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Abstract

Macrophages are major upstream regulators of the inflammatory response to implanted 

biomaterials. Sequential functions of distinct macrophage phenotypes are essential to the normal 

tissue repair process, which ideally results in vascularization and integration of implants. Improper 

timing of M1 or M2 macrophage activation results in dysfunctional healing in the form of chronic 

inflammation or fibrous encapsulation of the implant. Thus, biphasic drug delivery systems that 

modulate macrophage behavior are an appealing approach to promoting implant integration. In 

this review, we describe the timing and roles of macrophage phenotypes in healing, then highlight 

current drug delivery systems designed to sequentially modulate macrophage behavior.
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1. Introduction

The importance of understanding and modulating the inflammatory response is becoming 

increasingly appreciated for biomaterials in regenerative medicine. Biomaterial implantation 

immediately stimulates the innate immune system to elicit a response that normally occurs 

in sequential phases, beginning with inflammation and followed by tissue proliferation and 

maturation [1]. This process may result in failed biomaterial integration via the foreign body 

response (FBR), in which immune cells encapsulate the implant to permanently isolate it 

from the surrounding environment (Figure 1). On the other hand, the innate immune 

response can also promote successful integration by vascularizing the implant, allowing for 

the delivery of oxygen and nutrients to the regenerating tissue [2]. Therefore, understanding 

and controlling how immune cells mediate the FBR versus tissue integration is of paramount 

importance.
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The immune system’s reaction to implants is largely directed by macrophages, which can 

change their phenotype to promote inflammatory or healing functions. Because of the 

sequential nature of macrophage activities, as well as their plasticity as regulators of healing, 

the design of drug delivery systems that can sequentially modulate macrophage phenotype 

has become a popular approach to promoting implant integration. The advantages of 

focusing on macrophages are especially apparent when considering the complexities of even 

normal healing. For example, a study by Kuttappan and colleagues highlighted the 

limitations of drug delivery strategies that deliver two or even three growth factors in 

promoting tissue repair [3]. To treat critical-sized calvarial defects in rats, they used a silica 

scaffold coated with nanohydroxyapatite-gelatin and reinforced with poly(L-lactic acid) to 

release bone morphogenetic protein-2 (BMP-2) in combination with either fibroblast growth 

factor-1 (FGF-1) or vascular endothelial growth factor (VEGF). Although FGF-1/BMP-2 

release resulted in improved stem cell migration, the VEGF/BMP-2 system was better at 

promoting neoangiogenesis, suggesting that multiple factors are required to promote the 

many different aspects of tissue regeneration. Moreover, the dose and timing of the delivered 

factors are likely to be critical as well. Current drug delivery systems are limited in the 

number of cytokines and growth factors that can be loaded into a single device. However, the 

modulation of macrophage phenotype may require fewer components, since macrophages 

are upstream regulators of healing and secrete many essential growth factors at tightly 

regulated doses and timing. Therefore, immunomodulatory designs are attractive options for 

tissue engineers looking to promote more efficacious implant integration. In this review, we 

will provide an overview of the timing and roles of macrophage phenotypes in tissue repair, 

then discuss the various engineering approaches that have been proposed to sequentially 

modulate macrophage phenotype.

1.1. Macrophage phenotypes

Macrophages are major regulators of tissue repair, and observation of normal healing reveals 

the emergence of distinct phenotypes in sequential phases. The initial stage is marked by the 

presence of mostly pro-inflammatory macrophages [4, 5], but lasts for only a short time 

before giving way to the next phase, in which macrophages with a distinct and non-

inflammatory phenotype dominate [6]. Although it has been suggested that the latter 

phenotype is recruited to the site of injury [7], a growing body of evidence shows that pro-

inflammatory macrophages are able to repolarize into this less-inflammatory population, 

suggesting a potential for in situ transition [8-10].

A variety of terminologies, each presenting unique advantages and disadvantages, have been 

used to describe these two contrasting phenotypes (for more extensive reviews of this topic, 

see Murray et al. [11] and Spiller and Koh [12]). Most commonly, pro-inflammatory 

macrophages are referred to as M1, while macrophages that dominate later stages of wound 

healing are called M2, following the Th1/Th2 nomenclature. However, current research 

shows that macrophages can exhibit a wide range of phenotypes, with very context-

dependent functions [13]. For instance, several M2 subtypes have been identified, including 

M2a, M2b, and M2c, each with distinct behaviors and biological markers [14-16].
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These phenotypes can be modeled in vitro through the addition of various stimuli. 

Macrophage colony-stimulating factor (MCSF) differentiates monocytes into macrophages 

(M0) [17]. Interferon-γ (IFNγ), a cytokine produced by natural killer and T helper 1 cells, 

is primarily used with or without lipopolysaccharide (LPS) to polarize macrophages to the 

M1 phenotype [13]. Once activated, M1 macrophages produce pro-inflammatory and 

microbicidal cytokines such as interleukin-1-beta (IL-1β), IL-6, tumor necrosis factor-α 
(TNFα), and nitric oxide [13, 18, 19]. M2 macrophages are polarized via the cytokines IL-4 

and IL-13 (M2a) [19], or IL10 (M2c) [20]. M2a macrophages secrete factors associated with 

later stages of wound healing, such as platelet-derived growth factor-BB (PDGF-BB), tissue 

inhibitor of metalloproteinase-3 (TIMP3), and transforming growth factor-beta 1 (TGF-β1) 

[21, 22]. M2c macrophages secrete high levels of MMPs and may be involved in early stages 

of wound healing [20], although the lack of distinguishing markers for the different M2 

subtypes in murine macrophages has hindered investigations into their timing.

The precise roles of each population of macrophages in tissue repair are poorly understood, 

but it is clear that dysfunctional regulation of macrophage phenotype can hinder healing 

(Figure 2). The early presence of M1 macrophages indicates their function in the initiation 

of tissue regeneration, but chronic M1 activity can delay or prevent total repair [23]. For 

instance, Sindrilaru et al. demonstrated in a murine model that persistent M1 macrophage 

activation with iron results in failure to completely transition to the M2 phenotype as well as 

impaired wound healing [6]. Uncontrolled M2 activation, on the other hand, is thought to 

lead to fibrosis [24-26], though some studies have suggested a potential role for M1 

macrophages in fibrosis as well [27]. Importantly, this fibrotic activity may lead to fibrous 

encapsulation of biomedical implants, which prevents complete integration. Therefore, 

systems that attempt to direct macrophages to promote healing must tightly control temporal 

activation.

1.2. Macrophage functions in the foreign body response

When biomaterials are implanted to treat a serious injury, a fibrous capsule may form around 

them as part of the FBR. The fibrous capsule is a natural defense mechanism used by the 

immune system to separate foreign materials from the rest of the body [28]. This separation, 

however, prevents the biomaterial from properly integrating into the implantation site. 

Fibrous capsule formation is a problem that has long affected implanted biomaterials, and 

researchers have tried to elucidate the specific role of macrophages, with inconsistent 

results. Macrophages have been implicated in both propagating the FBR as well as reducing 

it, indicating that their role is likely complicated and context-dependent. For instance, Bank 

et al. depleted macrophages in macrophage fas-induced apoptosis (MaFIA) mice from four 

days before through seven days after subcutaneously implanting collagen discs [29]. They 

found that macrophage depletion caused significantly more fibrous capsule formation at day 

seven compared to non-macrophage-depleted mice, implicating macrophages in inhibition of 

fibrous capsule formation.

In contrast, Doloff et al. depleted macrophages in mice using clodronate liposomes from 

three days before through eleven days after intraperitoneal injection of alginate spheres, 

resulting in significantly reduced fibrous encapsulation at day fourteen compared to 
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untreated mice, suggesting macrophages promote fibrous capsule formation [30]. Similarly, 

Dondossola et al. used clodronate liposomes to deplete macrophages in mice before 

implanting calcium-coated polycaprolactone electrospun scaffolds [31]. While they found 

fibrous capsule formation was greatly reduced in macrophage-depleted mice at day fourteen, 

blood vessel count was also inhibited, which would be detrimental for proper implant 

integration.

Together, the results of these studies illustrate the complexity of the role of macrophages in 

the FBR. In some cases, macrophages help to inhibit fibrous capsule formation, while in 

others the absence of macrophages reduced capsule thickness. One reason for these 

conflicting results may lie in the proper timing of macrophage polarization.

2. Early and transient activation of M1 macrophages is essential for 

implant integration

Though it is likely the most well-known and well-described macrophage phenotype, the role 

of the M1 macrophage in healing and implant integration remains controversial. Concerns 

over the involvement of M1 macrophages in chronic inflammation have led many 

researchers to shy away from strategies that promote this phenotype. However, there is 

growing evidence that early short-term M1 activation is not only beneficial to healing – it is 

critical.

2.1. M1 macrophage secretions induce healing

The duties of M1 macrophage secretions are almost certainly not limited to inflammation. 

Recent studies have shown that the secretions of M1 macrophages may play a role in 

additional aspects of healing, such as promoting angiogenesis and inhibiting fibrosis.

Nitric oxide is classically known as one of the main antimicrobial and cytotoxic byproducts 

of M1 macrophages [32]. To investigate its supplemental functions, Cassini-Vieira et al. 

implanted polyether-polyurethane discs into mice deficient in inducible nitric oxide synthase 

(iNOS), an isoform of nitric oxide synthase that is upregulated in M1 macrophages [33]. 

Compared to wild-type mice, iNOS-/- mice displayed decreased hemoglobin, VEGF, and 

vascularization, suggesting nitric oxide production contributes to angiogenesis. Additionally, 

the implants in iNOS-/- mice had greater fibrous encapsulation, which may indicate a role 

for nitric oxide in reducing fibrosis.

TNFα is both a product and potential inducer of the M1 phenotype, making it a cytokine of 

particular interest. Lemos et al. demonstrated that TNFα is responsible for inducing 

apoptosis in fibro/adipogenic progenitors (FAPs), which would otherwise differentiate into 

fibrogenic cells, and that the primary producers of TNFα are M1 macrophages [34]. On the 

other hand, M2-secreted TGF-β1 prevents FAP apoptosis, leading to matrix deposition. The 

authors suggest that normal healing exhibits a natural progression starting with TNFα 
activity, followed by TGF-β1 in the proliferation stage when matrix deposition is necessary. 

Insufficient TNFα in the early phase of healing, however, may instead lead to pathological 

fibrosis.
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2.2. M1 macrophages positively modulate mesenchymal stem cells

Mesenchymal stem cells (MSCs) are commonly utilized in immunomodulatory designs, due 

to their capacity for isolation and expansion, ability to differentiate into various cell types, 

and potential anti-inflammatory properties [35]. Several studies have shown that pro-

inflammatory environments mediated by IFNγ are necessary to prime MSCs for 

immunosuppressive activity [36-38]. Furthermore, M1 macrophages may specifically exert 

pro-healing influence on MSCs. For example, Wang et al. induced an M1-like phenotype in 

murine RAW 264.7 macrophages using biphasic calcium phosphate (BCP) ceramic 

degradation particles, then exposed MSCs to conditioned media from those macrophages 

[39]. As a result, MSCs cultured with the macrophage-conditioned media exhibited 

increased migration and osteoblastic differentiation.

In a similar study, Lu et al. co-cultured murine MSCs with murine bone marrow-derived M0, 

M1, or M2a macrophages to determine downstream effects on osteogenesis [40]. While all 

cocultures increased osteogenesis compared to MSCs cultured alone, M1-MSC co-cultures 

showed the greatest extent of bone mineralization, which was linked to increased production 

of prostaglandin E2.

2.3. M1 macrophages promote angiogenesis

The idea that M1 macrophages contribute to angiogenesis, a vital aspect of successful 

implant integration, has caused some debate. It was long thought that M1 macrophages were 

anti-angiogenic, and M2 macrophages pro-angiogenic. Conflicting reports further clouded 

the answer to this question [21,41, 42].

Tattersall et al. used a bead-based capillary sprouting assay to observe the effects of M1 and 

M2a macrophages on endothelial cell sprouting [43]. M1 macrophages facilitated the 

greatest number and longest sprouts by day 4, which the authors attributed to increased 

Notch signaling. M2a activation did not increase sprouting and appeared to shorten the 

length of sprouts. In a similar study, Gurevich et al. co-cultured primary human M1 or M2a 

macrophages with human umbilical vein endothelial cells (HUVECs) on a layer of 

fibroblasts [44]. The M1 macrophages induced the highest total vessel length in HUVECs 

compared to the M0 control or M2a groups, due to a significant increase in VEGF 

production. Both of these findings support an earlier study from Spiller et al., in which M1 

macrophages secreted more VEGF and induced more HUVEC sprouting than M2a 

macrophages [21]. In contrast, Jetten et al. showed that murine endothelial cell tube 

formation was inhibited by murine M1 macrophages and promoted by M2a and M2c 

macrophages [42]. The conflicting results from these studies may reflect mouse-human 

differences, or other unknown experimental differences.

Gurevich et al. also ablated macrophages in zebrafish before and throughout the first few 

days following needlestick injury, which resulted in impaired neoangiogenesis [44]. 

Furthermore, early treatment with IFNγ in non-macrophage-depleted injuries improved 

angiogenesis compared to those treated with M2c-promoting IL-10 or a vehicle control. 

Together, these recent studies strengthen the argument that M1 macrophages promote 

healthy angiogenesis through multiple mechanisms.
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2.4. Depletion of M1 macrophages impairs healing

The depletion of macrophages through diphtheria toxin receptor (DTR) mice or clodronate-

loaded liposomes has proven to be highly useful in probing the temporally specific roles of 

macrophage phenotypes in healing. Interestingly, when macrophages were ablated before or 

directly after injury (in which macrophages exhibit a predominantly M1 phenotype), healing 

outcomes were severely diminished [45, 46]. Sandberg et al. used clodronate liposomes to 

ablate macrophages in a murine cancellous bone injury model [47]. When administered at 

one or four days before injury, the liposomes decreased macrophages at day one up to day 

three post-injury. As a result, the newly formed bone displayed significantly less strength 

and density compared to controls. Contrastingly, when clodronate was administered on day 

one or three after injury, the effects on bone healing were not as severe and were statistically 

insignificant.

Using a murine fat graft model, Cai et al. conducted a study to determine the behavior of 

macrophages in the initial stages of allogenic graft transfer [48]. Immediately after fat 

grafting, mice were treated with either clodronate liposomes to deplete macrophages, or 

MCSF to stimulate macrophages, for one week. At twelve weeks post-transfer the fat grafts 

were explanted and evaluated. Compared to the untreated control, the grafts in the depletion 

group weighed the least, displayed the least vascularization, and had the poorest survival. 

The group that received MCSF stimulation, however, showed significant improvement on all 

counts.

2.5. Recruitment/promotion of M1 macrophages induces healing

Not only does inhibition of M1 macrophages impair healing, but actively recruiting or 

promoting the M1 phenotype has been shown to actually promote healing. For example, 

Hsieh et al. treated hindlimb ischemia in mice with either M1 or M2a exogenously polarized 

macrophages one day after injury [49]. While early M1 treatment resulted in increased blood 

flow and accelerated muscle regeneration compared to the saline control, early M2a 

treatment did not. In fact, early M2a treatment resulted in fibrosis, with increased collagen 

deposition.

Monocyte chemoattractant protein-1 (MCP-1) is a powerful chemokine responsible for 

recruiting circulating monocytes to the site of injury, especially during the inflammatory 

stage [50]. Hoh et al. loaded MCP-1 in PLGA coils to enhance recruitment of macrophages 

in mice with aneurysms [51]. In a prior study, these coils displayed sustained release of 

MCP-1 over the course of three weeks [52]. MCP-1-loaded coils displayed increased M1 

recruitment in the first week compared to PLGA-only coils, though both treatments 

demonstrated an early spike followed by a decline in M1 macrophages [51]. MCP-1 coils 

also recruited significantly more M2 macrophages in weeks two and three, and resulted in 

greater tissue ingrowth, compared to PLGA-only coils.

Diabetic wounds are a problem of particular interest for the field of tissue regeneration. 

These wounds are characterized by low levels of chronic inflammation, so treatment via 

promotion of pro-inflammatory macrophages seems counterintuitive. However, the results of 

studies in which diabetic wounds were administrated pro-inflammatory treatments seem to 
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suggest that promoting the M1 phenotype could be a viable strategy. For example, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) treatment of diabetic wounds 

in mice increased IL-6 and MCP-1 production, which led to increased angiogenesis and 

enhanced wound healing [53]. Interestingly, non-diabetic wounds did not receive the same 

benefits from GM-CSF.

Wood et al. used a similar approach by administering MCP-1 to diabetic wounds [54]. They 

showed that in diabetic wounds, inflammatory macrophages (as measured using 

histomorphometric analysis) were delayed and fewer in number compared to normal 

wounds. They attributed this behavior to low MCP-1 expression, and were able to recover a 

normal healing response with MCP-1 treatment, with increased inflammatory macrophage 

infiltration and enhanced wound closure. Additionally, inflammation in diabetic wounds 

treated with MCP-1 was resolved by day ten, whereas untreated wounds displayed chronic 

inflammation.

Substance P (SP) is a neuropeptide that is used to promote wound healing, and several 

studies have tested it in diabetic wounds. In one such study, SP administration caused a spike 

in proinflammatory cytokines by day three post-treatment in murine diabetic wounds [55]. 

At day ten, this inflammation had resolved, and wound healing was enhanced compared to 

untreated controls.

Treatment of chronic wounds with direct administration of M1 macrophages has also been 

shown to induce healing. In rats with diabetic wounds, co-administration of TNFα and 

exogenous M1 macrophages showed marked improvements in healing compared to 

treatment with M0 macrophages [56]. The authors attributed this effect partially to increased 

VEGF production, which is deficient in diabetic wounds. Similarly, Zuloff-Shani et al. 

activated macrophages via hypo-osmotic shock, producing an M1-like phenotype [57], and 

administered them to the pressure ulcers of elderly patients [58]. Compared to wounds 

treated with standard of care, the macrophage-treated wounds, including those of diabetic 

patients, exhibited significantly greater wound closure.

2.6. Ml macrophages exhibit phenotypic switching to M2

Expedient transition from an inflammatory M1 environment to M2 is essential for proper 

implant integration. This switching behavior is normal in typical healing, suggesting that 

promoting an early M1 phenotype would not hinder M2 activity later on. Bencze et al. 

injected either M1 or IL-10-polarized M2c human macrophages, along with human 

myoblasts, into cryodamaged murine muscle tissue [59]. Not only did M1 macrophages 

enhance myoblast engraftment compared to the M2c and control M0 macrophages, but they 

also transitioned into an M2-like anti-inflammatory phenotype by day five. In zebrafish, M1 

macrophages displayed similar behavior: TNFα-expressing M1 macrophages induced 

neoangiogenesis and sprouting, but later downregulated TNFα to transition to an M2-like 

phenotype and promote connections between newly formed blood vessels [44].

It has been shown that pro-inflammatory macrophages produce high amounts of pro-

angiogenic VEGF [21, 60-62], but its action may not be limited to angiogenesis. Wheeler et 

al. showed that VEGF stimulates macrophage migration and the upregulation of the M2 
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markers CD206, CD163, and CCL17 in THP-1 cells [63]. This finding suggests a possible 

mechanism for the natural progression of the M1-to-M2 transition.

3. Delayed M2 activation complements early inflammatory functions and 

improves healing outcomes

Proper timing of macrophage-targeted strategies in activating M1 macrophages has been 

shown to be critical to prevent chronic inflammation and increase vascularization of wounds 

and scaffolds. Correct timing of M2 macrophages is also necessary; if M2-promoting 

treatments are introduced to a recovering wound before inflammation has initiated 

angiogenesis and healing, then wound closure, tissue function and blood vessel reperfusion 

may be reduced.

3.1. Early treatment of wounds with M2a macrophages inhibits healing

Despite the fact that M2a macrophages are commonly considered pro-healing, they may 

actually inhibit healing and vascularization at early timepoints. For instance, Jetten et al. 

used a cutaneous wound model to test the effects of macrophage administration immediately 

following injury in both wild type and diabetic mice [64]. After making a full thickness 

wound with a 4mm biopsy punch, exogenously polarized M0, M2a, or M2c macrophages 

were injected subcutaneously around the wound site. They found that none of the 

macrophage treatments improved wound closure compared to a saline control in the wild 

type mouse. Interestingly, they found that immediate injection of M2a and M2c 

macrophages actually inhibited wound closure in diabetic mice. Upon histological 

investigation, they found that complete re-epithelialization occurred in the wounds treated 

with saline or M0 macrophages, but not in those treated with M2a or M2c macrophages. 

Although these results were not compared to groups in which M2 macrophages were 

administered at later time points following injury, the results do suggest that the presence of 

M2 macrophages at early time points after injury can have inhibitory effects on wound 

healing.

Another study by Duan et al. in mice examined the effects of early M2a administration on 

healing [65]. They first induced endometriosis, an inflammatory disorder of the uterine 

tissue lining, by intraperitoneal injection of endometrial fragments. Three days later, they 

depleted DTR-CD11b mice of macrophages via diphtheria toxin administration. One day 

following macrophage depletion, ex vivo-polarized macrophages (M0, M1, M2a, and M2c) 

were injected intravenously and the effects on lesion growth were observed. Compared to 

the M0 control, the M2a group significantly increased the extent of fibrosis in the lesions, as 

determined by lesion weight, fibrous tissue formation, and collagen staining, but the M1 and 

M2c groups did not.

In addition to their possible fibrotic nature, M2a macrophages produce more soluble 

vascular endothelial growth factor receptor 1 (sVEGFR1) than the other commonly studied 

phenotypes [66]. sVEGFR1 is a scavenger protein receptor that binds to VEGF to prevent its 

function [67, 68], which can inhibit the proliferation of endothelial cells downstream [69]. 

While this inhibition is detrimental to early formation of blood vessels, sVEGFR1 is 
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necessary during later stages to guide their growth [70]. As previously mentioned, M2a 

macrophages also secrete other factors involved in later stages of healing, including 

PDGFBB, which is critical for stabilizing VEGF-initiated angiogenesis [71, 72]. Indeed, 

drug delivery systems that sequentially deliver VEGF and PDGFBB have been shown to 

enhance biomaterial vascularization [73-77]. Together, these studies suggest that M2a 

macrophages must activate later in the integration response so they can support the 

vascularization initiated by M1 macrophages, but their early presence may hinder 

angiogenesis.

3.2 Delayed anti-inflammatory treatment aids in healing

Several studies have examined the effects of delivering anti-inflammatory compounds after a 

delay. In this strategy, the M1 macrophages in the inflammatory stage are free to initiate 

healing and angiogenesis, then the anti-inflammatory treatment can effect a timely switch to 

an environment more favorable for M2 macrophages. For example, Virchenko et al. 

evaluated the effects of early or delayed administration of parecoxib, an anti-inflammatory 

COX-2 inhibitor, on transected Achilles tendons in rats [78]. Daily intramuscular injection 

of parecoxib for the first five days post-injury led to significant decreases by day eight in 

tendon stiffness, maximum stress, and force at failure, compared to saline controls. When 

treatment was delayed until days six through fourteen, however, there was no difference in 

tendon stiffness or force at failure compared to control, and maximum stress was 

significantly increased.

Using a similar model, Blomgran et al. transected rat tendons and then subcutaneously 

injected dexamethasone (Dex) or saline control daily on days 0-4 or days 5-9 post-surgery 

[79]. While early administration of Dex significantly reduced stiffness and peak force 

withstood by the tendon compared to the saline control, late administration of Dex had the 

opposite effect, in that the tendon’s stiffness and ability to withstand force were increased 

compared to the control. This positive effect of the delayed Dex group was attributed to 

better collagen organization.

In a model of cerebral ischemia, Brifault et al. tested delayed delivery of embryonic stem 

(ES) cells that were genetically modified to produce anti-inflammatory pituitary adenylate 

cyclaseactivating polypeptide (PACAP) [80]. They found that when delivered three days 

after injury, PACAP dampened gene expression of proinflammatory mediators and increased 

the expression of the M2 marker Arg-1 in murine microglia/macrophages. Along with the 

increased M2 population, the healing outcomes of neurological severity score and motor 

coordination improved in the groups treated with PACAP-producing ES cells compared to 

non-modified ES cells.

3.3. Delayed M2 macrophage activation promotes healing

In a murine model of hindlimb ischemia (HLI), Raimondo et al. tested the effects of the 

M2a-polarizing stimulus IL-4 on skeletal muscle recovery [81]. In the HLI model, the 

inflammatory period naturally begins to abate about three days after injury in C57BL/6 mice 

[82, 83], so the authors injected IL-4-conjugated gold nanoparticles at that time. On days 

nine and fifteen postinjury, the authors confirmed that the macrophages present in the mouse 
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hindlimb were primarily composed of an M2-like phenotype, to a significantly greater extent 

than the saline control. The mice treated with IL-4 also had significantly increased fiber 

regeneration, muscle contractile force and reperfusion in the ischemic limb compared to the 

control.

In another study that employed a murine HLI model, Troidl et al. tested the effects of 

delivering macrophage-polarizing cytokines to improve healing [84]. On days two, four, and 

six after femoral artery ligation, they intravenously injected Dex, IL-10, or a combination of 

IL-4 and IL-13. Although phenotyping of infiltrating macrophages was not conducted, both 

the IL-4/IL-13-and IL-10-treated groups had significantly increased reperfusion in the 

ischemic legs compared to the saline control. Interestingly, only the IL-10-treated group had 

significantly higher amounts of reperfusion compared to the control at two weeks post-

injury.

Francos-Quijorna et al. studied pro-inflammatory resident microglia and macrophages and 

their effects on repair in a spinal cord injury mouse model [85]. They found that the 

microglia and macrophages failed to switch to an M2a phenotype for up to four weeks after 

injury, and instead continued to express inflammatory M1 markers. They also found that 

there was no IL-4 present in the spinal cord at any time. The authors then injected IL-4 into 

injured spinal cords either immediately or 48 hours after injury to evaluate the effects of 

delayed IL-4 administration on macrophage behavior. The delayed treatment downregulated 

pro-inflammatory iNOS and upregulated the M2 markers Arg-1 and CD206, compared to 

saline control, while the acute treatment only upregulated Arg-1. In addition, delayed IL-4 

administration protected against locomotor function loss and caused a significant increase in 

the myelin sparing at the injury site compared to saline control, though functional 

assessment of early-treated mice was not conducted. The authors also noted the unexpected 

appearance of a “resolution-phase” macrophage that was neither M1 nor M2, but expressed 

resolution-phase markers such as 5-LOX and 15-LOX. Conversely, Mokarram et al. bridged 

peripheral nerve gaps in rats with agarose hydrogel loaded with IFNγ or IL-4 to compare the 

effects on regeneration [86]. Although in vitro studies indicated rapid release of the 

cytokines within the first day, the IL-4-loaded scaffolds induced greater Schwann cell 

infiltration and axonal regrowth compared to unloaded or IFNγ-loaded scaffolds.

An acute lung injury (ALI) mouse model was used by D’Alessio et al. to investigate the 

effects of IL-4 on repair [87]. They hypothesized that generating an M2a phenotype would 

enhance ALI resolution. To test this hypothesis, they induced injury via LPS, then 

intraperitoneally injected IL-4 days two, three, and four post-injury. The lungs of the IL-4-

treated mice displayed improved diffusion and less collagen deposition by day six, compared 

to control mice treated with saline. Furthermore, the IL-4-treated group also exhibited 

improved survival and accelerated injury resolution. These benefits were negated by 

macrophage depletion or inhibition of the M2a macrophage-associated STAT6 pathway, 

suggesting a specific role for M2a macrophages in injury resolution.

These studies highlight the necessity of avoiding early M2 macrophage stimulation, which 

could hinder vital M1 activity, and promoting delayed M2 activation. Delayed IL-4 

treatment, which is intended to promote the M2a subtype, is a particularly promising 
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strategy to promote healing. Drug delivery systems that can sufficiently delay release of M2-

stimulating reagents are imperative in the overall objective of sequentially modulating 

macrophage behavior.

4. Sequential drug delivery systems to modulate macrophage behavior

The persistent and essential activity of macrophages during implant integration presents a 

unique opportunity for immunomodulation and tissue engineering, but the importance of the 

early actions of M1 macrophages and the delayed actions of M2 macrophages necessitates 

sequential drug delivery strategies (Figure 3). To date, several such designs have been 

proposed, utilizing various biomaterials to control biphasic delivery of macrophage stimuli 

(Table 1).

4.1. Negative effects of simultaneous M1 and M2 activation

In order to properly modulate macrophage phenotype over time, it is critical that there are 

distinct periods of activation. Otherwise, overlapping phases may result in a mixed M1-M2a 

state that may be detrimental for biomaterial integration. For instance, there is some 

evidence that a mixed M1/M2 phenotype may be responsible for fibrous capsule formation. 

Several studies of macrophages derived from fibrous capsules have demonstrated that they 

express both M1 and M2 markers [88, 89]. It should also be noted that simultaneous 

administration of VEGF and PDGF-BB, growth factors secreted by M1 and M2, respectively 

[21], has been shown to hinder normal angiogenesis [90-92].

In one of the first efforts to sequentially modulate macrophage phenotype, Spiller et al. 

adsorbed IFNγ to a scaffold for quick release, and attached IL-4 with biotin-streptavidin 

conjugation for prolonged release [8]. In vitro studies with seeded human macrophages 

showed that although the rapid release of IFNy did promote M1 polarization of macrophages 

at early time points, the release of IL-4 promoted M2a polarization at both early and late 

time points. When implanted subcutaneously in mice, the rapid release of IFNy enhanced 

blood vessel ingrowth compared to controls, but combination with IL-4 release abrogated 

these effects. These results were attributed to either the development of a hybrid M1/M2 

phenotype that hampered the pro-angiogenic effects of the M1 phenotype, or the anti-

angiogenic effects of the M2 phenotype at early time points.

4.2. Sequential delivery of macrophage recruitment agents and M2-promoting stimuli

One approach to biphasic modulation of macrophage behavior involves initial delivery of a 

recruitment agent to attract circulating monocytes to the site of injury, which tends to result 

in increased M1 macrophage infiltration [51, 54]. In the second phase, M2-promoting 

stimuli are delivered to induce phenotype switching. Kumar et al. designed a multidomain 

self-assembling peptide hydrogel to control the sequential release of MCP-1 and IL-4 [93]. 

They hypothesized that this design would recruit monocytes to the implant environment to 

bolster resident M1 activity, then IL-4 would polarize the macrophages to an M2a 

phenotype. The hydrogels released 80% of loaded MCP-1 in two days, while slower release 

of IL-4 occurred over all sixteen days. After subcutaneous implantation in mice, the authors 

showed that the scaffolds were able to increase cellular infiltration, then polarize the 
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infiltrating macrophages to M2. However, there was no evidence of early M1 behavior, 

compared to unloaded or MCP-1-only controls, suggesting possible interference by quickly-

released IL-4.

Kim et al. varied the dual-release profiles of proteins from gelatin hydrogels by changing the 

hydrogels’ isoelectric points (IEP) [94]. The hydrogels were loaded with micelles containing 

stromal cell-derived factor-1 (SDF-1) to recruit stem cells and the S1P receptor agonist 

SEW2871 to recruit macrophages. After implanting hydrogels with different IEP 

combinations in diabetic mice, the authors identified one hydrogel, termed G5SmG9S, that 

exhibited quick release of SDF-1 and controlled release of SEW2871. Hydrogels with 

differing release profiles released the drugs simultaneously or released SEW2871 before 

SDF-1. When implanted in murine diabetic wounds, G5SmG9s recruited higher numbers of 

M1 macrophages on day one and M2 macrophages by day three, compared to the other 

hydrogels. Expression of the M1 marker IL-6 in these macrophages was also higher one day 

post-implantation, and expression of M2 marker TGF-β was the highest on day three. 

Finally, the G5SmG9S hydrogel accelerated closure of wounds in diabetic mice compared to 

other hydrogels with different release profiles. Together, these findings suggest sequential 

release of SDF-1 and SEW2871 could be a viable way to modulate macrophage behavior. 

This approach is further supported by a study from Awojoodu et al., which found that S1P 

receptor agonists can enhance anti-inflammatory monocyte migration towards SDF-1 [95]. 

Moreover, Awojoodu and colleagues showed in a murine model that delayed delivery of S1P 

receptor agonist from poly(lactic-co-glycolic acid) films resulted in improved 

vascularization of the surrounding tissue, compared to acutely delivered S1P receptor 

agonist.

4.3. Sequential delivery of M1-promoting and M2-promoting stimuli

Biphasic drug delivery methods designed to control macrophage behavior have most 

commonly utilized sequential release of IFNγ to induce an M1 phenotype, followed by IL-4 

to polarize to M2a. After initial studies showed that IFNγ stimulation followed by IL-4 

treatment could induce M1-to-M2a switching of macrophages in vitro [8, 96], there have 

been several other designs aimed at improving temporal control. Chen et al. loaded IL-4 

onto titania nanotubes (TNTs), then covered the tubes with a layer of carboxymethyl 

chitosan (CMCS) gel, which was chemically crosslinked to reduce burst release [97]. IFNγ 
was added to the system then covered with a layer of chitosan hydrogel, which was 

crosslinked with β-glycerophosphate disodium to increase hydrophobicity and stability of 

the system. Rapid release of IFNγ occurred over the first two days, while IL-4 was released 

slowly over the first week, including the first two days. Compared to controls, in vitro 

murine RAW264.7 macrophage secretion of the M1 markers TNFα and IL-1β was increased 

on day three, while secretion of the M2 markers IL-10 and TGF-1ΐ secretion was increased 

on day seven. Gene expression of M1 and M2 markers followed the same pattern. Gao et al. 

utilized a similar system, omitting the top hydrogel layer [98]. The system was able to delay 

release of IL-4 until day 2, and likewise demonstrated phenotype switching in vitro from M1 

expression on day three to M2 on day seven.
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Rather than using a passive-release design, Tolouei et al. combined an outer gelatin scaffold, 

loaded with MCP-1 and IFNγ with an inner ferrogel, loaded with IL-4 [99]. After rapid 

diffusion-mediated release of cytokines from the outer layer, the authors showed they were 

able to initiate controlled release from the ferrogel via magnetic stimulation. They also 

demonstrated significant infiltration of macrophages into the scaffold in vitro. Although 

phenotyping of macrophages was not conducted, this device could be an interesting 

approach to directly control temporal release of cytokines.

Alhamdi et al. used a biomimetic calcium phosphate coating (bCaP) to separate phases of 

IFNγ and simvastatin (SIMV) release, the latter of which was intended to promote an M2 

phenotype [100]. The authors demonstrated that SIMV was released via macrophage 

phagocytosis of the bCaP coating, so that release was delayed for around three days. 

Furthermore, not only did the system induce expression of M1 genes on day one, followed 

by switching to M2 gene expression by day six, but it was able to do so in macrophages 

derived from older humans and mice, albeit to a lesser extent, suggesting applicability even 

for elderly patients, whose immune systems are notoriously compromised.

Aiming to take advantage of the M2-promoting properties of silicon, Li et al. loaded IFNγ 
onto a 5% calcium silicate/β-tricalcium phosphate scaffold [101]. They hypothesized that 

rapid discharge of IFNγ would be followed by silicon ion release, resulting in macrophage 

phenotype switching and improved vascularization. When co-cultured with primary human 

monocyte-derived macrophages, the scaffolds induced increased surface and gene 

expression of M1 markers on day three and greater M2a polarization on day seven, 

compared to controls. Additionally, conditioned media from the macrophages cultured on 

the IFNγ-only or combination scaffold contained significantly more VEGF on days three 

and seven than silicate-only or unloaded scaffolds. Similarly, PDGFBB secretion was 

upregulated in macrophages cultured on silicate-only or combination scaffolds on day three, 

with a dramatic increase on day seven in the combination scaffold. The increased angiogenic 

secretions from the combination scaffold led to significantly greater tube length and number 

of branch points when conditioned media was added to a Matrigel assay with HUVECs, 

compared to all other groups. Similar results were observed when scaffolds were implanted 

subcutaneously in mice: the sequential delivery of IFNγ and Si ions upregulated M1 marker 

expression on day three and M2 marker expression on day seven, and increased the average 

number of infiltrating blood vessels compared to controls.

5. Outlook

Despite the promise of these biphasic drug delivery systems, there is still much progress to 

be made in the understanding of temporal macrophage behavior. For example, although it 

has been shown that M1 macrophages can be easily polarized to M2a [8, 102], whether this 

switching typically occurs in vivo remains controversial. Additionally, the specific roles of 

the phenotypes in both angiogenesis and fibrous capsule formation must be completely 

defined in terms of context and timing if one wishes to promote optimal biomaterial 

integration and tissue regeneration. It is still unknown exactly how long each phenotype 

should remain active, and few studies have attempted to delineate temporal macrophage 

functions throughout each phase of the healing process. One such study from Lucas et al. 
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found that in murine wounds, macrophages are necessary for the early inflammatory phase 

and the secondary tissue formation phase, each of which lasts for a few days, but are less 

important in the final stage involving tissue maturation [46]. However, more research is 

needed to determine a precise timeline of macrophage phenotypes in humans. Furthermore, 

the exact required doses of M1 - or M2a-promoting drugs have not been studied, and may 

vary depending on the patient. For example, older patients are known to exhibit a diminished 

inflammatory response, and thus may require a higher dose of M1-promoting drugs 

[103-105]. Additional insight into these parameters will be crucial for engineers to optimize 

the release profiles of either M1 - or M2a-activating materials from sequential drug delivery 

systems.

Another challenge facing immunomodulatory therapies is clearly defining the roles and 

temporal behavior of other M2 subtypes, especially in terms of the different contexts of 

tissue repair processes. As one example, IL-10-stimulated M2c macrophages have been 

implicated in phagocytosis of apoptotic cells and matrix remodeling, and may actually be 

most active in the early stages of regeneration [6, 20, 106, 107]. It is unknown, however, if 

there is a critical need for M2c promotion, and whether future designs should attempt to 

promote M2c concurrently with M1 stimuli, especially considering that the IL-10 would 

inhibit M1 polarization. Moreover, the potential for other M2 subtypes to polarize to M1 or 

M2a has not been thoroughly studied, but is important for the design of biomaterials that 

promote the correct phenotypic transitions of multiple macrophage subtypes.

One major shortcoming of current sequential drug delivery systems is a lack of distinct 

separation between release phases. Most systems that successfully achieve slow, controlled 

delivery of M2a-activating reagents do not completely prevent release in the first few days. 

This early release, even in small doses, could potentially induce a mixed phenotype to the 

detriment of critical M1 activity. To resolve this issue, researchers may choose to explore 

more sophisticated methods of delaying IL-4 release, including the design of on-demand 

release systems.

A complicating factor in the field is the inconsistency in what cytokines are used to polarize 

macrophages to specific phenotypes. For instance, it has been posited that the complete 

activation of M1 macrophages requires not only IFNγ, but also TNFα or a Toll-like receptor 

ligand such as LPS [108]. If this is true, sequential drug delivery systems may need to 

include an additional payload in the early phase. Similarly, IL-4 and IL-13 are typically used 

in vitro to polarize macrophages to the M2a phenotype, but the effects of exposure to either 

cytokine alone versus a combination of both is less well understood. The use of IL-10 in 

conjunction with IL-4 to produce an M2-like phenotype in studies is also still relatively 

common, and further confounds interpretation of the outcomes. Both in vitro and in vivo 

studies utilizing sequential drug delivery systems, especially those that venture outside the 

realm of cytokine-only stimulation, must ensure that they have the desired effects within the 

context of injury and implant integration.

Notably, there is a surprising lack of sequential gene delivery systems to modulate 

macrophage phenotype. Although gene therapy to induce an M2-like phenotype in 

macrophages has been studied [109, 110], as well as sequential gene therapy to deliver IL-12 
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then IL-27 encoding DNA for treatment of tumors [111], to our knowledge no one has 

explored applying these findings to biphasic M1-to-M2 activation. This lack of a 

macrophage-targeted sequential gene delivery approach may be due to the relative 

complexity compared to cytokine delivery. As the field of gene therapy continues to 

advance, however, researchers may want to explore the potential of a gene delivery strategy.

In conclusion, drug delivery systems that can recruit or stimulate the M1 phenotype in the 

early phase of healing and the M2 phenotype in later stages may be an effective way to 

promote implant integration. Macrophages are key players in the foreign body response and 

are responsible for regulating other cell types that react to biomaterial implants. Both M1 

and M2 macrophages play crucial roles in the healing process, especially by promoting 

angiogenesis. However, healing can be delayed or completely prevented by excessive 

activation of either phenotype, or simultaneous activation of both. It is therefore imperative 

that sequential drug delivery systems maintain strict temporal control over cytokine release. 

Deeper understanding of the macrophage response to implanted materials will also lead to 

improved sequential drug delivery system designs.
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Figure 1: Integration of implanted biomaterials.
(A) Unsuccessful integration results in the fusion of foreign body giant cells, which then 

secrete extracellular matrix to form a fibrous capsule. This fibrous capsule isolates the 

biomaterial from the body as part of the foreign body response. (B) Complete integration, 

largely directed by macrophages, allows for cellular and vascular infiltration to support 

tissue development. Infiltrating cells may include pericytes to support vascularization, 

fibroblasts for matrix deposition, and mesenchymal stem cells for longterm stability.
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Figure 2: Dysfunctional timing of macrophage phenotypes in failed implant integration.
(A) Premature M2 activation may prevent implant integration via production of fibrotic 

cytokines such as TGF-β, though M1 macrophages may also play a role in fibrosis. (B) 

Early M1 macrophages that fail to transition to an M2 phenotype at later timepoints continue 

to secrete pro-inflammatory cytokines, resulting in chronic inflammation and delayed 

healing.
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Figure 3: General model of sequential drug delivery system for macrophage modulation and 
implant integration.
During the initial inflammatory phase, MCP-1 may be incorporated to recruit circulating 

monocytes to the implant site. Release of IFNγ or TNFα can promote the Ml phenotype in 

infiltrating macrophages, inducing sprouting of immature blood vessels from the 

surrounding vasculature. Subsequent release of IL-4 and/or IL-13 would activate switching 

to the M2(a) phenotype, resulting in the resolution of inflammation and stabilization of 

newly formed blood vessels.
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Table 1:

Sequential drug delivery systems targeting macrophages.

System Design Release Profile Outcome Reference

Multidomain selfassembling 
peptide hydrogel

80% of MCP-1 released over first 2 days;
15–20% of IL-4 released over first six 
days, 40% by 16 days

Increased macrophage infiltration;
macrophages polarized to an M2a state by 
day 7

Kumar et al. [93]

Combined gelatin hydrogels 
of isoelectric point (IEP)5 
and 9, with additional 
incorporation of IEP 9 
micelles

81% of SDF-1 released over first week in 
vivo;
51% of SEW2871 released over first week 
in vivo;
52% of SDF-1 released over first day in 
vitro;
24% of SEW2871 released over first day in 
vitro

Increased M1 recruitment on day 1 and 
M2 recruitment on day 3;
Accelerated wound closure in diabetic 
mice

Kim et al. [94]

Decellularized bone scaffold 
with adsorbed IFNg and 
biotin-streptavidin-
conjugated IL-4

0.8ng of IFNg released over 2 days;
8ng of IL-4 released over 6 days

Increased expression of M1 and M2 
markers on day 3, M2 markers only on 
day6;
Increased cellular infiltration

Spiller et al. [8]

Titania nanotubes covered 
with chemically crosslinked 
hydrogel, then physically 
crosslinked hydrogel

Most of the loaded IFNg released within3 
days;
Small burst release of IL-4 within first day 
followed by steady release over 7 days

M1 secretions and gene expression 
increased by day 3;
M2 secretions and gene expression 
increased by day 7

Chen et al. [97] 
(see also Gao et 
al. [98])

Outer gelatin scaffold 
surrounding inner ferrogel 
for release initiated by 
magnetic stimulation

Loaded MCP-1 or IFNg released within 
the first day;
Slow release of IL-10 or IL-4 over 6 days 
with significant increases upon stimulation

Increased macrophage infiltration Tolouei et al. [99]

Biomimetic calcium 
phosphate coating for phase 
separation

Most of the adsorbed IFNg released on day 
1;
Simvastatin releasebegan on day 3

Increased M1 gene expression on day 1;
Increased M2 gene expression on day 6;
Aged human and murine macrophages 
exhibited phenotype switching

Alhamdi et al. 
[100]

5% calcium silicate/B-
tricalcium phosphate 
scaffold

1.5ng of IFNg released over 5 days;
40ppm of silicon ions released over 7 days

Increased M1 surface marker and gene 
expression by day 3 in vitro and in vivo;
Increased M2 surface marker and gene 
expression by day 7 in vitro and in vivo;
Increased sequential VEGF and PDGF 
secretion;
Increased scaffold vascularization in vivo

Li et al. [101]
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