration 

Macrophages are considered to be closely involved in key bone 

regeneration phases, including osteogenesis and osteoclastogenesis. 
Many studies have investigated the immunomodulation of biomaterials 
through surface chemistry, topography, and delivery of bioactive mol-
ecules, with encouraging results in bone regeneration [91]. In contrast, 
the application of immunomodulatory biomaterials in the regeneration 
of musculoskeletal soft tissue seems less as shown in Table 1, and the 
exploration of the cross-talk between biomaterial, macrophage polari-
zation and regeneration is also limited. However, it is of vital impor-
tance to select appropriate engineering parameters and the bioactive 
molecules for delivery. Therefore, we attempted to summarize studies 
on biomaterials that promoted the regeneration of musculoskeletal soft 
tissue through immunomodulation of macrophage polarization, thereby 
providing cues for future material design. 

4.1. Applications in cartilage regeneration 

Osteoarthritis is a disease characterized by the degradation of 
articular cartilage and bone as well as the inflammation of the synovium 
and joint fat pad. Numerous studies have shown that pro-inflammatory 
cytokines and synovial macrophages play a crucial part in the progres-
sion of osteoarthritis [36,113]. Therefore, through immunomodulation 
of biomaterials, mitigating the inflammatory environment in the joints 
and regulating the behavior of macrophages have become a promising 
method to prevent joint destruction of osteoarthritis and promote 
cartilage regeneration [114]. 

4.1.1. Biochemical properties of biomaterials for cartilage regeneration 
ECM derived biomaterials have been extensively studied to promote 

regeneration due to their immunomodulatory capabilities, including 
type 2 collagen, a specific ECM of cartilage. Dai et al. [42,92] found that 
squid type II collagen had an obvious anti-inflammatory effect, which 
could not only reduce the secretion of pro-inflammatory cytokines by 
promoting the dephosphorylation of p-STAT1 in M1 macrophages, but 
also induce the polarization of M2 macrophages. In the OA rat model, 
SCII also increased M2 macrophages and the expression levels of TGF-β1 
and TGF-β3 within the synovial membrane, creating a pro-chondrogenic 
environment and inhibiting chondrocyte apoptosis and matrix metal-
loproteinase 13 (MMP13) production. This might be attributed to the 
fact that the released free amino acids (e.g. glycine, histidine, proline, 
hydroxyproline) from squid type II collagen could effectively inhibit the 
release of pro-inflammatory cytokines and promote the polarization of 
M2 macrophages. They then developed a double-network hydrogel 
composed of squid cartilage type II gelatin (SGII) and hyaluronic acid 
(HA), which was capable of immunomodulating macrophage polariza-
tion, and validated its role in segmental costal cartilage defect repair 
[115]. 

Arlov et al. [93] demonstrated that sulfated alginate 3D hydrogels 
had outstanding mechanical properties and could also produce signifi-
cant anti-inflammatory effects on IL-1β induced chondrocytes. Solution 
forms of alginate sulfate also had anti-inflammatory properties, inhib-
iting the expression of pro-inflammatory markers IL-6, CXCL8 and 
PTGS2 in human chondrocytes stimulated by IL-1β and reducing the 
expression and synthesis of TNF-α in M1 macrophages induced from 
human THP-1 cells [94]. The solution could be injected directly into the 
joint cavity for viscosupplementation of the synovial fluid and inhibiting 
inflammation with minimal damage from invasive surgery. As studies 
constantly reveal the prominent role of macrophages in inflammatory 
joint disease, we believe that in the future, more and more biomaterials 
with immunomodulatory properties will be studied to treat inflamma-
tory joint disease and promote cartilage regeneration. 

In addition, some metals have been used to enhance the immuno-
modulatory properties of biomaterials due to their special ability to 
regulate the behaviors of macrophages. When these biomaterials 
degrade in the body, they release metal ions, which have important ef-
fects on the immune environment. The incorporation of Cu2+ into 
bioactive glass-ceramic scaffolds (Cu-BGC) significantly promoted 
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cartilage regeneration and increased the gene expression levels of 
ACAN, COL II and SOX-9 [98]. In one study, the effective concentration 
of Cu2+ ions released by the Cu-BGC scaffold was 0.5–16 ppm, and a 
decrease in iNOS(M1 marker)expression with concomitant increase in 
CD206(M2 marker) expression were observed, as well as inhibited 
expression of pro-inflammatory cytokines (TNF-α and IL-18) and 
enhanced anti-inflammatory cytokines (IL-10). However, in another 
study, when Cu2+ ions were at a high concentration (28.3 ppm), mac-
rophages were induced into the M1 phenotype, suggesting that the use 
of Cu2+ ions to induce the anti-inflammatory phenotype of macrophages 
might be concentration-dependent [99]. Strontium releasing calcium 
silicate (Sr-CS) ceramic could also promote cartilage and subchondral 
bone regeneration [100]. On one hand, strontium ions promote the 
osteogenic and chondrogenic differentiation of MSCs; while on the other 
hand, strontium also inhibited the inflammatory response mediated by 
macrophages in the synovial membrane. Magnesium could regulate the 
polarization of macrophages induced by lipopolysaccharide (LPS) and 
interferon-γ (IFN-γ) [101]. Although the percentage of CD206-positive 
(M2)cells decreased in the presence of strontium, the decrease of 
CCR7-positive cells (M1) was more significant. In addition, Magnesium 
reduced macrophage-induced inflammation by impeding the nuclear 
translocation and phosphorylation of NF-κB in macrophages and 
inhibiting its activation, thereby enhancing chondrogenic differentia-
tion of human bone marrow mesenchymal stem cells (hBMSCs). Parks 
et al. [116] mixed magnesium hydroxide (MH) nanoparticles into PLGA 
scaffolds and achieved good results in promoting cartilage regeneration. 

MSCs have been widely studied as a therapeutic tool for OA due to 
their chondrogenic potential and immunomodulatory capacities [117]. 
MSCs can not only suppress the activation of M1 macrophages and 
reprogram them to polarize into M2 macrophages, but can also 
ameliorate synovial inflammation in a mouse OA model [117,118]. 
However, M1 macrophages have been shown to impede the chondro-
genic differentiation of MSCs, indicating that although MSCs can 
improve the inflammatory environment and induce M2 polarization, 
exacerbated inflammation can in turn inhibit their functions [41]. 

Considering the potential of these immunomodulatory biomaterials in 
inhibiting inflammatory response and promoting chondrogenic differ-
entiation of MSCs, the future application of these biomaterials together 
with MSCs may serve as a beneficial strategy to enhance the effect of 
cartilage repair. Since the effect of metal ions on macrophages may be 
concentration dependent, there is currently a lack of systematic studies 
to validate the relationship between different metal ion concentrations 
and macrophage phenotypes [98,99]. In addition, how to maintain its 
concentration within the effective range in the complex environment of 
the joint cavity is also an urgent problem that needs to be solved. 

4.1.2. Delivery system for cartilage regeneration 
Due to the sophisticated composition and architecture of articular 

cartilage, biomaterial-based scaffolds have been investigated for 
controlled release, targeting and local delivery of immunoregulatory 
factors, including proteins (e.g., cytokines and enzymes), and nucleic 
acids (e.g., silencing RNA and plasmid DNA). These immunoregulatory 
factors can mitigate the inflammatory environment in articular carti-
lage, eliminate adverse factors, and promote cartilage regeneration 
[119]. Ji et al. [107] introduced TGF-β1 into a thermosensitive and 
photocrosslinkable hydrogel (GM-HPCH) to shift macrophage pheno-
type from M1 to M2 and stimulate MSC recruitment. Besides, the 
hydrogel had good biocompatibility and biodegradability. When injec-
ted into the joints, the hydrogel would form a gel after thermal gelation 
and be photocrosslinked by UV light to improve its mechanical prop-
erties. As an effective anti-inflammatory cytokine, IL-4 inhibits macro-
phages from synthesizing IL-1,TNF-α,IL-6,IL-8 and IL-12, of which 
TNF-α is one of the main cytokines that mediate inflammation and IL-1 is 
a key mediator of cartilage and bone destruction. Systemic treatment of 
IL-4 has been shown to protect cartilage, and IL-10 has a similar effect. 
Both of them can reverse cartilage degradation in rheumatoid arthritis 
[120,121]. Jain et al. [110] modified non-condensing alginate nano-
particles with tuftsin peptide targeting macrophages to transduce IL-10 
plasmid DNA. After intraperitoneal administration, these nanoparticles 
were successfully localized to the joint, significantly increasing the 

Table 1 
Applied immunomodulatory biomaterials for musculoskeletal soft tissue engineering.  

Engineering 
Parameters 

Property Application Effect Ref 

Natural-origin 
biomaterials 

Squid type II collagen (SCII) Cartilage Induces M2-biased polarization of macrophages; directly induces chondrogenesis or 
indirectly through M2 macrophage-mediated TGF-β/Smad pathway; inhibits chondrocyte 
apoptosis and hypertrophy 

[42,92] 

Sulfated alginate Cartilage Alleviates the effects of pro-inflammatory cytokines on chondrocytes and inhibits the 
expression of pro-inflammatory cytokine TNF-α in M1 macrophages 

[93,94] 

Decellularized ECM Tendon/ 
Muscle 

Has excellent biocompatibility but relatively poor mechanical properties; shifts macrophage 
polarization to pro-regeneration phenotype 

[95,96, 
97] 

Releasing ions Cu Cartilage Promotes chondrocyte differentiation and cartilage regeneration through hypoxia-inducible 
factor (HIF) pathway; induces M2 polarization within a lower concentration range of 0.5–16 
ppm, while inducing inflammatory response due to its cytotoxic effects at a higher 
concentration (28.3 ppm) 

[98,99] 

Mg, Sr Cartilage Reduces inflammation and induces chondrogenic differentiation of MSCs [100, 
101] 

Topography Aligned substrates Tendon Induces M2-like polarization and extracellular synthesis of tendon fibroblasts. [102] 
Aligned nanofibers +
decellularized ECM 

Muscle Increases M2 macrophages and myofiber regeneration while functional muscle regeneration 
is limited 

[103, 
104] 

Aligned nanofibers +
mechanical load 

Tendon Suppresses inflammatory activation and increases M2 macrophages [105] 

Aligned microfibers with 
different diameter sizes 

Tendon Smaller diameter (1.27 μm) induces higher M2-like markers and possesses better mechanical 
properties than large diameter (2.5 μm) 

[106] 

Delivery of 
bioactive factors 

TGF -β Cartilage Induces M2 polarization and MSCs recruitment and chondrogenesis [107] 
IL-4 Muscle Shifts macrophage polarization from M1 to M2 and achieves prominently functional muscle 

regeneration. 
[108] 

myostatin inhibitors Muscle Increases regulatory T cells and M2 polarization. [109] 
IL-10 encoding plasmid DNA Cartilage Induces M2 polarization; reduces pro-inflammatory cytokines and joint damage [110] 
Anti-TNF-α siRNA Cartilage Reduces cartilage destruction and inflammatory response [111] 
Manganese ferrite and ceria Cartilage Induces macrophage polarization from M1 to M2 phenotype by scavenging reactive oxygen 

species (ROS) and improving hypoxia environment 
[112] 

S-methylisothiourea hemisulfate 
salt and catalase 

Cartilage Promotes M2 polarization by restoring mitochondrial function [89]  
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proportion of M2 phenotype synovial macrophages and downregulating 
levels of pro-inflammatory cytokines (TNF-α,IL-6 and IL-1β), thereby 
reducing damage to the joint. Howard et al. [111] used chitosan nano-
particles loaded with small interfering RNA (siRNA) to knockdown 
TNF-α in macrophages throughout the body, which also had a significant 
protective effect on cartilage. Previous delivery system mainly focused 
on enhancing chondrogenic differentiation of MSCs, only a few re-
searches paid attention to the delivery of bioactive factors and the 
changes of immune microenvironment. Therefore, more studies are in 
need to explore the mechanism of cross-talk among loaded bioactive 
molecules, host immune response and cartilage regeneration to achieve 
most desirable results. 

Hypoxia also exerted a significant effect on the polarization of 
macrophages. M1 macrophages rely mainly on glycolysis for energy, 
while M2 macrophages rely more on oxidative phosphorylation, sug-
gesting that hypoxia may drive M1-biased polarization [122]. In the 
synovium of rheumatoid arthritis, lack of oxygen causes immune cells to 
up-regulate hypoxia-inducible factor (HIF-1α), activating 
pro-inflammatory pathways and exacerbating synovitis [123]. Kim et al. 
[112] used mesoporous silica nanoparticles to deliver manganese ferrite 
and ceria nanoparticles to remove ROS and improve hypoxia, which 
eliminated pro-inflammatory M1 macrophages and induced M2 mac-
rophages for rheumatoid arthritis (RA) treatment. Hypoxia can also 
impair mitochondrial functions, leading to metabolic disorders that 
further aggravate the inflammatory response. Therefore, some studies 
have proposed new strategies for impaired mitochondrial function. Zhou 
et al. [89] encapsulated S-methylisothiourea hemisulfate salt, which 
inhibited the production of NO, and catalase, which catalyzed the gen-
eration of oxygen, into modified zeolitic imidazolate framework-8 
(ZIF-8) nanoparticles and delivered these to the knee joints of OA 
mice. Such treatment significantly improved mitochondrial function and 
facilitated the transformation of macrophages from M1 to M2, reducing 
cartilage damage. These successful studies on oxygen levels and meta-
bolic reprogramming have opened a new field of research on the regu-
lation of macrophage phenotype to promote cartilage regeneration. 

Current evidence suggests that M1 macrophages are mainly involved 
in destructive and degenerative processes in chondrocytes, while M2 
macrophages can aid in cartilage regeneration. Therefore, inhibiting M1 
and inducing M2 macrophages are the mainstream strategy for the 
treatment of osteoarthritis and the promotion of cartilage regeneration. 
In view of this, precise targeting and controlled release to improve 
therapeutic effectiveness efficacy offers great potential to delivery sys-
tems for cartilage regeneration. Systemic delivery requires higher drug 
doses and may exert unknown effects on tissues other than the target, 
and nanocarriers offer a new solution to these problems. A targeting 
ligand can be grafted on the surface of nanoparticles to achieve specific 
delivery [124]. Chen et al. [125] synthesized a nanocomposite with 
quadrilateral ruthenium nanoparticles (QRuNPs) as the core and ther-
mosensitive PLGA as vesicles to deliver resveratrol to induce M2 po-
larization. The nanocomposite is surface-modified with dextran sulfate 
(DS) that can bind to macrophage scavenger receptors, so that it can be 
targeted to macrophages. Besides, the nanocomposite has photothermal 
response characteristics, and can release resveratrol rapidly and 
continuously under 808 nm laser irradiation, so as to realize the 
controlled release of payloads. In addition, Zhou et al. [89] have ach-
ieved precise M1 macrophage targeting by modifying anti-CD16/32 
antibody on the surface of nanoparticles and prolonged the existence 
of nanoparticles in the synovium. When used as a vector for gene de-
livery, nanoparticles can protect nucleic acids from enzymatic degra-
dation, reduce immunogenicity and increase transmembrane efficiency 
[126]. Therefore, it is reasonable to assume that developing an efficient 
and safe nanocarrier with a restricted target is the future direction of 
designing delivery systems for cartilage regeneration. 

4.2. Applications in tendon/ligament regeneration 

Tendons and ligaments are the connective tissue that connects 
muscle to bone or between bone and bone. They have unique biome-
chanical properties and are responsible for the transfer of payload be-
tween muscle and bone and assist in bodily movement. These unique 
functions require that biomaterials used in tendon and ligament repair 
should not only promote better cell growth and tissue regeneration, but 
also provide the necessary mechanical support, which increases the 
requirement for mechanical properties of biomaterials. Therefore, au-
tografts or allografts are often used to repair damaged tendons or liga-
ments, while the development of biomaterials is relatively immature. At 
present, the main biomaterials studied are naturally-derived ECM, silk- 
based scaffolds and some synthetic materials such as poly(l-lactic acid) 
(PLLA), PLGA, and polycaprolactone (PCL) [127,128]. 

4.2.1. Biochemical properties of biomaterials for tendon/ligament 
regeneration 

As mentioned above, ECM-derived scaffolds could promote macro-
phages to favor the M2 phenotype. This is related to different tissue 
sources of ECM as well as processing methods, and may exert an 
important impact on tissue remodeling at the implantation site [129, 
130]. Valentin et al. [130] used different ECM scaffolds and autologous 
tissues to repair defects in the musculotendinous tissue of the abdominal 
wall in rats, and explored the host reactions caused by them. They found 
that the ECM scaffold promoted anti-inflammatory macrophages, 
whereas the autograft promoted pro-inflammatory macrophages by 2 
weeks after implantation. Beattie et al. [77] also found in their study 
that it was likely that urinary bladder matrix (UBM) derived decellu-
larized ECM scaffolds induced anti-inflammatory macrophages, causing 
more progenitor cells to migrate to the tendons repaired by the ECM 
scaffold than autologous tendon graft. The decellularized UBM-ECM 
scaffold did not contain complete cellular components, while the 
apoptosis and necrosis of the cells in the autograft led to the release of 
pro-inflammatory mediators. In addition, porcine small intestinal sub-
mucosa ECM (SIS-ECM), as a clinical Food and Drug Administration 
(FDA)-approved biomaterial for rotator cuff repair, could attract bone 
marrow-derived cells after implantation. When it was used to repair the 
Achilles tendons of mice, it was observed that by 16 weeks, bone 
marrow-derived cells labeled with green fluorescent protein (GFP) were 
present throughout the tendon remodeling process without any in-
flammatory response [95]. 

4.2.2. Physical properties of biomaterials for tendon/ligament regeneration 
Although naturally-derived ECMs have excellent biocompatibility, 

their elastic moduli are inferior to that of tendon, which means that they 
are not able to provide enough mechanical support like a normal tendon 
[96]. In contrast, synthetic polymers can be designed to improve me-
chanical properties, mimic the structure of natural tendons and regulate 
tendon fibroblast function and matrix deposition [131]. Various studies 
have explored the effects of material cues on stem cell tenogenic dif-
ferentiation, with recent studies having started to explore material cues 
on macrophage polarization and tendon regeneration [132]. In Fottic-
chia’s study [133], they found that tendon cells inoculated on poly-
caprolactone scaffolds processed by electrospinning technology with 
aligned fibres exhibited elongated morphology adapted to the scaffold 
topography after seven days of culture. However, in their study, there 
were no significant differences in the expression of key inflammatory 
cytokine genes in cultured THP-1 cells between the aligned and random 
fibers, which is contrary to conventional wisdom. The inflammatory 
response they induced was limited, and might be related to the short 
duration of the experiment. M1 macrophages could secrete 
pro-inflammatory cytokines through paracrine pathways, leading to a 
significant downregulation of signals related to extracellular matrix 
synthesis of tendon fibroblasts, accompanied by a significant increase in 
matrix degradation enzyme synthesis. However, the highly-aligned 
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electrospun PCL scaffold could not only promote the synthesis of tendon 
matrix by fibroblasts, but also significantly reduce the influence of the 
inflammatory environment on fibroblasts [102]. Angelina et al. [105] 
demonstrated in their experiments that aligned nanofiber substrates 
promoted M2-like polarization. They found that macrophages were 
more sensitive to mechanical loading than tendon fibroblasts and me-
chanical loading also had a similar “mechano-protective” effect which 
could mute inflammatory activation. Thus, topographical cues of the 
biomaterial scaffold and mechanical loading could be combined to have 
a profound effect on macrophages and fibroblasts to direct tendon tissue 
repair. In another study, Khatib et al. [106] investigated the effect of 
different diameters of highly aligned PLGA fibers on tendon regenera-
tion and found that the smaller fiber diameter of 1.27 μm had better 
mechanical properties and promoted macrophage skewing towards the 
M2 phenotype compared with the 2.5 μm fiber diameter. Collectively, 
the results of these studies indicate that surface topography and fiber 
diameter of the biomaterial and the mechanical loading play an 
important role in modulating macrophage phenotypes and mitigating 
the effects of the inflammatory environment on fibroblasts. However, 
these results are mostly derived from in vitro models. Tendon repair after 
injury is a complex process of cellular events and cell-matrix interactions 
that cannot be perfectly simulated in vitro. Future systematic in vivo 
experiments are needed to provide sufficient evidence that regulating 
macrophage polarization can promote high-quality tendon 
regeneration. 

The mechanical properties of the scaffold, including tensile load and 
mechanical strength, are important to tissue engineering biomaterials 
for tendon/ligament applications. When designing load-bearing bio-
materials, the degradation rate of biodegradable tissue engineering 
biomaterials is required to match the rate of tissue growth, and excessive 
degradation will lead to the loss of mechanical properties of biomaterials 
and failure of grafts [127]. Monocyte-derived macrophages are the 
major cell types involved in biodegradation of implanted materials 
[134]. Wissing et al. [135] used electrospun poly-ε-caprolactone-bisurea 
scaffolds with different fiber diameters (2 or 6 μm) and orientations 
(isotropic or anisotropic) and inoculated macrophages onto the scaffolds 
to study the degradation of biomaterials with varying structure by 
macrophages. They found that the 6 μm Ø anisotropic group showed the 
most significant oxidative degradation, as revealed by the highest level 
of lipid peroxidation, gene expression of nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase and fiber erosion detected under 
scanning electron microscope (SEM) analysis. Although the macro-
phages involved in degradation exhibit specific phenotypes different 
from the traditional M1 or M2 classification, this study sheds light on the 
fact that the structure of the scaffold can influence macrophage-driven 
degradation. The role of the different macrophage subgroups in the 
degradation of biomaterials in vivo can be more clearly analyzed by 
single cell technology and regulated by the properties of biomaterials. 
This also provides a new solution for us to solve the problem of the 
mechanical strength of tendon/ligament tissue engineering biomaterials 
being lost too fast due to the degradation by macrophages after 
implantation. 

4.3. Applications in muscle regeneration 

Compared to cartilage and tendon/ligament, skeletal muscle has a 
better capacity for regeneration after injury. However, with its natural 
capacity for regeneration, it is still not able to deal with some severe 
trauma, requiring the assistance of tissue engineering/regenerative 
medicine strategy. 

4.3.1. Biochemical and physical properties of biomaterials for muscle 
regeneration 

There have been many attempts to use naturally-derived bio-
materials such as ECM, synthetic biomaterials such as polylactic acid 
(PLA), poly(glycolic acid) (PGA), PCL, etc. or a combination of these to 

promote skeletal muscle regeneration, with good results [136–139]. 
As mentioned earlier, ECM scaffold can promote M2 polarization of 

macrophages. When the M2 macrophages were inhibited with aspirin, 
the ECM mediated myogenesis was hindered [97]. Combining MSCs and 
ECM scaffold, Qiu et al. [140] found that they can collaboratively pro-
mote the polarization of M2 macrophages, and thus have a synergistic 
effect on promoting muscle regeneration. A large number of ECM scaf-
folds have been successfully used in clinical practice, including limb 
muscle repair, ventral hernia repair and esophageal reconstruction, thus 
proving their therapeutic efficacy [138,141]. However, there still exist 
some problems with ECM scaffolds in repairing volumetric muscle loss. 
Aurora et al. [142] found that porcine urinary bladder matrix ECM was 
useless for repairing the gastrocnemius musculotendinous junction 
injury in a rat model, and that it was only fibrotic tissue remodeling 
occurring, rather than muscle fiber regeneration when repairing the 
tibialis anterior volumetric muscle loss. They posited that the recovery 
of muscle function resulting from ECM implantation may be due to 
fibrotic deposition rather than muscle fiber regeneration. Furthermore, 
limited or even no muscle fiber regeneration was independent of the 
source of the ECM scaffold [143,144]. The cellular and molecular 
mechanisms of ECM scaffold mediated muscle remodeling are still not 
fully understood [145]. A recent study demonstrated that limited muscle 
fiber regeneration may be related to the low number of satellite cell 
migration at the transplant site and the low function of activated mac-
rophages [146]. Thus, application of ECM scaffolds combined with 
myogenic cells or bioactive factors that can modulate macrophage 
functions may be a beneficial strategy to appreciably enhance de novo 
muscle fiber regeneration. 

As for synthetic biomaterials, surface topography plays an important 
role in their functional success. Numerous studies have shown that 
aligned fibers promote the formation of myotubes, as opposed to 
randomly-aligned fibers [147–149]. Topographic cues of highly-aligned 
electrospun scaffolds have an effect on the adhesion and proliferation of 
myoblasts and facilitate the fusion of myotubes. Moreover, it has been 
well recognized that highly aligned nanofiber could promote M2 po-
larization of macrophages. Patel et al. [103] combined decellularized 
muscle ECM with electrospun aligned nanofibers and found that this 
composite promoted the growth and myogenesis of satellite cells in vitro. 
They then used the scaffold to treat volume muscle loss in a murine 
model, verifying the scaffold’s enhancement of myofiber regeneration 
and promotion of anti-inflammatory M2 macrophages [104]. These 
hybrid scaffolds not only display bioactivity and biocompatibility, but 
can be modified to enhance mechanical strength as well. The ECM 
scaffold alone resulted in improved muscle function with limited muscle 
regeneration, whereas this combination of ECM with aligned nanofibers 
increased muscle fiber regeneration without functional improvement. 
The lack of functional improvement may be due to the short duration of 
study (28 days), and the regenerated muscle fibers are not yet inner-
vated to produce force. Nevertheless, these results are exciting as they 
demonstrated the important role of modulating macrophage phenotypes 
through surface topography of the scaffolds in the repair of volume 
muscle loss, thus paving the way for future biomaterial design. 

4.3.2. Delivery system for muscle regeneration 
The complex interaction between the immune system and muscle is 

the key to muscle regeneration. Some cytokines are involved in the co- 
regulation of inflammatory response and myogenesis, making them 
ideal candidates for delivery to immunomodulate muscle regeneration. 
IL-10 regulates the transition of macrophages from M1 to M2, which is 
necessary for regeneration of injured muscle [60]. Another cytokine, 
IL-4, not only directs the growth of myoblast cells and fuses them into 
myoblast tubes, but also drive the accumulation of M2 through 
self-renewal rather than recruitment [150,151]. Raimondo et al. [108] 
injected IL-4-conjugated gold nanoparticles into murine skeletal muscle 
3 days after ischemic injury to shift macrophage polarization from M1 to 
M2 and attained functional muscle regeneration. Because the cross-talk 

J. Ye et al.                                                                                                                                                                                                                                        



Bioactive Materials 6 (2021) 4096–4109

4106

between macrophages and muscle regeneration process is complex and 
many signaling pathways remain to be elucidated, more research into 
the regulation of muscle regeneration by using biomaterials in 
conjunction with these cytokines may be promising. In addition to cy-
tokines, there are other proteins and nucleic acids that can be delivered 
to immunomodulate muscle repair. Estrellas et al. [109] used biological 
hydrogels composed of hyaluronic acid (HA) and processed extracellular 
matrix as a scaffold to deliver myostatin inhibitors to regulate the im-
mune microenvironment to induce myogenesis. This therapy signifi-
cantly increased FoxP3+ regulatory T cell and Foxp3 gene expression 
and promoted M2 polarization and expression of anti-inflammatory 
cytokines in CD206 + macrophages. There have been few (or no) 
studies to directly regulate macrophage polarization during muscle 
regeneration by genes loaded in scaffolds. Hepatocyte growth factor 
(HGF) treatment can up-regulate the expression level of M2 marker 
genes (IL-10 and Arg1) and inhibit the expression of M1 macrophage 
marker genes (IL-1β, iNOS, and TNFα) in Raw 264.7 cells through the 
CaMKKβ-AMPK signaling pathway [152]. Due to the short half-life of 
HGF, Choi et al. [153] delivered HGF-expressing plasmid vectors to mice 
with muscle injury and successfully enhanced muscle regeneration. 
After the knockout of microRNA-155 (miR-155) in mice, the prolonged 
immune response of M1 macrophages and delayed activation of M2 
macrophages led to muscle regeneration defect. The significant role of 
miR-155 in regulating the balance of different macrophage phenotypes 
also provides a new intervention for the treatment of some degenerative 
muscle diseases. 

As already mentioned, sequential activation of M1 and M2 is critical 
for the activation, proliferation, and differentiation of satellite cells and 
FAPs. Therefore, there is a reasonable prospect that biomaterial-based 
delivery to activate macrophages and induce the transformation of 
phenotypes at an appropriate time point is a potential therapeutic 
approach to promote muscle regeneration. Although such attempts have 
been limited so far, excellent results have been obtained, including 
muscle fiber regeneration and functional improvements [108]. How-
ever, researchers need more in vitro and in vivo studies to determine the 
most optimal payload, dosage and precise timing to ensure that the 
delivery system works as intended. 

5. Future perspective 

Current studies mainly focus on the immunomodulatory effects of 
biomaterials in bone repair, and there are few studies on cartilage, 
tendon/ligament and muscle. However, increasing evidence shows that 
macrophages of different phenotypes play important roles in cartilage 
destruction in osteoarthritis and cartilage repair and regeneration, 
making it a new therapeutic strategy to induce macrophages into the 
optimal functional phenotypes to enhance cartilage regeneration. Type 
II collagen is the indispensable component of articular cartilage, and 
some collagens and hydrogels with excellent immunomodulatory ca-
pacity are promising biomaterials for cartilage repair in the future. The 
delivery of bioactive molecules with immunomodulatory effects on 
macrophage function by biomaterials are also potential therapeutic 
options, which requires us to develop stable and biocompatible bio-
materials for sustained drug release and more accurate delivery of the 
molecules to the target site. In the healing process after tendon and 
ligament injury, macrophages are involved in the process of inflamma-
tion and matrix deposition, while depletion of macrophages reduces scar 
formation. Therefore, we need to establish more accurate classification 
of macrophage subsets and functions via high throughput screening 
methods, so as to provide guidance for immune regulation to promote 
high-quality healing. Although ECM materials are widely recognized for 
their specific roles in modulating macrophage phenotypes, there still 
exists challenges in the treatment of large defects. There have been 
studies that have explored the surface topography of biomaterials such 
as the alignment of fibers that regulate macrophage phenotypes to 
promote tendon and muscle regeneration, with good results. It is known 

that the physical and chemical properties of the biomaterial surface, 
such as stiffness, porosity, and hydrophilicity, have important implica-
tions on regulating the macrophage phenotype, but there are still limited 
attempts in this area. We believe that in the future, more researchers will 
focus on the modification of biomaterials through physical and chemical 
methods to more effectively regulate the function of macrophages to 
improve the effects of tissue regeneration. 

At present, the failure of many in-situ tissue engineering biomaterials 
like silk scaffold for anterior cruciate ligament reconstruction is due to 
their rapid degradation in vivo, and the loss of structure and mechanical 
properties during the degradation process that cannot be quickly 
compensated by newly-formed tissue. We have shown that the proper-
ties of biomaterials can influence macrophage-mediated degradation, 
and more studies are needed in the future to figure out the relationship 
between the different properties of biomaterials and degradation-related 
macrophage sub-populations. If the problem of too rapid degradation in 
vivo can be resolved by modification of biomaterials, the application of 
in-situ tissue engineering biomaterials will surely be advanced to a new 
level. 

This review mainly focused on the important role of biomaterial 
mediated modulation of macrophage phenotypes for soft tissue regen-
eration in the musculoskeletal system. However, with the development 
and application of new technology platforms such as single-cell 
sequencing and transcriptomic analysis, we have realized that macro-
phage polarization can span beyond the conventional binary states (i.e., 
M1 vs M2). Therefore, we may need to classify the functions of different 
subsets of macrophages more accurately according to the genes and 
markers they express and the cytokines they secrete, so as to better 
understand the cross-talk between biomaterials and macrophages in 
vivo. For example, we can find the specific subset of macrophages that 
lead to fibrosis after implantation of the synthetic biomaterial through 
single-cell RNA sequencing, which is a more accurate screening method. 
Through single-cell sequencing, we can have a more comprehensive and 
in-depth understanding of the macrophage phenotype and functional 
changes caused by the implantation of different biomaterials, so as to 
select the best biomaterial parameters to induce the most suitable 
macrophage phenotype for tissue regeneration. 

Although macrophages play an important central role in tissue 
regeneration, other key cells in the immune system and the dynamic 
connections between them are equally important. The function of 
different subsets of T cells and other immune cells in regeneration is still 
not well understood and further research is needed to explore whether 
they can be used as effective therapeutic targets for musculoskeletal 
system soft tissue regeneration in the future. 

Previous design of biomaterials focused on the mechanical properties 
and the induction of stem cell differentiation, while few studies on the 
immunomodulation capacities of biomaterials have been carried out. 
However, our review demonstrated the excellent results of modulating 
macrophage functions by biomaterials, and we firmly believe that 
biomaterial-mediated immunomodulation of macrophage polarization 
will be a promising direction for the future design of tissue engineering 
biomaterials. 

6. Conclusion 

From these studies, we can conclude that active control of the im-
mune system rather than a passive approach, is an effective therapeutic 
strategy for enhancing musculoskeletal system soft tissue regeneration. 
Macrophages play a crucial role in the healing process, and their high 
plasticity is a means of modulating polarization via immunomodulatory 
properties of biomaterials. At present, strategies to regulate the polari-
zation of macrophages mainly include the modification of the physico- 
chemical characteristics of the surface of biomaterials, the biochem-
ical characteristics of the biomaterials themselves, and the utilization of 
biomaterials as platforms for the delivery of bioactive molecules. These 
novel strategies provide effective interventions for musculoskeletal 
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system soft tissue repair and may serve as potential therapeutic mo-
dalities for critical-sized defects. 
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