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Abstract

Macrophages are highly plastic cells central to pathogen removal, tissue regeneration, and inflammation, making
them key targets in biomaterial design for improved clinical outcomes. Foreign body responses (FBRs) to implanted
biomaterials often involve excessive macrophage-mediated inflammation, leading to fibrotic encapsulation,
infection, and implant failure. Advances in tissue engineering demonstrate that macrophage polarization - the
transition from pro-inflammatory M1 to anti-inflammatory M2 phenotypes - can be influenced by biomaterial
properties to mitigate these responses and enhance regeneration. This review synthesizes the relationship between
biomaterial properties, such as surface chemistry, structure, and stiffness, and their ability to modulate
macrophage behavior. Key innovations, including tailored scaffold architectures, bioactive coatings, and cytokine
delivery systems, have shown promise in guiding macrophage polarization for improved bone, soft tissue, and head
and neck reconstruction outcomes. Strategies like hydrogels and nanostructured materials enable spatially and
temporally controlled macrophage modulation, mimicking native extracellular matrix dynamics, mitigating chronic
inflammation, and accelerating vascularization, extracellular matrix remodeling, and tissue integration. By
integrating recent findings, this review provides a framework for designing biomaterials that actively modulate
macrophage activity to overcome FBR and enhance healing. It identifies critical gaps, such as understanding
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macrophage-stromal interactions, developing personalized biomaterial designs to address patient variability, and
leveraging advanced technologies like artificial intelligence in scaffold optimization. These insights advance the
development of biomaterials that restore tissue function and address unmet clinical needs in regenerative
medicine.

Keywords: Macrophage polarization, biomaterials, tissue engineering, immune response, M1 macrophages, M2
macrophages, material properties, tissue regeneration

INTRODUCTION

Since the early 2000s, biomaterials such as drug delivery systems, biosensors, and tissue scaffolds have
expanded to meet various clinical needs". Biomaterials are typically made of metals, polymers, ceramics,
and other composite forms"”. Successful implantation depends on the material’s physical, chemical, and
mechanical properties and the foreign body response”. Macrophages modulate this response, driving
inflammation or promoting healing.

Tissue engineering has improved outcomes in reconstructive surgery, organ failure, and major tissue
damage. A significant development is biomaterial scaffolds, which mimic the extracellular matrix (ECM) to
promote cell adhesion, migration, and tissue repair. For example, microRNA-integrated scaffolds regulate
cellular behavior and accelerate regeneration'”. Similarly, integrating bioprinting and artificial intelligence
shows promise for patient-specific implants with optimized biological properties'.

Implanted biomaterials trigger an immune response starting with the adsorption of proteins onto the
biomaterial surface, which recruits macrophages and other immune cells. Over time, macrophages can
either resolve inflammation, promote healing, or cause fibrous encapsulation of the biomaterial. Therefore,
modulating macrophage-biomaterial interactions is essential to improving implant integration.

Despite advancements in biomaterial research, challenges remain, including inadequate vascularization and
patient-specific immune responses, which limit implant success'. Addressing these gaps requires
interdisciplinary collaboration to improve the clinical translation of emerging technologies'.

Macrophages are important regulators of wound healing and immune response, with their origin, activation
state, and function influencing outcomes. Macrophages arise from tissue-resident populations seeded
during development or circulating monocytes recruited after injury. Once in the tissue, monocytes
differentiate and polarize based on local signals. Activated macrophages occur along a spectrum, with
macrophages classically divided into the pro-inflammatory M1 phenotype, which responds to pathogens
and mediates early inflammation, and the anti-inflammatory M2 phenotype, which promotes tissue repair
and remodeling. This polarization is driven by cytokines, with lipopolysaccharide (LPS) and interferon-
gamma (IFN-y) for M1 polarization and interleukin-4 (IL-4) and interleukin-13 (IL-13) for M2 [Figure 1].
Functionally, M1 macrophages produce reactive oxygen species (ROS) and inflammatory cytokines, while
M2 macrophages release transforming growth factor-beta (TGF-p) and interleukin-10 (IL-10) to facilitate
ECM remodeling and tissue regeneration.

While Figure 1 illustrates the dichotomous classification of macrophages into M1 and M2 phenotypes,
macrophage activation exists along a continuum of functional states. Single-cell RNA sequencing (scRNA-
seq) has been instrumental in uncovering this heterogeneity in tissue repair contexts. In skin wound
healing, scRNA-seq identified eight distinct monocyte/macrophage clusters with transcriptional profiles
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Figure 1. Macrophage polarization and biomaterial influence. The schematic illustrates the polarization of MO macrophages into M1 and
M2 phenotypes in response to distinct biochemical and environmental cues. M1 macrophages, driven by pro-inflammatory stimuli such
as IFN-y, TNF-a, GM-CSF, and LPS, are characterized by the expression of markers including iNOS, CD86, and CD80 and the secretion
of inflammatory cytokines (e.g., TNF-a, IL-1B, IL-6). In contrast, M2 macrophages are induced by anti-inflammatory signals such as IL-4,
IL-10, IL-13, and TGF-B, expressing markers like CD206, CD209, and FIZZ1, and secreting cytokines (e.g., IL-10, TGF-B) that promote
tissue repair and immunomodulation. Engineered biomaterials modulate macrophage polarization: porous scaffolds, carbon nanotubes,
and gold nanoparticles enhance M1 polarization, while hydrogels, lipid nanoparticles, micelles, and polymeric nanoparticles promote M2
polarization. Figure created in https://www.biorender.com/ and adapted from Yao et al.[8’9].IFN-y: Interferon-gamma; TNF-o: tumor
necrosis factor-alpha; GM-CSF: granulocyte-macrophage colony-stimulating factor; LPS: lipopolysaccharide; iNOS: inducible nitric oxide
synthase; TGF-B: transforming growth factor-beta; FIZZ1: found in inflammatory zone 1.

corresponding to early pro-inflammatory, late-stage pro-healing, and antigen-presenting phenotypes,
highlighting dynamic state transitions throughout the healing process"”. Similarly, analysis of infarcted
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hearts revealed a complex repertoire of macrophage subsets, including Trem2hi macrophages that emerge
in the late phase post-myocardial infarction, contributing to anti-inflammatory signaling and tissue
remodeling"’. Macrophage populations involved in efferocytosis also display diverse transcriptional
signatures, suggesting specialized roles in clearing apoptotic cells and promoting tissue repair*. Moreover,
the integration of scRNA-seq data across models of atherosclerosis has identified heterogeneous
macrophage phenotypes with distinct functions, ranging from inflammatory to lipid-handling and repair-
associated states, further underscoring the limitations of the M1/M2 paradigm". Therefore, to fully
appreciate how biomaterials modulate macrophage activity, it is necessary to consider the full spectrum of
macrophage heterogeneity and their dynamic responses to environmental cues beyond the M1/M2
framework.

In recent decades, the role of macrophages as regulators of wound healing and the specified functions of
their polarized states (M1/M2) have made them the target of therapies designed to combat a variety of
pathological states. Significantly, the acceptance or rejection of biomaterials such as implants, tissue grafts,
and drug delivery devices, among others, largely depends on macrophage phenotype, underscoring their
crucial role in the success of various medical devices and offering an avenue of interest for future classes of
therapeutics.

Given the role of macrophages in wound healing and tissue regeneration, understanding how biomaterial
properties influence their polarization is critical to improving clinical outcomes. This narrative review
synthesizes recent findings on the impact of biomaterial characteristics - including structure, surface
chemistry, and molecular modifications - on macrophage polarization, focusing on applications in tissue
engineering. Key studies were identified through a targeted literature review, emphasizing research from the
last decade that provides insights into the mechanisms by which biomaterials modulate macrophage
behavior. The following sections discuss the inflammatory reaction and macrophage polarization, the
influence of specific biomaterial properties, and applications in tissue engineering, particularly emphasizing
bone regeneration, soft tissue repair, and head and neck reconstruction.

MACROPHAGE POLARIZATION IN WOUND HEALING PHASES

Macrophages play an essential role in all three phases of wound healing - inflammation, proliferation, and
remodeling - through diverse phenotypes regulated by cytokine and mechanical cues. In the early
inflammatory phase, macrophages adopt a pro-inflammatory (M1) phenotype driven by mediators such as
LPS and IFN-y [Figure 1]. M1 macrophages secrete ROS and phagocytose foreign materials for lysosomal
degradation. In the later stages of healing, cytokines like IL-4 and IL-13 drive the transition to the anti-
inflammatory M2 phenotype. M2 macrophages release mediators such as TGF-B and IL-10, facilitating
ECM breakdown, cell migration, and tissue remodeling"*. This critical shift from the M1 to M2 phenotype
marks the transition from inflammation to tissue resolution, enabling repair and regeneration. However, in
chronic wounds, such as arterial ulcers in diabetic patients or venous ulcers caused by poor circulation, the
persistence of the M1 phenotype leads to prolonged inflammation and delayed healing. Similar M1
dominance is observed in implant rejection"*. Conversely, excessive M2 activation can cause fibrosis and
excessive scar formation, as shown in studies linking M2 depletion to reduced scarring"”. Optimizing
biomaterial properties (such as form, architecture, stiffness, and surface chemistry) can help regulate
cytokine release and encourage the transition to M2 macrophages. Optimizing biomaterial properties - such
as architecture, stiffness, and surface chemistry - can regulate cytokine release and promote the transition to
the M2 phenotype, thereby improving tissue healing.
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When exposed to an inflammatory stimulus, macrophages adopt the M1 phenotype and release reactive
species and inflammatory cytokines to eliminate pathogens. However, shifts in the surrounding
microenvironment can influence macrophage behavior, either facilitating or disrupting the transition from
the pro-inflammatory M1 state to the anti-inflammatory M2 state"”. In the early stages of regular tissue
repair, macrophages polarize to the M1 phenotype (approximately 1-3 days) and transition to the M2
phenotype in the later stages (around 4-7 days). However, prolonged dominance of M1 macrophages can
lead to excessive inflammation, which hinders tissue regeneration. M1 macrophages are known for their
high expression of VEGF, promoting angiogenesis, while M2 macrophages primarily express PDGF-BB,
stabilizing vascular growth. Since vascularization is essential for tissue repair, maintaining mild and
regulated inflammation is crucial; therefore, a timely switch from M1 to M2 macrophages is necessary for
successful tissue regeneration"*.

Molecular mechanisms and metabolic regulation of macrophage polarization

Inflammation, an inevitable consequence of implantation, is a critical factor in determining the clinical
success of implants. Following implantation, immune cells, particularly monocytes and macrophages,
migrate to the site and initiate a localized inflammatory response”. Although inflammation is essential for
tissue regeneration, excessive or prolonged inflammatory responses can impair healing and result in fibrotic
capsule formation around the implant, which may be tolerable in specific contexts but catastrophic in
others, such as heart valve replacement™. Consequently, the immune response’s type and duration
significantly impact tissue healing, determining whether the outcome is complete restoration or scarring
and fibrosis. Biomaterials can help promote regeneration by modulating immune activity when implanted
as temporary scaffolds.

Upon implantation, macrophages are recruited in their Mo state, and afterward, M1 macrophages initiate
an inflammatory response to remove pathogens. However, prolonged M1 activity (over 3-4 days) can
trigger FBR, which leads to fibrous encapsulation and potential implant failure. The immune response to
implanted biomaterials progresses through initial, acute, and chronic stages. In the acute phase,
macrophages are polarized to the M1 phenotype, where they release pro-inflammatory cytokines like TNF-o
and IL-1p to initiate defense mechanisms against potential pathogens and promote tissue inflammation.
This stage is crucial for immediate tissue protection but can be detrimental if sustained. Thus, biomaterials
combined with cytokines like IL-4 and IFN-y may help regulate this transition by promoting macrophage
polarization.

In addition to IL-4, IL-10 is critical in promoting M2 macrophage polarization by activating the STAT3
pathway, which enhances anti-inflammatory responses and suppresses pro-inflammatory cytokines such as
TNF-a and IL-1p**?. IL-13, similar to IL-4, drives M2 polarization through STATé activation, while TGF-
supports ECM deposition and tissue repair via the SMAD2/3 pathway™!. The molecular mechanisms
underlying this transition are driven by IL-4-mediated activation of STATs, which promotes the
transcription of M2-associated genes such as arginase-1 (Arg1), mannose receptor (CD206), and resistin-
like molecule alpha (Fizz1)"?. STATé activation also facilitates chromatin remodeling to recruit retinoid X
receptor (RXR) and peroxisome proliferator-activated receptor gamma (PPARy), which regulate lipid
metabolism critical for M2 polarization.

Macrophage polarization is tightly linked to metabolic reprogramming. M1 macrophages exhibit a
metabolic shift toward aerobic glycolysis (Warburg effect), resulting in elevated production of ROS and
nitric oxide (NO) via inducible nitric oxide synthase (iNOS). In parallel, disrupted tricarboxylic acid (TCA)
cycle activity leads to succinate accumulation, which stabilizes hypoxia-inducible factor 1-alpha (HIF-1a)
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and amplifies IL-1B expression”. In contrast, M2 macrophages rely on oxidative phosphorylation
[26]

(OXPHOS) and fatty acid oxidation (FAO) to sustain anti-inflammatory responses and tissue remodeling

Synergistic metabolic pathways coordinate these phenotypic shifts. The mTORC1-HIF-1a axis enhances
glycolytic flux and inflammatory cytokine production in M1 macrophages, while mTORC2-IRF4 signaling
promotes lipid metabolism and OXPHOS to drive M2 polarization””. Additionally, AMPK activation
suppresses mTORC1 and enhances FAO, reinforcing the M2 phenotype”’. These metabolic signals
converge on transcription factors such as PPARy and STATs, integrating energy metabolism with
polarization programs”***.

Therefore, the sustained release of IL-4 from scaffolds encourages the shift from the pro-inflammatory M1
phenotype to the anti-inflammatory M2 phenotype, which is key to resolving inflammation and promoting
tissue repair. For instance, scaffolds designed for bone regeneration incorporating IL-4 through biotin-
streptavidin binding have demonstrated a sustained release over six days, effectively promoting the M1-to-
M2 macrophage transition and enhancing vascularization in murine models””. TGF-p signaling further
supports this transition through the SMAD2/3 pathway, promoting ECM remodeling and anti-
inflammatory responses®.

On the other hand, if inflammation is not adequately regulated, the chronic phase will continue, where
prolonged activation of M1 macrophages leads to fibrous encapsulation and impaired biomaterial
integration, hindering tissue regeneration. This chronic inflammation is typically characterized by a
sustained foreign body response, commonly seen in cases involving metal plates for head and neck
reconstruction, the formation of fistulas, and the extrusion of plates through the skin [Figure 2]. However,
by controlling the polarization of macrophages through tailored biomaterial designs, the immune response
can be guided from an inflammatory M1 state to a tissue-healing M2 state. This accelerates the resolution of
inflammation and supports the chronic healing phase by enhancing tissue remodeling and integrating the
implanted material. Overall, it can be said that modulating macrophage phenotype polarization across these
stages can optimize the biomaterial’s effectiveness and promote better clinical outcomes.

BIOMATERIAL PROPERTIES INFLUENCING MACROPHAGE POLARIZATION

Structural properties

Scaffold design includes porosity, surface area, stiffness, and coat materials. Studies have shown that these
characteristics of biomaterials contribute to the inflammatory response and polarization of macrophages.
Several studies have shown that the pore size of biomaterials can alter macrophage polarization. Liu et al.,
for instance, demonstrated that in 2D in vitro studies, smaller pore sizes reduce inflammatory response by
promoting M2 macrophage polarization. The authors used a microporous annealed particle (MAP)
hydrogel scaffold seeded with bone marrow-derived macrophages (BMDMs) under static culture
conditions, where spatial confinement played a critical role in modulating cell morphology™”.

In contrast, larger pores increase the inflammatory response and decrease M2 macrophage polarization.
Smaller pores induce a more spherical shape of the macrophages, which corresponds with M2
polarization™. Macrophages in smaller pores have lower expression of inflammatory cytokines such as IL-6
and TNF than those in larger pores™’. In comparison with these findings, Wang et al. evaluated scaffolds
with three different pore sizes and reported that larger pore sizes led to lower TNF-a expression and higher
IL-10 expression, driving M2 macrophage polarization®™. In this study, Wang et al. used 3D-printed
polycaprolactone (PCL) scaffolds in a murine calvarial bone defect model. The in vivo nature of this model
introduced dynamic factors, including mechanical loading, vascular infiltration, and cell migration, which
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Figure 2. Host immune response to biomaterial scaffold implantation. This schematic illustrates the sequential steps involved in the
interaction between host immune cells and an implanted biomaterial scaffold, emphasizing the role of macrophages in tissue integration
and repair. (1) The implantation of the biomaterial scaffold initiates the host immune response; (2) Adsorption of host proteins onto the
biomaterial surface facilitates immune cell recognition; (3) Monocytes are recruited to the site, differentiate into MO macrophages
under the influence of M-CSF, and infiltrate the scaffold to initiate innate immune responses; (4) M1 macrophages release pro-
inflammatory cytokines, recruiting additional immune cells, progenitors, and stem cells to the site; (5) M2 macrophages promote ECM
remodeling by secreting anti-inflammatory cytokines and growth factors, facilitating tissue repair; (6) M2 macrophages drive tissue
regeneration, vascular integration, and scaffold-host tissue compatibility. Figure created in https://www.biorender.com/ and adapted
from Gaharwar et al.”?* ECM: Extracellular matrix; M-CSF: macrophage colony-stimulating factor.

likely contributed to the shift in macrophage behavior toward an M2 phenotype with larger pores. This
cytokine profile also enhanced vascular ingrowth and bone regeneration, demonstrating the utility of larger

pores in supporting bone healing applications”"..

In another study, using PCL/polyethylene glycol/hydroxyapatite scaffolds, Li et al. found that scaffolds with
larger pore sizes reduced the foreign body response and induced more M2 macrophage infiltration, vascular
ingrowth, and new bone formation?. Researchers in this study also performed in vivo implantation in a rat
calvarial bone defect model, emphasizing the interplay between scaffold architecture and bone-specific
immune responses, where larger pores improved cellular infiltration and angiogenesis necessary for
osseointegration.
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Research on hydroxyapatite particle size further underscores its role in macrophage polarization, with nano-
scale HA particles inducing an anti-inflammatory M2 phenotype via IL-10-dependent pathways. In
contrast, larger, micron-scale particles elicited pro-inflammatory responses™.

Differences in biomaterial composition, cell sources, and experimental models can explain these divergent
outcomes. In the 2D hydrogel model, Liu et al. used BMDMs in a static wound-healing-like environment,
favoring M2 polarization due to softer matrix stiffness and confinement effects™. In contrast, thermoplastic
scaffolds were used in vivo within bone tissue”"*”, where larger pores facilitated macrophage infiltration and
promoted M2 polarization via pro-angiogenic signaling. This suggests that stiffer materials and load-bearing
applications, such as bone regeneration, benefit from larger pores. In contrast, smaller pores may be
advantageous in soft tissue or wound healing settings where spatial restriction modulates macrophage shape
and signaling.

Overall, scaffold pore size is context-dependent, with the interplay between material properties (e.g.,
hydrogel vs. thermoplastic), macrophage source (e.g., BMDMs vs. tissue-resident macrophages), and
biological environment (in vitro vs. in vivo) governing macrophage behavior. Future research should
systematically compare these parameters across soft and hard tissue models to optimize scaffold design for
targeted immune modulation.

Stiffness, ECM mimicry, and surface topography

Macrophage polarization can also be impacted by the scaffold cross-linking agent modulating stiffness. 1-
ethyl-3-3-dimethyl aminopropyl carbodiimide (EDAC) cross-linked collagen networks have increased
macrophages’ responsiveness to all inflammatory and anti-inflammatory cytokines. Hence, macrophages
develop a profound anti-inflammatory effect in the presence of EDAC and anti-inflammatory cytokines™.

Biomaterial scaffolds that mimic the native ECM are anti-inflammatory and lead to M2 macrophage
polarization. Decellularized porcine brain matrixes are made from brain tissue with all cells removed,
leaving only the ECM remaining. These matrices support cell adhesion, migration, and differentiation and
promote tissue healing by preserving FGF-1 and FGF-2, enhancing macrophage polarization toward the M2
phenotype"™. Another investigation showed that poly-L-lactide-co-polycaprolactone (PLA-PCL)
electrospun matrices provide a high surface area and porosity, which alters macrophage shape and
influences M2 polarization after the initial inflammatory phase. The combination of nano-topography that
mimics the ECM and structural properties of the scaffold induces M2 macrophage polarization"®.

Luu et al. suggest that surface topology is predictive of macrophage polarization and tissue graft survival®”.

This group designed titanium surfaces with grooves ranging from 400-500 nm and conducted the in vitro
study using mouse bone marrow cells. They found that micro- and nanopatterned grooves on the surface of
biomaterials drove macrophages toward an anti-inflammatory M2 phenotype; however, they found no
difference in immune activation. They also discovered that macrophages on intermediate groove widths had
significantly increased expression of IL-10, an anti-inflammatory cytokine associated with M2 macrophage
polarization, compared to other surfaces””. Other studies have demonstrated similar findings that the
surface topography of biomaterials regulates macrophage response, impacting tissue regeneration and

38,39]

inflammation**.

Surface chemistry and charge
Implant surface chemical properties such as charge, hydrophilicity, and the presence of different functional
groups can induce polarization of macrophages and impact inflammatory response to foreign bodies. For
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example, Buck et al. investigated polystyrene surfaces containing various functional groups to determine
which can induce M2 polarization [Table 1]. They found that carboxylic acid functional groups were the
most effective in stimulating anti-inflammatory and M2 macrophage polarization and increasing factors
promoting biomaterial integration, such as angiogenesis, integrin signaling, and cytokine signaling'*”. The
presence of COOH groups enhanced the adsorption of integrin-binding proteins, likely promoting integrin-
mediated signaling pathways. Additionally, the COOH functionalized surfaces were observed to increase the
secretion of proteins associated with integrin and cytokine signaling and angiogenesis, fostering a
microenvironment conducive to tissue repair and biomaterial integration. Bygd et al. conducted a similar
study using poly (N-isopropylacrylamide-co-acrylic acid) nanoparticles modified with different functional
groups™ that could influence corresponding anti-inflammatory M2 macrophage polarization. They also
found that an IL-10 low, TNF high (M1) phenotype is associated with ether, phosphonic acid, sulfone, and
sulfonic acid functional groups'*’. Increasing nanoparticle hydrophilicity was also shown to significantly
reduce foreign body inflammatory response and induce M2 macrophage polarization'.

Implants can also be coated with bioactive materials to influence their interaction with the host tissue.
Incorporation of magnesium in in vitro human macrophage culture and in vivo mice trials, for instance,
have increased M2 macrophage polarization, as judged by an increased expression of CD163, a marker of
M2 phenotype. The Mg-incorporated scaffolds displayed varying porosity, with lower doses producing
higher porosity, which is correlated with M2 macrophage polarization. Another hypothesis the researchers
used to explain this macrophage polarization difference is the charge interaction between the positively
charged Mg and negatively charged fibrinogen scaffold, producing disordered structures associated with M2
polarization””. Non-reduced graphene oxide (GO) increases CD80, a surface marker for pro-inflammatory
M1 macrophages. Thermally reduced graphene oxide (rGO) materials were not shown to cause the same
increase in CD80, but they showed decreases in oxidative stress and pro-inflammatory cytokine secretion,
promoting tissue regeneration. The mechanism of this material’s effect on the inflammatory response is
poorly understood”. Synthetic fibrous glycopeptide hydrogel can mimic the natural ECM when attached to
PCL/nano-hydroxyapatite (nHA) scaffolds. This structure induces proliferation and osteogenic
differentiation of bone mesenchymal stem cells (BMSCs), promoting M2 macrophage polarization and
inhibiting the inflammatory response to the bioengineered tissue.

The macrophage polarization was driven by mannose repeating units of the glycopeptide hydrogel binding
to the mannose receptor and activating ERK/STATs signaling”™. Polyethylene terephthalate (PET) and
PET+ collagen biomaterials induce a pro-inflammatory response indicated by high inflammatory markers
(TNF-q, IL-6, IL-1B, MCP-3, MIP-1a) and high M1/M2 indices. Polypropylene increases the expression of
CCL18 and MDC, which are markers of fibrosis and anti-inflammatory M2 phenotype*. Palmer et al.

explored the effects of scaffold materials on macrophage polarization using an in vivo rat model and found
that unmodified PCL scaffolds demonstrated a more robust foreign body response and lack of macrophage
adherence compared to poly(lactic-co-glycolic acid) (PLGA) and polyurethane (PUR) scaffolds*. PLGA
scaffolds showed a more M1-dominant response, while PUR scaffolds showed a mixed M1 and M2
response*”. Bacteroid cerium oxide particles on the surface of biomaterials effectively regulate NO and
ROS, key signaling molecules in macrophage polarization. These particles facilitated a rapid shift from M1
to M2 macrophages, promoting early vascularization and bone regeneration around implants'*.

Surface coat materials can impact the immune response through different mechanisms and interactions
with the host tissue. Molybdenum coating of scaffolds induces M2 macrophage polarization by enhancing
mitochondrial function and causing a shift from glycolysis to OXPHOS"”. Hyaluronic acid coating of
collagen nanofibers increases the mechanical softness and shifts macrophages to an M2 phenotype by
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Table 1. Summary of biomaterials and their key properties affecting macrophage polarization

Biomaterial Properties Effects

Hydrogel-coated implants ROS scavenging, promotes M2 Prevents biofilm formation, reduces inflammation,
polarization supports osseointegration

Carbohydrate-functionalized nanoparticles  Targets macrophages, directs M2 Enhances tissue repair, reduces infections
polarization

Oxidized glucomannan glycopeptide Mimics ECM, induces M2 polarization Promotes BMSC differentiation, osteointegration

hydrogel

Lanthanum-doped hydroxyapatite/chitosan Upregulates SMAD pathway, anti- Enhances osteoblast differentiation, bone regeneration

scaffold inflammatory

Bioactive glass-ceramic scaffold with Enhances mitochondrial function, induces Improves periodontal wound healing, regenerates

molybdenum M2 polarization tissues

Decellularized ECM hydrogel Mimics native ECM, induces M2 Enhances fibroblast migration, accelerates wound
polarization healing

Electrospun poly(I-lactide) nanofibers Suppresses the JAK-STAT pathway, Supports epidermal regeneration, neovascularization
promotes M2 shift

Thermosensitive hydrogel (Pluronic F-127 Maintains hydration, promotes M2 Accelerates wound closure, promotes angiogenesis

with Phillyrin) polarization

Magnesium-incorporated scaffolds Enhances hydrophilicity, supports M2 Reduces inflammation, promotes vascularization
polarization

Borosilicate glass scaffolds pH-responsive, releases anti- Promotes M1to M2 transition, supports tissue
inflammatory agents regeneration

This table highlights various biomaterials utilized in tissue engineering and regenerative medicine, detailing their specific properties - such as
cytokine delivery, surface chemistry, and structural features - that influence the polarization of macrophages. Additionally, the table outlines the
functional effects of these biomaterials on macrophage behavior, including the promotion of M2 polarization, reduction of inflammation,
prevention of infections, and enhancement of tissue repair and integration. ECM: Extracellular matrix; BMSC: bone marrow stromal cell; JAK-
STAT: Janus kinase-signal transducer and activator of transcription; ROS: reactive oxygen species.

causing elongation. The M2 polarized macrophages then induced an anti-inflammatory response by
recruiting endogenous progenitor cells to the wound site to promote tissue regeneration'*. Ziegler et al.
conducted a study using a combined allograft adipose matrix (AAM) and fascia matrix scaffold for adipose
tissue engineering™’. They found that this scaffold type induces the prodegenerative M2 macrophage
phenotype and promotes angiogenesis, leading to tissue repair. Compared to the AAM scaffold, the
combined 50/50 AAM/fascia scaffold with hyaluronic acid had a significantly lower M1/M2 ratio and
promoted more adipogenesis. The fascia component of the scaffold aided in the neovascularization of the
tissue, supporting graft survival®. Hydrogels with integrin binding sites such as a281 promote the
expression of CD206 and IL-10, which correlate with M2 macrophage polarization'*”). Platelet lysate-rich
plasma macroporous hydrogel (PLPMH) scaffold degrades gradually and releases sphingosine-1-phosphate
(S1P) and growth factors (TBF-B, VEGF, PDGF-BB), which mediate macrophage recruitment and M2
polarization®™.

Drug loading

In addition to surface coat materials, tissue grafts can be loaded with drugs or cytokines to modulate the
inflammatory response and increase tissue regeneration. Ursolic acid is a natural anti-inflammatory
compound that induces M2 macrophage polarization and improves bone regeneration when loaded into a
mesoporous hydroxyapatite/chitosan scaffold®". Implants coated with IL-4, an anti-inflammatory cytokine,
show M2 polarization and modulation of the innate immune reaction, promoting biomaterial
integration®”. Borosilicate glass scaffolds have been designed to respond to pH and temperature, which can
control the release of anti-inflammatory agents. Decreased pH due to inflammation triggers the scaffold to
release more anti-inflammatory agents, promoting the transition from M1 to M2"’. IFN-gamma/SrBG
composite scaffolds have a time-dependent release of IFN-gamma in the early stages to encourage
angiogenesis and M1 polarization, followed by Sr2+ from SrBG to induce a shift to M2 polarization for
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osteogenesis”®. Molecular modifications can deliver cytokines to mediate macrophage polarization, release
agents such as dexamethasone to suppress inflammation, and incorporate specific physicochemical
properties to influence macrophage behavior”*'. Additionally, scaffolds engineered for sequential cytokine
release, such as those delivering IL-4, reinforced M2 polarization and promoted BMSC differentiation via
the TGF-B1/Smad pathway, demonstrating significant improvements in bone repair®”. Depending on the
application, these strategies improve biomaterial integration and promote outcomes such as enhanced bone
repair®®.

Biological microenvironment and cellular crosstalk

Interactions with cells, biomaterials, and the ECM shape macrophage polarization. Fibroblast-macrophage
communication influences macrophage behavior through monocyte chemoattractant protein-1 (MCP-1), a
chemokine with potent inflammatory signaling. It is intimately involved in the in vivo cellular response to
foreign material, the inhibition of macrophage cytokine release, and the activation of fibroblast cytokine
release. Co-cultures, an in vitro substitute to model in vivo cell-cell interactions of macrophages and
fibroblasts, show dramatically increased production of MCP-1. Co-culturing macrophages with fibroblasts
increased MCP-1 secretion 2.5-fold, enhancing macrophage infiltration and fibroblast proliferation”*. Co-
culturing macrophages with fibroblasts increased MCP-1 secretion 2.5-fold, enhancing macrophage
infiltration and fibroblast proliferation”. This interaction also led to the in vitro formation of
multinucleated cells resembling foreign-body giant cells. The implications of this cell-cell interaction are
still unknown but illustrate that macrophage behavior and polarization state are intrinsically tied to cytokine
signals and other cells nearby”™*. Jeong et al. looked at cellular density in vitro wound environments and
demonstrated that it modulates macrophage polarization; higher cell densities reduced inflammatory
cytokine production. Jeong et al. looked at cellular density in in vitro wound environments and showed that
it modulates macrophage polarization; higher cell densities reduced inflammatory cytokine production,
favoring M2 polarization®. Hachim et al. assert that the interaction of MCP-1 warrants further
examination of IL-4 coating upon other cells participating in the remodeling process, favoring M2
polarization'™,

APPLICATIONS OF MACROPHAGE POLARIZATION IN HEAD AND NECK

RECONSTRUCTION

Bone regeneration and vascularization

Engineered scaffolds geared toward bone regeneration and osteointegration focus on inducing an M2, anti-
inflammatory microenvironment. M2 macrophages release anti-inflammatory cytokines such as IL-10 and
TGF-Beta to promote chondrogenesis, osteoblast proliferation, and tissue repair while inhibiting matrix
degradation"**>**, Most studies agree that M1 inflammatory macrophages play an early role critical to
bone regeneration by inducing angiogenesis”>****’\. Thus, many scaffold designs are engineered to promote
a quick M1 to M2 transition instead of completely inhibiting M1 macrophages. Zhu et al. used a Bacteroid
Cerium Oxide scaffold in mouse in vitro and rabbit in vivo studies, which induced M1 innate immune
response to release NO, promoting angiogenesis but limiting the release of ROS. The scaffold transitioned
M1 macrophages into the M2 phenotype, inducing mesenchymal stem cell differentiation and bone
regeneration®. Similarly, Luo et al. used an IFN-y/SrBG composite scaffold that first releases IFN-y to
promote M1 differentiation and then a day later releases Sr** from SrBG to induce an M1 to M2 transition.
In turn, many of these scaffolds have shown overall increased osteointegration”. Hu et al. used a 3D
porous biodegradable scaffold that can improve luteolin’s bioactivity and release period, inhibiting PI3K-
AKT-mTOR and AMPK-alpha-1 M1 polarization and activating the IL-10 M2 polarization®®. The results
increased luteolin bioavailability and stimulated new bone formation in critically sized bone defects”". Tian
et al. designed a Dual stimulus-responsive borosilicate glass scaffold that inhibited mitochondrial fission,
decreasing the release of ROS. The results also showed a significant increase in the M2 macrophage ratio
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after 4 weeks, stimulating the restoration of diabetic alveolar bone defects"™”. Chen et al. used a titanium
implant using nanotubes with a double Chitosan hydrogel layer that first releases an IL-4 pro-inflammatory
cytokine followed by IFN-y release. The results showed an increased M2 anti-inflammatory
microenvironment that improved chondroblast proliferation and osteogenesis in bone**.

Soft tissue repair and infection control

Bioengineered tissue regenerating scaffolds increase soft tissue wound healing through a mechanism similar
to osteointegration. Implants mimic the natural ECM to induce an M2 macrophage phenotype promoting
anti-inflammatory mechanisms, which generates new soft tissue. He et al. emphasized using decellularized
ECM and nanofibrous as the leading scaffold types in bioactive wound dressing for skin trauma’.
Specifically, an ECM hydrogel derived from pericardium promoted an M2 phenotype that effectively
induces fibroblast migration and angiogenesis. They also discussed how using an Ursolic acid-encapsulated
nanofibrous wound dressing effectively stimulated M2 polarization, improving wound closure, re-
epithelialization, revascularization, and hair follicle regeneration”'. Xie et al. used electrospun poly(l-
lactide) nanofibers that downregulate the JAK-STAT and NF-KB pathways, thus suppressing the activation
of M1 macrophages and driving a shift toward M2 macrophages™. This also induces a morphological
change that favors M2 polarization. These nanofiber models showed a decrease in M1 macrophage markers,
TNF-alpha, and IL-6 and an increase in M2 macrophage markers, which promoted epidermal regeneration,
collagen fiber deposition, and neovascularization. This was demonstrated in both in vitro and in vivo
models™. Huang et al. designed a thermosensitive hydrogel soft tissue wound dressing from Pluronic F-127
and Phillyrin, which effectively promotes the transition from M1 to M2 macrophages, inducing keratinocyte
migration, accelerated wound closure, and enhanced angiogenesis. The polymer hydrogels have a soft
texture and good hydrophilicity but remain insoluble in water. These attributes, along with the porous
structure of Pluronic F-127, resist infection, create a hydrated environment, and remove necrotic tissue'™.

Immunomodulation for long-term implant stability

Head and neck reconstructive surgeries frequently rely on materials such as titanium plates, silicone
implants, hydroxyapatite, and polymer-based scaffolds to restore function and structure following trauma,
cancer resection, or congenital disabilities. Reports have highlighted several complications associated with
these materials, including postoperative infections, hardware extrusion, bone resorption, and malunion.
Postoperative infections are particularly problematic in the context of intraoral and extraoral approaches,
with rates reported at 5.9% and 10%, respectively®’. These infections can destabilize implants through
“bone-softening,” which compromises osseointegration'”. Malunion, another reported complication, often
arises from inadequate osseous reduction or improper stabilization. Fibrous malunion occurs when
fractures fail to achieve sufficient osseous healing, leading to structural instability'*”. In a large study of
mandibular reconstruction cases, malunion was observed in 1.3% of approximately 19,000 patients'®’.
Additional challenges include hardware extrusion, bone resorption, and dystrophic calcifications, all
interfering with implant longevity and performance**’. In cancer-related facial skin reconstruction,
necrosis of full-thickness grafts is a notable complication, with rates reported at 13.6%*”. These findings
underscore the need for biomaterials that support improved healing and long-term integration in complex
reconstructive scenarios.

Modulating macrophage polarization has emerged as a clinically relevant strategy to mitigate complications
such as infection, fibrosis, and poor osseointegration in head and neck reconstruction. By promoting a shift
from the pro-inflammatory M1 phenotype to the tissue-regenerative M2 phenotype, bioengineered
materials can enhance tissue integration, minimize inflammatory responses, and improve implant stability.
This approach has been investigated in preclinical models and early-stage clinical research, particularly for
applications such as mandibular reconstruction, dental implants, and skin grafting. Recent studies
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demonstrate that biomaterials with functionalized coatings, such as hydrogel-modified implants, can
modulate macrophage behavior by scavenging ROS and driving M2 polarization. This prevents biofilm
formation, reduces chronic inflammation, and supports osseointegration. For example, a hydrogel coating
loaded with tannic acid-D-tyrosine nanoparticles has been shown to avoid biofilm formation and alleviate
oxidative stress while promoting M2 formation'*. In a rat femur infection model, this coating significantly
reduced bacterial burden and improved implant integration by promoting M2 macrophage activity'*.
Similarly, carbohydrate-functionalized polymeric nanoparticles targeting macrophages have shown
potential in redirecting macrophage polarization to M2, enhancing tissue repair, and reducing implant-

associated infections'”.

Recent studies highlight additional strategies for clinically relevant immunomodulation. Dopamine-
modified hyaluronan-dopamine hydrogels have been shown to regulate macrophage polarization via the
NF-«kB pathway, where lower dopamine concentrations promote M2 polarization and higher concentrations
favor M1 macrophages, offering tunable control over immune responses'®. Similarly, bone-mimicking PLA
membranes containing hydroxyapatite and collagen sequentially induced M1 and M2 macrophage
phenotypes in vitro, supporting immunomodulation in bone healing!. Hydrogels composed of
polysaccharides or proteins have also demonstrated the ability to promote M2 polarization and enhance
wound healing in in vitro models. Moreover, scaffold geometry influences macrophage behavior, as
honeycomb tricalcium phosphate scaffolds with larger pores promoted a mixed M1/M2 response,
enhancing bone tissue formation'”"..

Additional preclinical studies further confirm macrophage polarization’s role in improving biomaterials’
clinical performance. For instance, an oxidized glucomannan glycopeptide hydrogel (GRgel) coated on a
3D-printed PCL/nHA scaffold has been shown to promote M2 polarization in vivo”. This composite
scaffold mimics the ECM and induces M2 macrophage polarization, creating an anti-inflammatory
microenvironment conducive to BMSC differentiation and osteointegration. In a rat cranial defect model,
the glycopeptide-coated scaffold achieved a bone healing efficiency of 83% + 12% at 12 weeks post-
operation, significantly outperforming the non-coated scaffold””. These findings highlight the translational
potential of glycopeptide-based scaffolds in advancing head and neck reconstruction.

A related study demonstrated the efficacy of a magnetic lanthanum-doped hydroxyapatite/chitosan scaffold,
which promoted an anti-inflammatory microenvironment by upregulating the SMAD 1/5/9 signaling
pathway”. This scaffold enhanced osteoblast differentiation and bone regeneration in rat calvarial
defects”. Additionally, a 3D-printed bioactive glass-ceramic scaffold incorporating molybdenum enhanced
M2 polarization and accelerated periodontal wound healing in a periodontitis model™. This scaffold also

stimulated the regeneration of bone, periodontal ligaments, and cementum tissue!”.

Despite promising preclinical data, there remains a lack of published clinical trials directly evaluating the
effects of biomaterial-mediated macrophage polarization in head and neck reconstruction. Most current
studies focus on animal models or in vitro systems, underscoring the need for translational research to
assess the clinical relevance of these immunomodulatory strategies. Future clinical investigations will be
essential to validate these findings and optimize biomaterial design for patient-specific applications.

Collectively, these biomaterials demonstrate the possibility of reducing postoperative complications,
improving tissue integration, and improving overall outcomes in head and neck reconstructive procedures
by exploiting their ability to modulate the inflammatory microenvironment, especially concerning
macrophage polarization.
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CONCLUSION

Macrophages play an integral role in wound healing, and recent advances in regenerative medicine have
increasingly focused on modulating this important cell line through biomaterial engineering. Tailored
biomaterials that influence macrophage polarization have shown promise in improving tissue regeneration
and reducing implant-associated complications”. However, gaps remain in understanding macrophage
interactions in complex tissue environments, particularly in the context of patient-specific immune
variability. Continued progress in identifying and incorporating factors that influence macrophage behavior
into novel biomaterials will enhance patients’ lives. Biomaterials are used in many head and neck
reconstructive procedures; these patients, therefore, stand to benefit significantly from continued
advancement in bioengineering.

Personalized biomaterial design is an emerging strategy to address these challenges. Future efforts should
incorporate patient-specific immune profiling, including factors such as comorbidities and genetic
predispositions, to develop scaffolds optimized for individual immune responses. For instance, 3D
bioprinting and machine learning algorithms can be leveraged to generate more effective patient-specific
implant architectures that modulate macrophage polarization. Incorporating immune-modulating coatings
such as autologous proteins or cytokine delivery systems tailored to patient-specific inflammatory profiles
could improve biomaterial integration.

In particular, the transition between M1 and M2 macrophage phenotypes remains a key area for future
research. While some signaling pathways have been identified, the interactions between macrophages and
other immune or stromal cells during wound healing remain poorly understood. Moreover, experimental
approaches such as ex vivo models using patient-derived macrophages and single-cell RNA sequencing will
be critical for understanding immune responses at a granular level. These models can provide data to fuel
Al-based scaffold optimization, ensuring biomaterials are structurally and mechanically suited for head and
neck reconstruction and immunologically compatible. For example, the mechanisms through which
macrophages orchestrate vascularization, including initiating angiogenesis and stabilizing vascular
networks, require further exploration. These processes are crucial for effective tissue regeneration and
biomaterial integration'.

Furthermore, biomaterials capable of delivering immunomodulatory signals in a temporally and spatially
controlled manner represent a promising but underdeveloped area of research. Hydrogels, for instance,
have shown potential as immunomodulatory scaffolds to guide macrophage behavior. However, their long-
term effects on sustained M2 polarization need further validation in clinical applications”. Another
challenge lies in developing biomaterials tailored to individual patient profiles, given the variability in
immune responses associated with comorbidities such as diabetes or autoimmune disorders. Personalized
strategies to design biomaterials that address this variability are essential for improving clinical outcomes.

Future research should prioritize these gaps by focusing on advanced biomaterials that regulate macrophage
polarization, promote vascularization, and adapt to patient-specific immune responses. Additionally,
integrating cutting-edge technologies, such as artificial intelligence, to optimize biomaterial design offers a
pathway to accelerate innovations in regenerative medicine. By addressing these challenges, biomaterials
can move closer to achieving their full potential in restoring tissue function and improving patient

outcomes>"*"%,
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