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Abstract

Impaired bone healing occurs in 5–10% of cases following injury, leading to a significant 

economic and clinical impact. While an inflammatory response upon injury is necessary to 

facilitate healing, its resolution is critical for bone tissue repair as elevated acute or chronic 

inflammation is associated with impaired healing in patients and animal models. This process 

is governed by important crosstalk between immune cells through mediators that contribute to 

resolution of inflammation in the local healing environment. Approaches modulating the initial 

inflammatory phase followed by its resolution leads to a pro-regenerative environment for bone 

regeneration. In this review, we discuss the role of inflammation in bone repair, the negative 

impact of dysregulated inflammation on bone tissue regeneration, and how timely resolution of 

inflammation is necessary to achieve normal healing. We will discuss applications of biomaterials 

to treat large bone defects with a specific focus on resolution of inflammation to modulate the 

immune environment following bone injury, and their observed functional benefits. We conclude 

the review by discussing future strategies that could lead to the realization of anti-inflammatory 

therapeutics for bone tissue repair.

Keywords

Resolution of inflammation; biomaterials; bone healing; drug delivery; immunomodulation

*Corresponding Author shyni.varghese@duke.edu.
Hunter Newman: Conceptualization, Writing- Original draft preparation, Writing- Reviewing and Editing. Yuru Vernon Shih: 
Conceptualization, Writing- Original draft preparation, Writing- Reviewing and Editing. Shyni Varghese: Conceptualization, 
Supervision, Writing- Original draft preparation, Writing- Reviewing and Editing.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

HHS Public Access
Author manuscript
Biomaterials. Author manuscript; available in PMC 2022 October 01.

Published in final edited form as:
Biomaterials. 2021 October ; 277: 121114. doi:10.1016/j.biomaterials.2021.121114.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Bone has a strong intrinsic healing capability, however, 5–10% of injuries result in 

impaired healing such as delayed union, malunion, or nonunion [1]. Bone healing is a 

topic of great clinical and economic importance. Depending on the location and cues from 

the microenvironment, bone tissue healing occurs by two biological processes– primary 

(direct) healing or secondary (indirect) healing [2]. Flat bones, such as cranial bones, 

form by direct healing that undergoes intramembranous ossification which involves direct 

conversion of progenitor cells to osteoblasts that lay down new bone matrix [3]. On the 

other hand, fracture healing of long bone tissues mostly involves indirect healing that 

undergoes both intramembranous and endochondral ossification, especially in non-stable 

conditions (i.e., lacking rigidly stable fixation). In this type of healing, progenitor cells 

along the periosteal and endosteal surfaces undergo intramembranous ossification, while in 

the fracture gap, where there is motion, the progenitor cells contribute to bone formation 

through endochondral ossification. The endochondral ossification involves a cartilaginous 

intermediate phase that serves as a template for new bone formation. The chondrocytes in 

the cartilaginous template undergo a series of sequential phenotypic and functional changes, 

which are tightly regulated by both systemic and locally secreted factors that act upon 

receptors to affect intracellular signaling and cellular commitments in a spatiotemporal 

manner. For a comprehensive review on the biology of fracture repair, see Bahney et al. [4].

Regardless of the location and type of injury, bone tissue regeneration undergoes three 

continuing and overlapping phases: inflammation, regeneration, and remodeling [2]. While 

the inflammatory process is crucial for tissue repair, dysregulated inflammation, including 

either decreased or elevated levels, is detrimental to bone healing [5–9]. Similarly, the 

duration of inflammation is also crucial for normal tissue repair. During normal bone 

repair, inflammation is initiated after injury and resolved almost immediately to stimulate a 

pro-regenerative environment enriched with pro-osteogenic and pro-angiogenic factors, and 

relevant cell populations to ensure normal tissue repair and optimal bone regeneration [4]. 

Similar to the onset of inflammation, the resolution of inflammation is also coordinated by 

a plethora of molecular mediators which includes proteins, lipids, and purine molecules, 

as well as synchronized cellular events involving different cell populations [10–13]. The 

pro-osteogenic and pro-angiogenic molecules have also been shown to regulate immune 

cell phenotype and function, thus potentially impacting bone healing by contributing to 

the immune environment as well [14–19]. Note that the resolution of inflammation is 

different to anti-inflammation. Resolution of inflammation indicates an inherent activation 

of events leading to apoptosis and efferocytosis at the end of the acute inflammatory phase 

whereas anti-inflammation mainly refers to inhibition of inflammatory signaling. Injuries 

and diseases that produce a heightened inflammatory state hinder the pro-regenerative 

environment and thereby the bone tissue repair [8, 20–25]. Specifically, impaired healing is 

observed when massive tissue damage occurs with excessive acute inflammation such as in 

the case of severe fractures, polytrauma, and concomitant muscle trauma [8, 22, 24, 25], or 

in pre-existing health conditions with chronic inflammation such as diabetes and rheumatoid 

arthritis [21–23]. Delayed healing is also a hallmark of aging [20] and compromised 

bone tissue regeneration with aging is very well established both in animal models and 
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clinically in humans [26]. While several factors have been identified to be responsible for 

the altered tissue regeneration with aging, emerging studies show the potential role played 

by this activated inflammatory stage (termed as “inflammaging”) on impaired bone tissue 

regeneration.

The fundamental understanding of inflammation and tissue healing shows how a 

spatiotemporal and contextual regulation of inflammatory phases is necessary for normal 

tissue repair and regeneration of bone tissues with functions similar to native tissue. Recent 

advancements suggest that resolution of inflammation following the pro-inflammatory phase 

could be an effective therapeutic strategy to improve bone tissue regeneration. An active 

strategy to resolve inflammation not only prevents progression of acute inflammation into 

a persistent chronic inflammation stage but also generate a pro-regenerative environment. 

Biomaterial-assisted delivery of biomolecules is an integral strategy to these efforts, 

especially in regard to local intervention following bone injury. The intrinsic properties 

of the biomaterial itself can have an effect on inflammation and its regulation. In bone tissue 

regeneration, biomaterials have been used as scaffolds/bone grafts for neo-tissue formation, 

and/or as carriers of therapeutic molecules to modulate various pathways relevant to bone 

tissue formation, such as resolution of inflammation, angiogenesis and osteogenesis, to 

promote neo-tissue formation resulting in bone tissue repair.

The therapeutic molecules that target inflammation include proteins, small molecules 

or nucleic acids [27]; not to mention, delivery of cells such as bone-marrow derived 

mesenchymal progenitor (MSCs) that have also been shown to reduce the inflammatory 

response [28]. In this review, we will discuss the role of inflammation and how its timely 

resolution is necessary for normal tissue healing with a focus on bone tissue repair. We 

further discuss the application of biomaterials to treat bone defects that modulate the 

immune environment to resolve inflammation and their observed functional benefits. We 

conclude the review by discussing future strategies that may improve anti-inflammatory 

therapeutics for bone tissue repair.

2. Inflammation and its resolution in bone healing

2.1 Acute inflammatory response in bone healing

Inflammation is a universal response despite the type and location of injury and is an 

indispensable process during wound healing. The inflammatory phase includes the initial 

inflammatory response and its resolution characterized by immune cell infiltration, clearance 

of cellular debris, and secretion of cytokines and growth factors that enable tissue repair 

[29]. Immediately after injury, the rupture of blood vessels causes formation of a hematoma 

enriched with fibrin and serves as an initial frame for healing [30]. This process initiates 

the inflammatory phase where chemokines and inflammatory cytokines are released from 

the hematoma during platelet degranulation and recruitment of inflammatory cells [31]. For 

example, the C-C motif chemokine ligand 2 (CCL2) cytokine, also known as monocyte 

chemoattractant protein-1 (MCP-1), released from the platelets recruits monocytes and 

neutrophils [32]. The recruited neutrophils and monocytes release additional chemokines 

to recruit other cell types such as lymphocytes and eosinophils to the fracture site [31]. 

A myriad of cytokines is present at the fracture environment, however, whether they are 
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indispensable or play a particular role in various phases of inflammation is less understood 

[33]. The monocytes within this environment differentiate into classically activated pro­

inflammatory M1-like macrophages in response to the pro-inflammatory chemokines like 

interferon gamma (IFN-gamma) [34] and their numbers are found to increase over the 

first 7 days following fracture in a mouse model [35]. These macrophages contribute to a 

pro-inflammatory milieu enriched with cytokines such as IL-1, IL-6, and Tumor Necrosis 

Factor (TNF) alpha [36]. IL-1 regulates expression of Cox-1 and Cox-2 (cyclooxygenases) 

that synthesize inflammatory prostaglandins (PGs) such as PGE2 from arachidonic acid 

(AA), an omega-6 fatty acid [12]. On the other hand, depletion of M1 macrophages showed 

significantly reduced cytokines including IL-6, TNF-α, and IP-10, and impaired fracture 

healing [37]. These studies demonstrate that M1 macrophages and the pro-inflammatory 

phase are important for fracture healing.

2.2 Resolution of inflammation for normal bone repair

The process of resolution is the latter part of the inflammatory phase that is orchestrated 

by a variety of immune cells and different anti-inflammatory mediators such as cytokines/

growth factors, lipids, and purine molecules [13]. In the context of bone healing, studies 

have shown that resolution of inflammation is driven mainly by the alternatively activated 

anti-inflammatory (M2) macrophages, regulatory T cells (Treg), and T helper 2 (Th2) 

cells [12, 38–40], of which the M2 macrophages have attracted the most attention (Figure 

1). However, this process is initiated by cells and molecules that promote inflammation. 

Although neutrophils are first responders of the immune system that infiltrate the injury 

site and contribute to the active phase of inflammation, they also contribute to the 

onset of resolution of inflammation by secreting pro-resolving cytokines such as lipoxins 

and resolvins [41], and proteases that degrade the ECM and downregulate inflammatory 

cytokines such as IL-1β and TNF-α [42]. Similarly, the cytokines that are produced during 

the inflammatory phase and participate in the inflammatory process also contribute to 

the resolution of inflammation. For example, interleukin-6 (IL-6) produced at the site of 

inflammation, with a key role in the acute inflammatory phase, has also been recognized 

to contribute to resolution of inflammation. Treatment of macrophages undergoing M2 

polarization with IL-6 significantly enhanced expression of M2 markers [43]. IL-6 derived 

from antigen-presenting cells (APCs) has been shown to induce anti-inflammatory IL-4 

production in naive CD4+ T cells and thereby polarizes them to Th2 cells [44] and also 

promotes secretion of IL-10 [45]. Thus, many of the well-recognized pro-inflammatory 

agents themselves kick-start the resolution of inflammation and create a pro-regenerative 

environment.

The anti-inflammatory cytokine IL-10 has been shown to play a key role in resolution of 

inflammation and bone healing. IL-10 is secreted by a repertoire of immune cells including 

neutrophils, macrophages, dendritic cells, Th2, and Tregs [46] and induces polarization 

of macrophages to an anti-inflammatory state [47]. In recombination activating gene 1 

knockout (RAG1−/−) mice lacking an adaptive immune system, the fracture repair was found 

to be accelerated and is correlated with an upregulation of IL-10 [48]. In addition, IL-10 

knockout mice show accelerated alveolar bone resorption and diminished bone formation 

[49]. The prototypical cytokines of the type II (Th2) inflammatory response IL-4 and IL-13

Newman et al. Page 4

Biomaterials. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



—produced by CD4+ T cells, regulatory B cells, basophils, eosinophils, mast cells, and NK 

T cells [50, 51] also polarize macrophages to the alternatively activated M2 phenotype [47]. 

Unlike the IL-10 knockout mice which displayed diminished bone formation, the IL-4/IL-13 

double KO mice exhibited normal fracture healing [52]. However, the delivery of IL-4 and 

IL-13 was reported to promote bone regeneration in multiple studies [39, 53–55].

In addition to the above discussed interleukins, growth factors such as TGF-β and IGF-1 

also exhibit pleiotropic functions that directly modulate immune cells and elicit a pro­

regenerative environment by acting on endothelial cells (contributing to angiogenesis) or 

osteogenic cells (bone formation). TGF-β proteins— TGF-β1, TGF-β2, and TGF-β3— are 

stored as latent proteins in the extracellular matrix (ECM) and are activated by various 

pathways in a context-dependent manner [56]. Storage of inactive TGF-β in the ECM 

enables its rapid temporal and spatial activation during tissue homeostasis, a property that is 

distinct to other growth factors or cytokines [56]. Many studies have shown that TGF-β1 and 

TGF-β3 promote resolution of inflammation [57–59] though they are well known for their 

direct role on chondrocyte differentiation and osteoblast commitment [60]. Inflammatory 

cytokines such as IL-6 have been shown to interact with TGF-β and enhance TGF-β1 

signaling [61]. The infusion of IL-6 in circulation contributes to increased levels of IL-10 

in plasma [62], and its blockade reverses TGF-β1 activation [63]. Using animal models 

with deletion of TGF-βRI/TGF-βRII or supplementation of TGF-β1, studies have shown 

that TGF-β induces T cell differentiation to Treg cells, polarization of macrophages to M2 

phenotype, suppression of mast cell proliferation, and attenuation of TNF-α expression [14, 

58, 64–67]. In addition, TGF-β1 has also been shown to be released by both Treg cells and 

M2 macrophages [68]. TGF-β1 knockout mice die within 3 weeks following birth due to 

an increased inflammatory response and tissue necrosis of vital organs [59]. Similarly, the 

insulin growth factor 1 (IGF-1) which is known to strongly influence bone formation [69], 

has also been shown to regulate inflammation in various organs including bone [70]. IGF-1 

has been shown to increase IL-10 expression in peripheral blood mononuclear cells, which 

could contribute to an anti-inflammatory environment [71], and promote microglial M2 and 

inhibit M1 phenotypes in the brain [18]. Furthermore, studies have shown that knockout 

of IGF-1 impairs M2 macrophage polarization in a mouse model of muscle regeneration 

[72], and IGF-1-deficient mice exhibit persistent inflammation and associated pathologies in 

different organs and cells [73].

Lipids are another key molecule involved in resolution of inflammation during bone healing. 

Specialized pro-resolving mediators (SPMs) are lipid mediators derived from omega-3 fatty 

acids (docosahexaenoic acid [DHA] and eicosapentaenoic acid [EPA] [51]), or omega-6 

fatty acids (arachidonic acid [AA]) [12, 74, 75]. The role of omega-3 fatty acids on bone 

healing was established by studies involving fat-1 transgenic mice that encode an omega-3 

fatty acid desaturase which converts omega-6 to omega-3 fatty acids [76, 77]. Results 

showed accelerated healing in femoral fracture of transgenic fat-1 mice [77], demonstrating 

the importance of omega-3 fatty acid, and possibly its metabolites, on bone healing. The 

EPA–derived Resolvin E1 (RvE1) is one such lipid mediator and is secreted by neutrophils 

[78]. Local treatment of RvE1 in a cranial defect model accelerated regeneration in both 

wildtype and ChemR23 overexpressing mice [79]. Similarly, maresin 1 (MaR1), a DHA 

metabolite secreted by macrophages, acting as an autocrine and paracrine molecule, is 
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shown to decrease macrophage-associated inflammation [80]. Systemic administration of 

MaR1 in aged mice with tibial fracture significantly decreased levels of IL-6, IL-10, TNF-α, 

KC, IL-1β, and MCP-1 in the circulation, decreased pro-inflammatory macrophages at 

the fracture callus, and improved bone healing [81]. The study showed improved bone 

healing when administration of MaR1 was initiated 3 days following injury, whereas 

treatment immediately after the injury did not reduce inflammation nor improve the outcome 

of fracture repair. These findings highlight the importance of timing of intervention on 

therapeutic benefit when pro-resolving mediators are administered. They demonstrate that 

a tightly regulated window of inflammatory response is required for normal bone healing. 

The conflicting and inconclusive results regarding nonsteroidal anti-inflammatory drugs 

(NSAIDs) that suppress bone healing further highlight the importance of timing and 

therapeutic window on treatment outcome. NSAIDs are commonly prescribed to manage 

pain arising from bone injury by inhibiting cyclooxygenase-2 (COX-2) activity, a key 

enzyme involved in the onset of inflammation. However, they have been shown to increase 

the rate of delayed union and nonunion in both patients and animals [5, 82]. The negative 

effect of NSAIDs on healing is most apparent with their long-term use, while short-term use 

has shown no significant effect [82, 83]. This could be explained by the apparent dual role of 

COX-2 in the inflammatory process, initially contributing to the onset of inflammation and 

later helping to resolve the process. NSAIDs are anti-inflammatory drugs by inhibiting the 

actions of Cox enzymes and production of PGE2 [84], yet they also inhibit the production 

of anti-inflammatory PGs and SPMs, thus severely disrupting the resolution of inflammation 

[85, 86].

While most attention is focused on cytokines and SPMs, the purine adenosine is less 

described yet functions as a key molecule for the resolution of inflammation. Adenosine is a 

small molecule that exerts multiple functions in bone tissue regeneration such as resolution 

of inflammation, angiogenesis, and osteogenesis. It is a purine nucleoside that regulates 

cell function by activating G-protein-coupled adenosine A1, A2A, A2B and A3 receptors 

on cell membranes [87]. Under normal conditions, adenosine is ubiquitously present and 

is detected in the extracellular environment at nanomolar concentrations. Following cellular 

damage or stress, increased levels of adenosine are secreted by different cell types through 

its intracellular formation and export via nucleoside transporters, or extracellular degradation 

of adenine nucleotides (ATP, ADP, or AMP). It is released immediately after trauma during 

the inflammatory phase and serves as a pro-resolving mediator [13]. Adenosine inhibits 

recruitment and activation of neutrophils and suppresses T cell function [16]. Furthermore, 

A2A receptor signaling has been shown to be a potent inhibitor of pro-inflammatory 

M1 macrophage activation by suppressing cytokine and chemokine production while 

increasing production of the anti-inflammatory cytokine IL-10 [16, 88]. On the other 

hand, it strongly promotes IL-4- and IL-13-induced M2 macrophage activation through 

A2A and A2B receptors, as indicated by upregulation of arginase-1 and TIMP-1 [16]. 

Besides its anti-inflammatory function, extracellular adenosine also plays an important role 

in angiogenesis, which is crucial for bone regeneration [4]. It has a direct mitogenic effect 

on endothelial cells and stimulates the production of pro-angiogenic molecules including 

interleukin-8 (IL-8), basic fibroblast growth factor (bFGF), and vascular endothelial growth 

factor (VEGF), while inhibiting production of the anti-angiogenic factor thrombospondin 
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in hypoxic tissues [89]. Adenosine also directly promotes osteogenic differentiation of 

progenitor cells and osteoblasts [90–99]. Extracellular adenosine has been shown to promote 

proliferation of osteoprogenitors through the A2A receptor [100] and induce osteogenic 

differentiation of progenitor/stem cells via the A2B receptor [94–96]. In animals, aberrant 

adenosine signaling has been shown to impair bone healing. For example, mice lacking 

ecto-5'-nucleotidase CD73, a cell membrane enzyme that generates extracellular adenosine, 

exhibit delayed bone repair [101]. Similarly, knockout of the adenosine A2A receptor 

decreased bone formation in a cranial defect model while A2B receptor null animals 

displayed delayed tibial fracture healing [90, 102].

3. Elevated acute and chronic inflammation impacts bone healing

Although an initial transient inflammatory phase is essential for proper bone healing, 

injuries with excess acute inflammation and pathological conditions with chronic systemic 

inflammation negatively impact fracture healing and result in increased rates of delayed 

healing and nonunion. Severe traumatic injuries such as isolated severe fractures, 

polytrauma, and concomitant muscle trauma display an elevated acute inflammatory 

response and compromised fracture healing [103]. Similarly, conditions associated with 

chronic inflammation such as physiological aging, diabetes, and rheumatoid arthritis also 

show compromised fracture healing [20, 21, 23]. Despite the distinction between excess 

acute inflammation and chronic inflammation, their pathologies exhibit similarities and are 

characterized by high levels of pro-inflammatory cytokines such as TNF-α and NF-kB 

signaling [8, 104, 105]. Antibody-based therapeutic interventions such as those against 

TNF-α, have been successfully used to resolve inflammation and associated pathologies 

[23]. For example, mice overexpressing TNF-α displayed symptoms of rheumatoid arthritis 

and impaired fracture healing but exhibited normal healing upon treatment with anti-TNF-α 
antibody [23]. Since, TNF-α levels are increased in various conditions associated with 

chronic inflammation, blocking TNF-α activity could be a potential strategy to mitigate 

inflammation and thereby promote tissue regeneration and healing. It is plausible that 

other inflammatory factors might also be contributing to the resolution of inflammation, 

warranting further investigation.

3.1 Elevated acute inflammation in severe injuries is associated with impaired healing

Severe injuries with multi-trauma are associated with impaired bone healing and have been 

postulated to be due to an increase in both local and systemic inflammation. Systemic 

inflammation, manifested by elevated inflammatory markers, was found in animal models 

of multi-trauma [25, 106]. The detrimental role of acute systemic inflammation on healing 

was also demonstrated in mice where experimentally induced acute systemic inflammation 

using lipopolysaccharide reduced the amount and quality of regenerated femoral bone 

[107]. Weckbach et al. studied the inflammatory alterations in mice using a combination 

of traumatic injuries [25], which led to an elevated level of systemic inflammatory response 

compared to individual injuries. For example, a combination of head injury with femoral 

fracture showed higher levels of IL-6 and MCP-1 in circulation and decreased neutrophil 

apoptosis [25]. Similarly, combined thoracic and femoral fracture injury required prolonged 

healing time, which was associated with increased recruitment of polymorphonuclear cells, 
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decreased numbers of CD68+ macrophages, and elevated IL-6 levels at the fracture callus 

[7]. Fractures involving muscle trauma exhibit increased inflammatory response. Substantial 

muscle trauma and tissue loss results in a higher and prolonged local inflammation, 

including elevated levels of CD3+ lymphocytes at 3 days post-injury and presence of a 

higher number of CD68+ macrophages 14 days post-injury in the callus [8]. Based on the 

findings that a fracture with unstable fixation results in delayed bone healing compared 

to those with stable fixation, studies have used non-stable fixation as a model of severe 

fracture [108]. The non-stabilized group exhibiting delayed healing had significantly more 

cytotoxic T cells, T helper cells, and leukocytes in the hematoma and bone marrow 

neighboring the injury when compared to the stabilized group [24]. These studies suggest 

that elevated systemic and local inflammation are detrimental to bone repair by prolonging 

the inflammatory phase as shown by decreased apoptosis of neutrophils and protracted 

presence of inflammatory cells, most likely by undermining the resolution of inflammation.

3.2 Chronic inflammatory conditions are associated with impaired bone regeneration

Multivariate analysis of a cohort database has found the odds ratio of nonunion to be 

increased in patients with osteoarthritis, type 1 diabetes, obesity, and rheumatoid arthritis 

[22]. Chronic inflammation is an underlying factor in all these conditions [109–114]. Similar 

to patients, the association of these chronic inflammatory states with poor bone repair 

has also been demonstrated in animals [9, 20, 23, 115]. Patients with diabetes exhibit 

poor healing with a healing time 87% longer than their counterparts and a 3.4-fold higher 

risk of complications including nonunion [9]. Excess systemic inflammation associated 

with diabetes has also been shown to correlate with poor healing in animals, which is 

thought to be mediated by upregulation of the pro-inflammatory cytokine TNF- α that 

inhibits angiogenesis, stimulates chondrocyte apoptosis, and enhances osteoclast formation 

[104, 116–118]. In Zucker diabetic fatty rats, increased levels of the inflammatory cytokine 

macrophage inflammatory protein 1 (MIP-1) have been shown to be associated with delayed 

healing [119]. Type 1 diabetic mice with aberrant NF-κB activation in skeletal stem cells 

(SSCs) have enhanced inflammation, while inhibition of NF-κB in SSCs rescued the 

negative impact of diabetes on inflammation, SSC expansion, and tissue formation [120]. 

Diabetes caused defective pro-resolving M2 macrophage polarization by reducing TGF-β1 

expression in SSCs, which was recovered by NF-κB inhibition or exogenous TGF-β1 

treatment [120]. Similarly, obesity accompanied by perturbances in inflammatory cytokines 

has been shown to affect healing in animals. Fracture healing was delayed in obese mice 

(ob/ob) and was correlated to the presence of low TGF-β1 and high TNF-α levels in blood 

plasma [115]. These studies further underscore the key role played by growth factors such 

as TGF-β1 in inflammatory phases. Since TNF-α is a common inflammatory cytokine 

elevated in all chronic inflammatory conditions with poor healing, an experimental approach 

overexpressing TNF-α in mice with symptoms of rheumatoid arthritis was used to examine 

its impact on fracture healing [23]. Results showed that high levels of TNF-α in circulation 

negatively affected fracture healing, exhibited reduced cartilage, increased soft tissue, and 

decreased bone biomechanical stability.

In addition to chronic conditions, advanced age is another risk factor that results in a 

higher rate of nonunion in patients [121, 122]. Physiological aging is thought to be a 
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chronic inflammatory state and recent studies suggest that “inflammaging” is a key factor 

contributing to delayed healing, as the ability to cope with the stressors decreases with 

increasing age [123]. Cellular senescence is a hallmark of aging. Senescent cells create 

a proinflammatory environment by senescence-associated secretory phenotype (SASP), 

which consists of proinflammatory mediators [124]. Senescence is a protective arrested 

state that cells enter into either to be repaired or discarded. The SASP inflammatory 

factors are released to attract immune cells for clearance of the senescent cells [125]. 

However, in aging, the immune system is not as efficient in clearing these senescent 

cells in a timely manner, thereby creating sustained levels of proinflammatory signals in 

the microenvironment. These increased levels of SASP can also influence nearby cells 

to enter a senescent state and release SASP, further increasing pro-inflammatory signals 

[126]. Macrophages play a central role in the aberrant healing of aged animals, and the 

secretion of inflammatory cytokines is a similar phenomenon shared by altered macrophage 

and senescent cells [127]. Macrophages are sustained and promoted by an accumulation 

of senescent cells during aging, and blocking macrophage recruitment and activity at the 

fracture site in old mice exhibits better fracture healing [128]. The delayed healing observed 

in the old mice was thought to be due to the upregulation of M1 pro-inflammatory gene 

signatures in macrophages residing in fracture calluses of aged mice [129, 130]. This 

sustained callus inflammation in old compared to young mice is attributed to the increase 

of M1 macrophage numbers and CD8+ cell gene expression [131]. Similarly studies in 

rat have shown that increased M1 macrophage function is accompanied by impaired M2 

macrophage function and leads to decreased bone healing with aging [132]. Not only 

are there differences in the balance of M1:M2 macrophages with increased age, but also 

their function and secretome are different. For example, macrophages found in young 

mice secrete lipoprotein receptor-related protein 1 (Lrp1) which provides the ability for 

normal fracture repair [133]. Macrophages from aged mice displaying delayed healing 

have been shown to secrete less Lrp1. The altered Lrp1 with aging is alleviated when the 

aged mice were anastomosed with young mice, which allowed the aged mice to regain 

fracture healing potential comparable to their young counterparts. Consistent with these 

observations, Lrp1 deletion in myeloid cells has been shown to exacerbate inflammation in 

mice as characterized by increased levels of proinflammatory cytokines and chemokines, 

[134] while its expression modulates inflammation for tissue repair [135, 136]. These studies 

illustrate the importance of immune regulation to achieve normal bone regeneration.

4. Application of biomaterials in modulating inflammation

Though our understanding of how elevated or protracted inflammatory response impairs 

healing is limited, studies have demonstrated the importance of regulating inflammatory 

response during repair, and how therapeutic strategies that restore the normal process of 

inflammation or its resolution, result in normal healing of bone tissues. Biomaterials that are 

immunomodulatory could be an important treatment strategy to modulate inflammation and 

promote healing. This result could be achieved by using materials that inherently modulate 

the inflammatory response or release active molecules (i.e., therapeutics) to promote 

resolution. Therapeutics can be incorporated into the biomaterial via conjugation or physical 

adsorption [137]. The release of drug molecules can be engineered to occur through one 
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or a combination of mechanisms such as hydrolysis, presence of tissue-specific enzymes, 

chemical moieties, or mechanical loading [17, 138–141]. Depending upon the complexity of 

injury and location, biomaterials are used in different forms (nano/microparticles, hydrogels, 

or solid scaffolds) to support bone tissue regeneration. The form of biomaterial is mostly 

determined by the type of bone injury. For instance, biomaterial scaffolds for large bone 

defects require additional structural features such as porosity and microarchitectures to 

promote infiltration of endogenous cells for vascularized bone tissue formation [142, 143]. 

However, almost all biomaterials elicit a foreign body response (FBR) immediately upon 

implantation, with the level of response dependent on the physical and chemical properties 

of the implant. The immune reaction to the scaffold plays a key role in determining 

the quality of tissue repair. Additionally, the degradation products can also contribute to 

inflammation. Therefore, it is importance to design biomaterials that elicit minimal acute 

response in vivo. Given the key role played by the proteins from the host tissue milieu 

on FBR, early attempts to design biomaterials were focused on using inert materials to 

minimize the host response. Some of the naturally occurring biomaterials such as high 

molecular weight hyaluronic acid and chitosan have been touted to exhibit some level of 

anti-inflammatory functions [144, 145]. Emerging studies demonstrate how biomaterials can 

be designed to interact with the host through tailored, mechanical, chemical, interfacial 

and topographical characteristics [146–148]. In the case of treating large defects, an ideal 

scaffold should contribute to immunomodulation, osteogenic properties, and angiogenesis to 

activate the necessary crosstalk between the cells in different phases of bone healing. While 

autologous bone grafts are still the gold standard to treat large defects, synthetic biomaterials 

containing calcium phosphate and bioceramics have been extensively used towards bone 

tissue repair. Besides degradation, it is very well established that many of the calcium 

phosphate biomaterials can serve as reservoirs of Ca2+ and PO4
3- ions. We have shown that 

biomineralized scaffolds containing calcium phosphate minerals with dynamic dissolution/

precipitation are osteoinductive and can be used to promote endogenous bone tissue repair 

[149]. Calcium and phosphate ions are the major dissolution products, and their presence 

in the extracellular milieu is known to be involved in inflammatory signaling pathways in a 

context-dependent and tissue-specific manner [150–152]. For example, the high extracellular 

Ca2+ -driven activation of the calcium receptor signaling cascade leading to the production 

of Wnt5A can downregulate TNF-α via NF-κB inhibition and thereby reduce inflammation 

[153–155]. We have shown that PO4
3- ions functioning through SLC20a1 on progenitor 

cells including bone marrow derived cells can increase the extracellular adenosine levels 

[96]. As described earlier, extracellular adenosine is well documented to contribute to 

anti-inflammatory signaling pathways [16, 88] and is also considered as a pro-resolving 

mediator.

In addition to the chemistry, the interfacial (wettability and surface microstructures) 

and physical properties (porosity and pore architecture) can also contribute to 

immunomodulation [156, 157]. For example, rough hydrophilic titanium implant surfaces 

polarize the adaptive immune system towards a pro-regenerative phenotype by enabling 

a faster resolution of inflammation that drives macrophages to recruit MSC and Th2 cell 

populations (Figure 3) [158]. Beyond the physicochemical properties, direct incorporation of 

bioactive molecules has also been widely used to stimulate a specific immune response and 
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cell-cell crosstalk. For instance, the positive effects of extracellular matrix (ECM) proteins 

on promoting M2/M1 ratio have been used to promote the immunomodulatory function 

of the biomaterial implants or scaffolds [159, 160]. Mansour et al. have incorporated 

bone ECM extracts into synthetic dicalcium phosphate bioceramics as a means to regulate 

immune response [161]. The scaffold coated with bone extract enriched with Ca+-binding 

ECM molecules showed decreased levels of pro-inflammatory cytokines (e.g., IL-1, TNF-α) 

and enhanced bone formation in a rat tibia fracture model. Similarly, heparinization of 

β-TCP has been proposed as a strategy to achieve immunomodulatory effects [162]. While 

the above discussion focused on tailoring material properties to regulate the inflammatory 

environment, biomaterials have also been extensively used towards the application of various 

mediators that resolve inflammation to improve bone healing. Biomaterials-assisted local 

delivery of the biomolecules is central to most of these approaches and is used in other 

applications including those in periodontal disease (Table 1).

4.1 Biomaterial-assisted delivery of cytokines

As the cytokines IL-4, IL-13, and IL-10 have been shown to resolve inflammation, 

delivery of these molecushowed decreased levels of pro-inflammatory cytokinesles have 

been extensively explored to promote fracture healing. Combined delivery of IL-4 and 

IL-13 from a collagen sponge increased the M2 macrophage population and enhanced bone 

healing of a mouse femoral fracture [39]. Another study showed that co-delivery of IL-4 and 

the chemoattractant SDF-1 from gelatin hydrogels improved periodontal bone regeneration 

in diabetic rats, decreased the number of M1 macrophages, and increased the number of M2 

macrophages and MSCs in the callus [53]. Local delivery of IL-4 alone reduced bone loss in 

a polyethylene particle-induced calvarial osteolysis model [54] and increased bone mineral 

density with transplantation of MSCs overexpressing IL-4 in a murine femoral defect [163]. 

Delivery of IL-4 using gelatin microspheres restored bone regeneration in a mandibular 

periodontal defect in diabetic rats which was associated with improved M2/M1 macrophage 

ratio and reduced TNF-α expression [55]. Similarly, injection of different doses of IL-4 to 

pre-implanted decellularized bone matrix in a rat cranial defect was found to increase the 

local M2/M1 macrophage ratio and IL-10 levels in the milieu while decreasing TNF-α and 

improving bone formation [164]. In this study, a low dose (10 ng) of IL-4 showed better 

bone healing compared to the higher doses (50 and 100 ng). The authors speculate that 

the low dose creates an optimal M2/M1 macrophage ratio, while the higher dose results in 

abundant M2 macrophages in the local milieu contributing to the formation of foreign body 

giant cells and fibrosis [165].

Growth factors are well known for their direct role on chondrocyte differentiation and 

osteoblast commitment aside from their effect on resolving inflammation [60] and have 

thus been extensively used to promote bone healing. Given the key role played by TGF-β 
in osteoblast commitment, its delivery has been extensively used to promote bone tissue 

repair [15, 166, 167]. While most of these regenerative studies have primarily focused on 

the ability of TGF-β to promote bone formation, given its role in resolving inflammation, 

it is plausible that the positive effects of TGF-β could also arise from its function as a 

pro-resolving mediator. While there is a lack of studies that have directly examined whether 

delivery of TGF-β1 elicits immunomodulation during bone tissue repair, studies involving 
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other tissues clearly demonstrate the role of immunomodulation during tissue repair. For 

example, delivery of TGF-β1 by poly-lactide-co-glycolide (PLG) scaffolds implanted into 

epididymal fat pads has been shown to decrease leukocyte numbers and inflammatory 

molecules such as TNF-α, IL-12, and MCP-1 [168]. The inflammatory response was also 

found to be reduced when polyurethane (PU) conjugated with TGF-β1 was implanted into 

skeletal muscle as evident by decreased monocyte/macrophage infiltration [169]. These 

studies suggest that the improved bone healing observed following intervention using 

TGF-β1 may also involve regulation of the local osteoimmune environment. Similar to 

TGF-β1, the growth factor IGF-1 has been delivered from biomaterials for bone repair. 

A study encapsulated IGF-1 in PLGA microspheres and implanted them into sheep long 

bone defects (humeral or femoral drill holes, and tibial segmental osteotomy) [19]. In both 

models, the biomaterial-mediated delivery of IGF-1 augmented bone healing and reduced 

the expression of inflammatory markers IL-6, IL-1β, and iNOS. Toung et al. investigated 

the effect of IGF-1 and IGF-2 for critical-sized facial defects in rats using collagen type 

I gels to deliver IGF-1, IGF-2, or a combination of both [170]. All IGF-infused scaffolds 

resulted in significantly enhanced bone healing when compared to non-loaded gels. Given 

its role in mitigating inflammation and promoting bone regeneration, it would be interesting 

to examine how IGF-1 regulates the resolution of inflammation in the context of bone 

regeneration and how it promotes bone healing through immunomodulation.

4.2 Lipid mediators

Lipid mediators are the prototypical molecules characterized for the resolution of 

inflammation. Resolvin D1 (RvD1), a DHA metabolite that is secreted by M2 macrophages 

[171], improved bone formation in a rat femoral defect when delivered using a chitosan 

scaffold [172]. It also increased the presence of M2 macrophages and enhanced bone 

formation in mouse femoral defects when loaded in gold nanocages coated with LPS­

stimulated macrophage cell membranes (BANC) and implanted with a mesoporous bioactive 

scaffold [173]. Prostaglandins are another type of lipid mediator derived from omega-6 

fatty acids that are particularly important in bone repair. The prostaglandin 15-Deoxy-

∆12,14-prostaglandin J2 (15d-PGJ2) can be released by M1 macrophages and exhibits anti­

inflammatory properties acting as a pro-resolving molecule [174–176]. Treatment of a rat 

femoral defect with a collagen sponge loaded with free 15d-PGJ2 or a collagen sponge 

containing 15d-PGJ2-loaded PLGA nanoparticles decreased expression of inflammatory 

cytokines IL-6, IL-1β, and TNF-α, upregulated the levels of bone regenerating molecules 

BMP-6 and PDGF-B, and promoted bone formation [177]. Furthermore, 15d-PGJ2-loaded 

PLGA nanoparticles in a collagen sponge provided better outcomes when compared to free 

15d-PGJ2 in a collagen sponge, possibly due to its prolonged release and bioavailability. 

In another study, delivery of free 15-dPGJ2 by a collagen sponge in a fibula segmental 

defect demonstrated some evidence of regeneration, although not significant [178], further 

signifying how the use of PGs can be used to promote fracture healing. Using synthetic 

analogs of PG is another strategy used to activate PG signaling. Iloprost, a synthetic 

analog of prostacyclin (PGI2), has been used to modulate the inflammatory response during 

bone repair [179]. PGI2 receptor (IP) is present on different immune cell populations 

and exhibits anti-inflammatory and immunosuppressive properties [180]. Results showed 

that treatment with Iloprost loaded in a fibrin scaffold decreased CD8+IFNγ+ T cells, 
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decreased M1 macrophages, increased M2 macrophages, and improved fracture repair of 

the femur. Lipoxins are a group of lipid mediators that are derived from omega-6 fatty 

acids and are synthesized and released by various cells including platelets and neutrophils 

[181]. Delivery of lipoxin A4 analog, benzo-lipoxin A4, with the help of carriers derived 

from neutrophils improved bone formation in chronic periodontal defects of miniature 

swine [182]. Furthermore, direct delivery of fatty acids such as oleic acid has also been 

utilized for bone repair [183]. Oleic acid is an omega-9 monounsaturated fatty acid with 

anti-inflammatory properties [184], and its release from polycaprolactone (PCL) scaffolds 

implanted in a rat tibial defect has been shown to promote bone regeneration [183].

4.3 Adenosine

Fundamental understandings in animal models demonstrate that adenosine and its receptor 

signaling are required for normal healing, and several studies have explored the feasibility 

of delivering pharmaceutics that target adenosine receptors for bone healing. Current 

understandings of adenosine suggest that its contribution to bone healing is multi-faceted. 

While substantial efforts have focused on the direct effect of adenosine receptor signaling 

on osteogenesis of the fracture environment, minimal studies have examined the role 

of adenosine and its receptors on the fracture immune environment. A recent study 

found that local delivery of the A2A receptor agonist CGS 21680 using fibrin in rat 

transverse tibial fractures improved healing that corresponds to diminished inflammatory 

response as demonstrated by a decrease of IL-6, increased Treg, and decreased Th17 

[185]. Bone formation was improved by delivering adenosine from layered magnesium 

iron hydroxide nanocarriers (MgFe-Ado-LDH) into rat tibial defects [186]. Given that 

injuries like bone trauma induce adenosine release, our group has designed a scaffold 

that reversibly sequesters adenosine in the fracture environment to leverage the surge of 

extracellular adenosine following injury to prolong local adenosine signaling (Figure 2) [17]. 

Our results showed implantation of these scaffolds increased angiogenesis and accelerated 

bone healing in situ. Another method to increase extracellular adenosine levels is to inhibit 

their cellular uptake by equilibrative nucleoside transporter 1 (ENT1). One such compound 

is dipyridamole that inhibits cellular uptake of extracellular adenosine by targeting ENT1 

and subsequently increasing the extracellular adenosine level. A number of studies have 

shown that local release of dipyridamole from a collagen sponge or HAp/βTCP scaffold 

increased bone formation in cranial defects of mice and sheep [102, 187]. The potent effect 

of dipyridamole on bone healing was also demonstrated in a rabbit model of segmental 

radial defect when released from bioactive ceramics [188]. Since the A2A receptor promotes 

osteoblast activity, its effect on bone tissue repair was also tested using an agonist. Local 

delivery of A2A receptor agonist CGS 21680 using a collagen sponge to treat mouse cranial 

defects and using fibrin to treat rat transverse tibial fractures showed improved healing [102, 

185]. Despite extensive understandings with respect to the potent anti-inflammatory and 

bone-forming effect of adenosine signaling, these studies were carried out independently. 

A detailed and systematic study is needed to unravel how adenosine directly regulates the 

inflammatory immune response and subsequently contributes to bone regeneration. Given 

the multi-functionality of adenosine signaling, it is plausible that extracellular adenosine 

influences different phases of bone healing in a context-dependent manner.
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5. Conclusion and Future Perspective

The emerging understanding of the role of inflammation in tissue regeneration has led to 

a paradigm shift in approaches that harness the inflammatory cells to promote healing. 

While inflammation is an essential mechanism to initiate healing, a timely and efficient 

resolution of inflammation is necessary for the formation of a pro-regenerative environment. 

Spatiotemporal modulation of immune cell functions and their interactions with tissue­

specific cells, including progenitor cells, is vital to promote bone tissue regeneration. Further 

understanding of the anti-inflammatory and/or pre-resolving molecules and their temporal 

and cell-specific functions will significantly contribute to their successful therapeutic 

applications.

Application of specialized pro-resolving mediators that orchestrate key cellular process 

driving resolution of acute inflammation and generating a pro-regenerative environment 

to promote bone healing is highly attractive. Local delivery of these molecules at the 

injury site circumvents the challenges of systemic pharmacokinetics and off-target effects. 

Biomaterials play a central role in these strategies as they can aid localized delivery of 

pro-resolving mediators into the injury site. Bone tissue regeneration is multi-factorial 

and involves multiple cytokines and cell populations. Hence, therapeutic interventions that 

integrate multiple signaling pathways and inflammatory mediators should be developed to 

promote better therapeutic outcomes. However, a greater understanding of the action of 

these molecules and specific cell populations involved, selectivity, and downstream signaling 

in bone tissue in health and diseases is needed to provide a foundation for therapeutic 

targeting and pharmacokinetic studies. Emerging studies also imply that the time and 

mode of administration of the pro-resolving mediators needs to be custom tailored to 

achieve the therapeutic outcome. For example, studies utilizing SPMs like MaR1 required 

administration of the molecule following 3 days post-fracture to observe any therapeutic 

outcome, while application of adenosine immediately following injury showed therapeutic 

benefits. These observations suggest the need for a candidate-dependent delivery strategy 

to meet the spatiotemporal function. The advent of stimuli-responsive materials can be 

harnessed to precisely control the time, dose, and duration of these therapeutic molecules 

[140, 189]. A biomaterial-based approach that senses the environment and accordingly 

releases the appropriate biomolecule to temporally regulate the immune and progenitor 

cells to stimulate a regenerative environment and restore tissue homeostasis will advance 

the translational potential. Further studies in bone injury, including local interventions and 

temporal analyses of cells at the single cell resolution and microenvironmental factors, will 

provide much needed insight into the mediators and processes that govern resolution of 

inflammation at the injury site.

It is interesting to note that some molecules have pleiotropic functions in 

immunomodulation, osteogenesis and/or angiogenesis. These multi-functional molecules 

could be ideal therapeutic candidates to promote bone repair. Leveraging such multi­

functional molecules that can regulate various relevant signaling pathways and cell 

populations will further advance the current efforts focusing on endogenous healing 

mechanisms to promote bone regeneration and fracture repair. In the case of bone tissue 

repair, biomaterials have also been used as bone grafts for treating large bone defects. 
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Most of these approaches target a single biological event and lack approaches that can 

target different phases of bone healing and drive dynamic crosstalk between various 

cell populations. Incorporation of molecules with pleiotropic functions could also have a 

significant impact in improving the functions of bone grafts.

To date, although many biomaterials have been developed that promote fracture healing and 

also contribute to immunomodulation, most of the research has yet to be translated into 

the clinic. Currently, autografts or allografts are the most frequently used bone grafts, and 

given their biological origin, they could provide some beneficial effect towards resolution 

of inflammation although this is not very well established. Other widely used biomaterials 

containing calcium phosphate minerals that are shown to promote fracture healing can 

potentially contribute to immune modulation via sequestration of growth factors [190, 

191], other pro-resolving mediators, or by contributing to the extracellular adenosine [96]. 

Recently the FDA approved a bioresorbable thermoset screw that releases citrate molecules, 

which has been shown to exhibit anti-inflammatory functions [192, 193]. Although still 

in its infancy, the emerging evidence overall strongly indicates that therapeutic approaches 

integrating molecules that can actively resolve acute inflammation will be an efficient 

therapeutic strategy to promote bone tissue repair and mitigate delayed healing and non­

unions.
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Figure 1. 
Illustration of proposed immune cell and molecule interactions that contribute to resolution 

of inflammation during bone healing. DHA: docosahexaenoic acid, EPA: eicosapentaenoic 

acid, RvD1: resolving D1, PGJ2: prostaglandin J2, MaR1: maresin 1, RvE1: resolvin E1, 

LXA4: lipoxin A4, TGF-β: transforming growth factor-beta, IL-4: interleukin-4, IL-10: 

interleukin-10, IL-13: interleukin-13, Breg: Regulatory B cell, Treg: regulatoru T cell, Th1: 

T helper 1. Th2: T helper 2.
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Figure 2. 
Schematic of PBA- mediated adenosine sequestration. a) 3-(Acrylamido)phenylboronic acid 

(PBA) contains a boronic acid moiety (circled) that forms a dynamic covalent complex of 

cyclic boronate ester with cis- diol- bearing adenosine. b) A PBA-conjugated biomaterial 

sequesters surge of extracellular adenosine at the fracture site after injury and sustains 

elevated and localized adenosine levels to accelerate fracture repair. c) 3D reconstructions 

and corresponding radiographs of the fractured tibiae at 21 d post-injury treated with various 

biomaterial patches. White boxes enclose the callus regions. Scale bars: 1 mm. d) Bone 

volume ratio (BV/TV) of calluses quantified from figure (c) at 21 d post-fracture. Reprinted 

with permission from [17].
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Figure 3. 
Anti-inflammatory macrophage activation generated by biomaterial surface properties. a) 

Summary of immune response generated by a hydrophilic surface. b) Qualitative assessment 

of surface topography through scanning electron microscopy at 1kX and 25kX of Ti 

implants. c) Indirect measurement of surface wettability through contact angle of smTi, 

rTi, r-hydro Ti. d) Schematic of surgery. e) CD45 + CD11b + CD68 + Macrophages adhered 

to implant. Changes in CD45−CD90+Sca-1+ MSCs at implant surface *p < 0.05 vs. rTi. 

f) Changes in T-cell populations at implant, (n = 6) The greatest changes in T-helper 

cell populations with surface properties was found in anti-inflammatory Th2 and Treg 

populations. The greatest percent of these populations were found on r-hydro Ti implants. 

*p < 0.05 vs. sham, # vs. rTi. (smTi = smooth titanium, rTi = rough titanium, r-hydro Ti= 

rough-hydrophilic titanium). Reprinted with permission from [158].
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Table 1.

Selected list of mediators involved in resolution of inflammation used as therapeutics for bone regeneration

Class Molecule Biomaterial Injury model Treatment outcome References

Cytokines IL-4+IL-13 Collagen sponge Mouse (C57BL/6N); 
femoral osteotomy (0.7 
mm)

Enhanced bone formation 
(microCT); increased M2 
macrophages

Claudia 
Schlundt, 2018

IL-4+SDF-1 Gelatin Rat (Sprague-Dawley); 
periodontal defect (2×2 
mm)

Improved periodontal 
regeneration (histology, 
microCT); decreased M1 
macrophages; increased 
M2 macrophages; increased 
MSCs

He, 2019

IL-4 Nanofibrous gelatin 
microspheres

Rat (Sprague-Dawley), 
diabetic; mandibular 
periodontal defect (3×2×1 
mm)

Restored bone regeneration 
(histology, microCT); 
recovered M2/M1 
macrophage ratio; reduced 
TNF-alpha

Hu, 2018

IL-4 Decellularized bone 
matrix reservoir

Rat (Sprague Dawley); 
cranial defect (5 mm)

decreased TNF-α levels Zheng, 2018

Anti TNF­
alpha antibody 
(Infliximab)

Systemic (free 
molecule) delivery

Mouse (Tg197); femoral 
fracture (closed)

Benefited fracture healing 
(histology, biomechanical 
test)

Timmen, 2014

TGF-beta1 Cellulose Rabbit; cranial defect (15 
mm)

Enhanced bone formation 
(histology and X-ray)

McKinney, 1996

TGF-beta1 Chitosan/collagen 
microgranules

Rabbit (New Zealand); 
cranial defect (8 mm)

Enhanced bone regeneration 
(histology)

Lee, 2006

TGF-beta1 Porous 
oly(propylene 
fumarate) scaffold

Rabbit (New Zealand); 
cranial defect (6.3 mm)

Adequately induced bone 
formation (histology)

Vehof, 2002

TGF-beta1 CaP/Gelain 
microparticles

Rabbit (New Zealand); 
femoral

Enhanced bone remodeling 
(histology, biomechanical

Link, 2008

IGF-1 Poly(lactide-co­
glycolide) 
microspheres 
(PLGA MS)

Ovine; methaphyseal 
drill hole (8-mm) and 
segmental tibia defect 
(10-mm)

New bone formation 
and bridging, reduced 
inflammation

Meinel, 2003

IGF-1/IGF-2 ColI gel Rat (Sprague-Dawley); 
facial critical-sized
defect (5×15 mm)

Osseous healing, 
IGF-2<IGF-1/IGF/2<IGF-1

Toung, 1999

Lipids Resolvin E1 Local injection, no 
scaffold

Mouse (FVB and 
chemR23tg); cranial 
defect (1 mm)

Accelerated bone healing 
(histology)

Gao, 2013

Maresin1 Systemic (free 
molecule) delivery

Mouse (C57BL/6J), aged; 
transverse tibial fracture

Improved fracture healing 
(histology, microCT, 
biomechanical testing); 
decreased local pro­
inflammatory macrophages; 
decreased circulating IL-6, 
IL-10, TNF-alpha, KC, 
IL-1beta, MCP-1

Huang, 2020

Resolvin D1 Chitosan scaffold Rat (Wistar); femoral 
defect (3 mm)

Improved bone repair 
(histology, micrCT)

Vasconcelos, 
2018

Resolvin D1 Macrophage cell 
membrane-coated 
gold nanocage 
in boron-containing 
mesoporous 
bioactive glass 
scaffold

Mouse (C57BL/6); 
femoral defect (1 mm)

Enhance bone regeneration 
(histology); increased M2 
macrophages

Yin, 2020

15-Deoxy­
prostaglandin J2

Collagen sponge/
PLGA nanoparticle

Rat (Wistar); femoral 
defect (5 mm)

Increased bone formation 
(histology); decreased 

Tang, 2017
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Class Molecule Biomaterial Injury model Treatment outcome References

IL-6, IL-1beta, TNF-alpha; 
increased BMP-6 and 
PDGF-B

15-Deoxy­
prostaglandin J2

Collagen sponge Rat (Sprague Dawley); 
fibula segmental defect (7 
mm)

Small improvement in bone 
formation (X-ray, histology, 
microCT)

Nam, 2019

PGI2 analog 
(Iloprost)

Biphasic fibrin Mouse (C56BL/6N); 
femoral osteotomy (0.7 
mm)

Improved fracture healing 
(Histology, microCT); 
decreased CD8+IFNγ+ 
T cells; decreased M1 
macrophages; increased M2 
macrophages

Wendler, 2019

Lipoxin A4 analog 
(Benzo-lipoxin A4)

Neutrophil 
microparticles

Miniature swine; chronic 
periodontal defect

Improved bone formation 
(histology, microCT); 
decreased inflammatory 
cell infiltration; increased 
lipoxins and resolvins; 
decreased PGE2 and PGD2

Van Dyke, 2015

Oleic acid Porous PCL 
scaffold

Rat (Wistar); tibial defect 
(3 mm)

Improved bone formation 
(histology)

Cardoso, 2017

Purine 
(Adenosine)

Adenosine Layered MgFe 
hydroxide 
nanocarriers/gelatin 
gel

Rat (Sprague-Dawley); 
tibial defect (4 mm)

Increased bone healing 
(histology, microCT)

Kang, 2017

Adenosine PEG-PBA 
macroporous 
scaffold

Mouse (C57BL/6J); 
transverse tibial fracture

Improved bone healing 
(histology, microCT); 
increased angiogenesis

Zeng, 2020

A2A receptor 
agonist (CGS 
21680)

Collagen sponge Mouse (C57BL/6 and 
A2A KO); cranial defect 
(3 mm)

Enhanced bone regeneration 
(histology, microCT)

Mediero, 2015

ENT inhibitor 
(Dipyridamole)

Collagen sponge Mouse (C57BL/6 and 
A2A KO); cranial defect 
(3 mm)

Enhanced bone formation 
(histology, microCT)

Mediero, 2015

ENT inhibitor 
(Dipyridamole)

HAp/beta-TCP 
scaffold

Mouse (C57BL/6); cranial 
defect (3

Enhanced bone regeneration 
(histology, microCT)

Ishack, 2017

A2A receptor 
agonist (CGS 
21680)

Fibrin gel Rat (Sprague-Dawley); 
transverse tibial fracture, 
burnt periosteum

Accelerated bone healing 
(histology, X-ray, microCT)

Zheng, 2020

ENT inhibitor 
(Dipyridamole)

Beta-TCP scaffold Sheep (Dorset/Finn); 
cranial defect (11 mm)

Improved bone regeneration 
(histology, microCT)

Bekisz, 2018
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