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Abstract: Macrophage immunotherapy is an emerging therapeutic approach designed for modulating the immune response to
alleviate disease symptoms. The balance between pro-inflammatory and anti-inflammatory macrophages plays a pivotal role in the
progression of inflammatory diseases. Mitochondria, often referred to as the “power plants” of the cell, are essential organelles
responsible for critical functions such as energy metabolism, material synthesis, and signal transduction. The functional state of
mitochondria is closely linked to macrophage polarization, prompting interest in therapeutic strategies that target mitochondria to
regulate this process. To this end, biomaterials with excellent targeting capabilities and effective therapeutic properties have been
developed to influence mitochondrial function and regulate macrophage polarization. However, a comprehensive summary of
biomaterial-driven modulation of mitochondrial function to control macrophage phenotypes is still lacking. This review highlights
the critical role of mitochondrial function in macrophage polarization and discusses therapeutic strategies mediated by biomaterials,
including mitochondria-targeted biomaterials. Finally, the prospects and challenges of the use of these biomaterials in disease
modulation have been explored, emphasizing their potential to be translated to the clinic. It is anticipated that this review will serve
as a valuable resource for materials scientists and clinicians in the development of next-generation mitochondria-targeted biomaterials.
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Introduction

Macrophages, originating from monocyte precursors in the bone marrow and bloodstream, serve as critical immune sentinels
within the body. They play a pivotal role in bridging innate and adaptive immunity while contributing to host defense,
resistance to invading pathogens, and the maintenance of tissue integrity. However, the macrophage response represents
a double-edged sword, functioning both as a protective defender and, under certain conditions, as a potential contributor to
disease pathogenesis.' The classical model of macrophage polarization is characterized by two distinct phenotypic states: the
pro-inflammatory M1 macrophage and the anti-inflammatory M2 macrophage.* The equilibrium between M1 and M2
polarization plays a critical role in resolving inflammation.

During the inflammatory response, M1 macrophages promote T-helper lymphocyte type 1 (Thl) activation, driving
pro-inflammatory responses and amplifying the inflammatory cascade through the secretion of cytokines such as IL-6 and
IL-1.>"7 M1 macrophages produce nitric oxide (NO) and reactive oxygen species (ROS),* which, while effective in
eliminating infectious agents, can also cause tissue damage.M2 macrophages interact with type 2 T-helper lymphocytes
(Th2) and secrete anti-inflammatory and tissue remodeling cytokines, including IL-10, TGF-B, and IL-13, thereby
mitigating inflammatory damage.>'® Disruptions in the balance between M1 and M2 polarization are implicated in the
progression of various diseases, including osteoarthritis (OA),'" acute lung injury (ALI),'? myocardial infarction (MI),"?
diabetic wounds,'* atherosclerosis,'” and inflammatory bowel disease (IBD)'® (Figure 1).
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Figure | Disease caused by M1/M2 polarization imbalance of macrophages.

Mitochondria serve as the primary energy source for cells and are critical regulators of cell fate. They play a dual role
in cellular function: on one hand, they support cell viability by producing ATP to fuel various cellular processes; on the
other, they regulate cell death by releasing pro-apoptotic factors that initiate apoptosis.'”"'® Beyond ATP production,'®*°
mitochondria are integral to numerous biological pathways, including apoptosis induction, ROS generation, and
mitochondrial DNA (mtDNA) regulation. Mitochondrial dysfunction is implicated in the development of numerous
diseases.”’ > As a result, mitochondria have become a central focus in therapeutic strategies, offering significant promise
and far-reaching potential in disease treatment.>

Since the early 21st century, biomaterials have emerged as a cornerstone of modern medicine, driving significant
advancements in therapeutic strategies. Among these, considerable effort has been dedicated to developing biomaterials
for immunomodulation. These immunomodulatory biomaterials can directly interact with macrophages, influencing their
behavior and function.”* While previous reviews have broadly addressed the properties of biomaterials, they have often
overlooked macrophage polarization strategies based on precise targeting techniques, particularly those centered on
mitochondrial targeting. This review addresses this gap by providing a comprehensive summary of the role of
mitochondria in macrophage polarization (Figure 2) and detailing biomaterial-based strategies for mitochondrial target-
ing to modulate macrophage polarization. By offering insights into these innovative approaches, this review aims to
equip materials scientists and clinicians with the knowledge needed to develop the next generation of advanced, stimulus-
responsive immunomodulatory platforms. The discussion concludes with a synthesis of key findings and an exploration
of future directions in the field.
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Figure 2 Overview of mitochondria and macrophage polarization.

Effects of Mitochondrial Metabolism on Macrophages and Their Phenotype
Mitochondrial Glycolytic Response Promotes Macrophage Polarization Towards the
M1 Phenotype

Classically activated M1 macrophages exhibit a predominantly aerobic glycolytic metabolic profile characterized by
increased glucose consumption, lactate production, and a reduced rate of oxygen consumption.’>*® Glucose metabolism
is pivotal in modulating M1 macrophage functions and immune responses, with enhanced glycolytic activity not only
supplying energy and intermediate metabolites but also influencing the inflammatory response.?®’ Early studies reported
elevated expression levels of hexokinase (HK) and glucose-6-phosphate dehydrogenase (G-6-PD) in inflammatory
macrophages, indicating heightened glycolytic activity.?®*° The shift from a resting state to the M1 phenotype relies
on glycolysis to meet the energy demands of anabolism. This metabolic adaptation supports the production of NO and
ROS, which amplify the inflammatory response by activating nuclear factor-kappa B (NF-kB).>° M1 macrophage
activation is closely regulated by NF-xB, which, in turn, induces the expression of hypoxia-inducible factor-1 alpha
(HIF-1a).*" Stimulation of macrophages with IFN-y or LPS promotes glycogen synthesis, a key regulator of M1-driven
acute inflammatory responses.*> >* The molecular mechanism involves the UDPG/P2Y 14/STAT1 signaling pathway, and
blocking glycogen synthesis or this pathway may modulate inflammation.*> HIF-1a activation has emerged as a critical
signaling mechanism for controlling aerobic glycolysis and M1 polarization. Inhibition of HIF-1a impacts glycolysis, M1
polarization, cell migration, and bactericidal functions.**¢ Activation of the AMP-activated protein kinase (AMPK)
pathway can reprogram M1 glycolysis®’ while inhibiting mTORCI activity to regulate glucose metabolism and cell
proliferation®” (Figure 3,4). These findings suggest that targeting glycolysis could provide novel therapeutic opportunities

for treating diseases associated with inflammatory macrophage polarization.
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Figure 3 Overview of mitochondrial metabolism and macrophage polarization.

Biomaterial-based manipulation of mitochondrial glycolysis has centered on three key strategies:

(1) Encapsulation of glycolytic pathway regulators. 2-Deoxyglucose (2-DG), a common inhibitor of glycolysis, can
modulate macrophage polarization by inhibiting the NF-kB signaling pathway. Xiao et al developed a novel chitosan/gelatin
composite patch containing 2-DG, which significantly suppressed the expression of inflammatory cytokines and inhibited
pro-inflammatory polarisation of macrophages, to attenuate the local inflammatory microenvironment in the ischaemic
heart, improved cardiac function, reduced scar arca and promotes post-MI angiogenesis. This suggests that a 2-DG
composite patch may be a promising therapeutic strategy for cardiac repair following myocardial infarction.***° Silicon
dioxide nanoparticles (SiNPs) are among the most commonly used nanomaterials due to their versatile applications. SiNPs
therapy has been shown to promote macrophage M1 polarization by activating the NF-«B pathway and glycolytic
mechanisms. This polarization plays a key role in inhibiting lung cancer progression and its associated processes.*'

(2) Synthetic Nanomaterials Mimicking Natural Enzymes. Ling et al proposed a strategy to reprogram tumor-
associated macrophages (TAMs) using SnSe nanosheets (SnSe NSs) that mimic the activity of lactate dehydrogenase
(LDH) to enhance photothermal immunotherapy. Tumor cells undergoing rapid glycolysis produce excess lactate, which
acidifies the tumor microenvironment (TME), creating an immunosuppressive environment and impairing TAM function.
SnSe@ABS NSs were shown to shift the metabolic profile of TAMs from mitochondrial oxidative phosphorylation to
glycolysis, promote TAM polarization from the M2 phenotype to the M1 phenotype, and restore macrophage tumor-
killing activity. This metabolic reprogramming significantly enhanced the efficacy of TAM-based antitumor
immunotherapy.**

(3) Encapsulation of Mitochondrial Metabolic Modulators. Ramesh et al synthesized supramolecular nanoparticles (MSNPs)
loaded with a TLR7/8 agonist (R848) and a fatty acid oxidation (FAO) inhibitor (Etomoxir). This dual-drug delivery system
targeted the mitochondrial metabolism of TAMs by inhibiting the tricarboxylic acid (TCA) cycle while upregulating glycolysis.
This metabolic shift reprogrammed TAMs from the M2 phenotype to the M1 phenotype, significantly enhancing TAM phagocytic
activity. MSNP therapy demonstrated superior efficacy compared to other approaches in slowing tumor growth by leveraging
metabolic reprogramming to enhance antitumor activity* (Table 1).

1512 https: International Journal of Nanomedicine 2025:20



Tian et al

Table | Effect of Biomaterial Compositions on Macrophage Polarization

Targets and Biomaterials Polarized Potentially Polarized Mechanism Application
Strategies Direction
Glycolytic 2-DG-loaded chitosan/gelatin composite MI—-M2 2-Deoxy Glucose inhibited NF-kB signalling Myocardial
patch pathway. infarction
Silica nanoparticles M2-MlI Silica nanoparticles activated the NF-kB Lung cancer
pathway and glycolysis machinery.
SnSe nanosheets M2—-MI The enzymatic properties of SnSe NSs Tumor
depleted Lactate and switched their
metabolic mode from mitochondrial
oxidative phosphorylation to glycolysis
TL7/8 agonist R848 and Fatty Acid M2—-MI TL7/8 agonist R848 promoted glycolysis Tumor
Oxidation (FAO) inhibitor loaded
Metabolic supramolecular nanoparticles
(MSNPs)
Oxidative Polyethylene glycol(PEG) hydrogel MI—-M2 Filgotinib (FiI@GEL) inhibited JAK-STAT Skin wound healing
phosphorylation containing Filgotinib (Fil@GEL) signaling
Fluorinated porcine hydroxyapatite (FPHA) MI—-M2 Fluoride ions can actively enhance Bone defects
macrophage mitochondrial function and
promote a metabolic shift from glycolysis
to mitochondrial oxidative
phosphorylation.
Laser-drilled and covered with metal MI—-M2 miR-27a promoted the metabolic transition Peri-implantitis
organic framework-miR-27a agomir from glycolysis to OXPHOS
nanomem-brane (L-MOF-agomir)
ROS Zeolitic imidazolate framework-8 coated M2—-MI CeO2 possessed superoxide dismutase Diabetic wounds
with cerium dioxide that carries Rho- (SOD) and catalase (CAT) activities that
associated protein kinase inhibition scavenge excess reactive mtROS
Y-27632 (CeO2-Y@ZIF-8)
Hybrid Pt-Se nanozymes MI—-M2 Pt-Se nanozymes scavenged ROS and Osteoarthritis
RONS.
AST@EGCG-Cys-TPP MI—-M2 AST reduced mitochondrial ROS Inflammatory
production bowel disease
EGCG@Cerium MI—-M2 EGCG and Cerium reduced ROS Skin wound healing
accumulation
SeNPs@ZIF-8 MI—-M2 SeNPs@ZIF-8 reduced ROS accumulation Spinal cord injury
R-BSA@PSiNPs nano-composites M2-MI Porous silicon nanocarriers delivered Cancer or viral/
mitochondria-targeted BSA into bacterial-related
macrophages to generate mitochondrial infectious diseases
ROS,
Iron Quaternized chitosan (QCS) and MI—-M2 ROS scavenging ability and metal ion Spinal cord injury
carboxymethyl cellulose (CMC) loaded chelating properties of polydopamine
with modified polydopamine nanoparticles (PDA)
(PDA NP) called CQP hydrogel.
Magnetic nanoclusters (MNCs) were M2—-MI Engineered macrophages released Fe2+ Bladder Cancer
designed using CpG-conjugated iron oxide after pyroptosis,
nanoparticles and encapsulated with
indocyanine green (ICG) and Nigerian
interferon (NIG) using a Se-Se bond-
modified SiO2 shell; the whole system was
named MNC-ICG-NIG@SiO2 (MINS)
Biocompat-ible PEG-coated ferrihydrite M2—-MI The blue light induced Fe2+-release from Inflammatory

nanoparticles (PEG-Fns). PEG-Fns bowel disease
(Continued)
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Table 1 (Continued).

Dynamics

Mitochondrial

transfer

Iron oxide nanoparticles (IONPs)

MitoPunch

activates mitochondrial fusion via Mfnl and
Mfn2 and the mitochondrial membrane
(Opal).

IONPs enhanced the mitochondrial
transfer ability of hMSCs by facilitating the
expression of Cx43,

MitoPunch used a solenoid-activated
plunger to transfer isolated mitochondria in
a holding chamber by force into the cytosol
of mammalian cells.

Targets and Biomaterials Polarized Potentially Polarized Mechanism Application
Strategies Direction
Copper Tethered two biguanides with methylene- MI—-M2 LCC-12 formed a bimolecular complex 27 Inflammation
containing linkers to produce the lipophilic with copper(ii), inactivated mitochondrial
copper clamps LCC-12 copper(ii)
Cu/Tl, comprising Cu(ll), and MI—-M2 Tl acted as an ionophore to transport Tumors
a triphenylphosphonium conjugate of Cu(ll) ions to mitochondria
5-carboxy-8-hydroxyquinoline (TI)
Calcium Mesoporous silica nanoparticle-amidated MI—-M2 TPP (mitochondrial targeting agent) and Osteoarthritis
(MSN)-ethylenebis (oxyethylenenitrilo) calcium-binding group EGTA depleted
tetraacetic acid (EGTA)/triphenylphosphine excess calcium ions.
(TPP)-polyethylene glycol (PEG) [METP]
NPs
UCNPs were coated with mesoporous MI—-M2 NIR light illumination enabled on-demand Inflammation or
silica shell (UCNP@mSiO?2) as the M2-MI intracellular release of calcium regulators | tissue regeneration
nanocarrier of calcium regulators. via cleavage of the photosensitive cap and
time-regulated control of intracellular
calcium levels
A trypsin-cleavable organosilicon precursor MI—-M2 BAPTA-AM was on-demand released in Acute pancreatitis
was designed and synthesised, which was injured PACs, thereby effectively eliminating
incorporated into the framework of intracellular calcium overload
mesoporous silica nanoparticles (MSNs) for
encapsulation of the membrane-permeable
Ca2+ chelator BAPTA-AM.
Ca & Mn dual-ion hybrid nanostimulator M2-MlI CMS as an exotic Ca2+ provider boosts Triple-negative
(CMS) intracellular Ca2+ level, leading to breast cancer
mitochondrial Ca2+ overload
FA-PEG—R-NPs@ siERNII MI—-M2 siERNI was found to Autoimmune
affect the function of inositol inflammatory
1,4,5-trisphosphate receptor (InsP3R, IP3R) diseases
1/3 by downregulating the expression of
ERNI and its interaction with IP3R1/3. This
in turn interferes with the polarization
direction of the macrophages by
modulating the intracellular Ca2+
concentration in the macrophages.
Mitophagy ROS-responsive nanoscavenger (P@NB) MI—-M2 NAD+ modulated mitophagy and Alzheimer’sDisease
containing NAD+ and co-modified with promoted macrophages polarization via the
Beclinl and angiopoietin-2 (Ang2) peptides PINK-Parkin pathway.
Mitochondrial MSNs-MASM7@MI MI—-M2 MASM?7 is a molecular activator that Spinal cord injury

Pulmonary fibrosis
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Mitochondrial Oxidative Phosphorylation Reactions Promote Macrophage Polarisation
Towards the M2 Phenotype

Metabolic reprogramming has emerged as a critical hallmark of innate immunity. This process involves altering the
predominant pathway of cellular energy production, shifting from glycolysis to oxidative phosphorylation (OXPHOS),

4 M1 macrophages primarily utilize glucose metabolism

a phenomenon often referred to as the “anti-Warburg effect
through glycolysis to meet their energy demands, whereas M2 macrophages rely on fatty acid oxidation (FAO) and
OXPHOS to enhance their cellular functions.”’*> Recent studies have demonstrated that inhibiting OXPHOS in M2
macrophages can induce metabolic and phenotypic reprogramming toward the pro-inflammatory M1 phenotype.*®
Recent studies have demonstrated that inhibiting OXPHOS in M2 macrophages triggers metabolic and phenotypic
reprogramming, promoting their transition to the M1 phenotype.*”** For example, IL-10 has been shown to suppress
lipopolysaccharide (LPS)-induced glucose uptake and glycolysis while promoting the OXPHOS response, thereby
inhibiting the transition of macrophages to the M1 phenotype.** Similarly, IL-4 enhances mitochondrial oxidative
phosphorylation via STAT6 activation, which interacts with PGC1p, facilitating the polarization of M2 macrophages.*®
The AMPK pathway also plays a pivotal role in macrophage metabolism. Its activation reprograms glycolysis in M1
macrophages, inhibits mTORCI1 activity, reduces protein synthesis, and regulates glucose metabolism and proliferation.
Furthermore, AMPK activation enhances mitochondrial enzyme activity to support oxidative phosphorylation.>’ In
conclusion, M2 macrophages depend heavily on efficient OXPHOS to sustain their phenotypic and energetic demands,
highlighting its significance in their anti-inflammatory functions (Figures 3 and 4).

Biomaterials designed to manipulate mitochondrial oxidative phosphorylation (OXPHOS) have been developed in
three main approaches:

(1) Encapsulation of OXPHOS pathway regulators. Xie et al developed a highly adhesive polyethylene glycol (PEG)
hydrogel incorporating Filgotinib (Fil@GEL), a Janus kinase (JAK) inhibitor. This hydrogel induces a metabolic shift in
macrophages from glycolysis to oxidative phosphorylation by inhibiting the JAK-STAT signaling pathway, thereby
suppressing M1 polarization. These properties highlight its potential as an effective wound dressing material.>

(2) Synthesis of immunometabolic biomaterials by adding appropriate concentrations of fluorine and selenium. Chen
et al synthesized Fluorinated Hydroxyapatite (FPHA) and verified its compositional and structural integrity. Compared to
unfluorinated hydroxyapatite (PHA), FPHA demonstrated enhanced biocompatibility and osteogenic potential. In a rat
cranial bone defect model, FPHA improved mitochondrial function, shifted macrophage metabolism from glycolysis to
OXPHOS, and promoted M2 macrophage polarization. FPHA also enhanced macrophage proliferation, fostering
a favorable immune microenvironment for bone regeneration. These findings highlight the potential of fluorine-
modified biomaterials in regulating macrophage mitochondrial function and immune metabolism, with significant
implications for bone repair and clinical applications of fluorinated biomaterials.’’ Chen et al developed Mesoporous
Bioactive Glass (Se-MBG), a selenium-doped biomaterial that induces M2 macrophage polarization and enhances
OXPHOS metabolism. The Se-MBG extracts were shown to promote mitochondrial function and metabolic reprogram-
ming in macrophages, resulting in effective modulation of the immune response. This approach offers a promising
strategy for preventing and managing peri-implantitis by targeting cellular metabolism to influence macrophage behavior.
The findings provide a novel perspective on the design of multifunctional biomaterials for immune modulation and
therapeutic applications.>>

(3) Encapsulated microRNAs (miRNAs). MicroRNAs (miRNAs) are potent molecular regulators capable of mod-
ulating multiple endogenous processes simultaneously. Zhang et al developed a responsive and sustained miR-27a-
releasing micro-and nanoimplant aimed at preventing and treating peri-implantitis. The design incorporated advanced
techniques, such as using a flextronic laser to drill 100 um osteogenic micropores on implant surfaces. This precise
modification altered implant morphology without affecting its crystal phase. The micropore walls were coated with
a miRNA-loaded metal-organic framework (MOF) membrane, a pH-responsive structure designed to release miR-27a in
inflammatory environments. The implant induces repolarization of macrophage function by promoting the functional and
metabolic reprogramming of macrophage mitochondria, shifting metabolism from glycolysis to oxidative phosphoryla-
tion (OXPHOS), while also restoring normal mitochondrial morphology and function. This approach regulates the
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Figure 4 Molecular mechanisms of targeting mitochondria to regulate macrophage polarization.

macrophage immune response by targeting mitochondrial metabolism, resulting in a novel implant surface coating that
can modulate macrophage polarization. The implant offers a promising strategy for preventing and treating peri-
implantitis, providing new insights into the development of multifunctional biomaterials for clinical applications'’
(Table 1).

Mitochondrial ROS and Macrophage Polarization

In mitochondria, ROS are considered a key indicator of changes in mitochondrial homeostasis and are frequently
used as biomarkers of mitochondrial damage.’**>* Under normal physiological conditions, low levels of ROS
produced by mitochondria can post-translationally and reversibly modify specific targets through oxidation,’”
thereby regulating metabolic signaling pathways. Mitochondrial ROS (mtROS) can directly affect proteins within

the mitochondrial matrix or membrane,’®™®

pI’OCGSS.59

ultimately influencing the oxidative phosphorylation (OXPHOS)

mtROS also plays a critical role in regulating macrophage polarization.®” When cellular integrity is compromised,
mtROS secretion increases, leading to mitochondrial dysfunction. mtROS has a dual role in macrophage
polarization.®'* At low levels, mtROS promotes M2 macrophage polarization, whereas at high levels, mtROS drives
M1 polarization.®*** NADPH oxidase 4 (NOX4), a key electron transfer mediator in the mitochondrial respiratory chain,
is a major source of mtROS.*>® Research on inflammatory bowel disease has shown that NOX4 enhances MI
polarization of intestinal macrophages by increasing mtROS production.67 Reduced mtROS levels inhibit M1 polariza-
tion and encourage M2 macrophage polarization.®® Porous Se@SiO, nanosphere-coated catheters have been shown to
promote macrophage polarisation to the M2 phenotype. This effect is achieved by inhibiting the ROS-NF-kB pathway,
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which helps reduce inflammatory responses and supports wound recovery following post-prostate urethroplasty.®’
Accumulated ROS drives macrophage polarization toward the M1 phenotype by activating the NF-kB signaling or
JAK/STAT pathways.®”’® (Figure 3,4). These findings highlight the significant relationship between macrophage
polarization and mtROS levels, offering a potential starting point for developing more effective strategies to regulate
macrophage polarization.

Biomaterials designed to regulate mitochondrial reactive oxygen species (mtROS) levels typically involve the
following strategies.

(1) Incorporation of natural antioxidant enzymes such as cerium dioxide (CeO2) and superoxide dismutase (SOD). In
a study by He et al, a novel biomaterial was developed by coating zeolite imidazoline skeleton-8 (ZIF-8) with cerium
dioxide (CeO2), which encapsulated the Rho-associated protein kinase inhibitor Y-27632 (CeO2-Y@ZIF-8). This
composite was further integrated into a photocrosslinked gelatin (GelMA) hydrogel containing cationic quaternary
ammonium groups (CeO2-Y@ZIF-8@Gel) to impart antimicrobial properties. CeO2 exhibits dual enzymatic functions
—superoxide dismutase (SOD) and catalase (CAT)—which help to neutralize excess mtROS, minimize mitochondrial
damage, prevent leakage of oxidatively damaged mtDNA, and reduce cGAS-STING pathway activation. CeO2 also
promotes the polarization of macrophages toward the M2 phenotype and enhances the secretion of anti-inflammatory
cytokines. In vivo studies demonstrated that CeO2-Y@ZIF-8@Gel significantly accelerated wound healing in diabetic
mice by stimulating angiogenesis and reducing inflammation. This multifunctional dressing effectively modulated
macrophage and endothelial cell communication, supporting immunomodulation and facilitating rapid tissue repair in
diabetic wounds.”'

(2) Synthetic nanomaterials that emulate natural enzymes. Wei et al developed Pt-Se composite nanoenzymes through
chemical reduction, harnessing the combined catalytic powers of platinum (Pt) and selenium (Se) for synergistic effects.
These Pt-Se nanoenzymes exhibited strong mtROS scavenging abilities, which facilitated the repolarization of M1-type
macrophages, decreased the expression of pro-inflammatory cytokines, and protected arthritic chondrocytes by restoring
mitochondrial function in synovial macrophages. This study not only opens new possibilities for treating osteoarthritis
(OA) and other chronic conditions linked to mtROS but also highlights the potential of nanoenzymes to enhance the
microenvironment through their intrinsic bioactive properties.’*

(3) Encapsulation of antioxidant substances such as EGCG,AST. Zhang et al developed an innovative nanocarrier for
delivering astaxanthin (AST) and epigallocatechin-3-gallate (EGCG), both known for their antioxidant and anti-
inflammatory properties. The nanocarriers were designed to target mitochondria through the Mannich reaction, utilizing
EGCG as the wall material and incorporating glutathione (GSH) for responsive functionality. In vitro studies demon-
strated that these nanocarriers exhibited enhanced mitochondrial accumulation, effectively scavenging mtROS and
maintaining optimal mitochondrial membrane potential. The nanocarriers promoted M2-type macrophage polarization
and significantly increased colon length in a mouse model of inflammatory bowel disease (IBD). This dual-nutrient
nanocarrier offers promising potential for the treatment of IBD, particularly by enabling the oral delivery of hydrophobic
bioactives.” Ye et al developed an innovative wound dressing, E@C Gel, by combining catechin-3-gallate (EGCG) with
cerium to form a complex (EGCG@Ce) that functions as a mtROS scavenger. This complex was then encapsulated in
a poly(vinyl alcohol)-chitosan (PEG-CS) hydrogel, which also exhibits antimicrobial properties. In vitro experiments
showed that EGCG@Ce demonstrated excellent cytocompatibility with macrophages and effectively scavenged mtROS,
thereby protecting mitochondria. This also led to the reversal of M 1-type macrophage polarization and a reduction in pro-
inflammatory cytokine secretion. In vivo, the EGCG@Ce-loaded hydrogel significantly accelerated wound closure and
skin tissue regeneration. It enhanced M2-type macrophage polarization and promoted angiogenesis by reducing mtROS
accumulation. The study presents an effective antioxidant strategy for modulating the inflammatory microenvironment of
wounds through mtROS scavenging and immunomodulation.”® Zhou et al developed an innovative therapeutic strategy
that combines selenium nanoparticles (SeNPs) encapsulated in ZIF-8 (SeNPs@ZIF-8) and Ferrostatin-1 (FSZ NPs), an
inhibitor of ferroptosis. This approach effectively enhances both antioxidant and anti-ferroptotic activities. In vitro
studies demonstrated that this combination effectively scavenges mtROS, restores mitochondrial function, modulates
inflammatory responses, and promotes macrophage polarization toward the M2 phenotype. In animal models, this
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therapeutic strategy significantly improved motor function, reduced glial scar formation and stimulated angiogenesis.
This novel approach holds significant potential as an antioxidant-based treatment for spinal cord injury (SCI).”*

(4) Synthetic nanomaterials for promoting ROS generation. Liet al conjugated BSA with fluorescent, lipophilic and
cationic rhodamine molecules to prepare mitochondria-targeted RBSA, which was then attached to PSiNPs via hydro-
phobic interactions to obtain R-BSA@PSiNPs nanocomposites. Mechanistic studies demonstrated that the porous silica
nanocarriers could efficiently deliver mitochondria-targeted BSA to macrophages by interfering with mitochondrial
respiratory chain to generate mitochondrial ROS to effectively mediate macrophage pro-inflammatory transformation
in vitro or in vivo.”> Such nanocomposites have important potential in combinatorial chemoimmunotherapy against
cancer or virus/bacteria-associated infectious diseases (Table 1).

Each antioxidant strategy offers distinct advantages and limitations, making it essential to select the most appropriate
approach based on the specific context. Naturally occurring antioxidant enzymes are often compromised by the disease
microenvironment, leading to suboptimal mtROS scavenging efficiency.”® While antioxidant substances have the
potential to scavenge mtROS, their effectiveness is limited by rapid metabolism and poor bioavailability.”” However,
synthetic metal-containing nanoenzymes exhibit potent antioxidant properties but may pose cytotoxic risks due to the
presence of non-degradable metal components, necessitating further exploration. To address these concerns, there is
a need for the development of sustainable, low-toxicity, and highly biocompatible green mtROS scavenging platforms.”®

Effect of Mitochondrial lon Homeostasis on Macrophage Polarization

Metal ions play a critical role in maintaining homeostasis within the host and are involved in various physiological
processes.”®! However, imbalances in metal ion levels—whether through excess or deficiency—can disrupt cellular
function.®! Mitochondria serve as a central site for the action of many metal ions, largely due to their role as storage

organelles for these ions, which contributes to their involvement in these forms of cell function.®**?

Mitochondrial Iron Homeostasis Also Plays a Regulatory Role in Macrophage

Polarization

Mitochondrial ferritin (FtMt) is a key mitochondrial protein responsible for iron storage, possessing ferrous oxidase
activity that converts Fe?"into its ferric form. FtMt is stored within a spherical shell, capable of holding up to 4000 iron
atoms.®*®° It plays an essential role in regulating intracellular iron distribution and ROS production. A deficiency in
FtMt leads to an accumulation of free iron, which enhances lipid ROS production, thereby promoting macrophage
polarization and inflammation.®” Iron, as a component of the mitochondrial iron-sulfur (Fe-S) cluster, is crucial for
oxidative phosphorylation and the TCA cycle, both of which are vital mitochondrial processes that influence specific
immune pathways.®® Therefore, Fe-S proteins and enzymes are integral in reconnecting metabolic pathways during
macrophage polarization.** Recent studies have shown significant Fe*'accumulation in MI-type macrophages,
a phenomenon not observed in other polarized macrophage types, such as M2a, M2b, M2c, and M2d.”® This finding
suggests that the dynamic regulation of mitochondrial iron may affect macrophage polarization, particularly during
inflammatory activation. Thus, mitochondrial iron plays a complex role in macrophage polarization, influencing both its
metabolic processes and redox reactions. It is also pivotal in regulating immune responses and maintaining intracellular
homeostasis. Evidence suggests that iron accumulation in macrophages can activate the NF-kB signaling pathway,
driving macrophage M1 polarization.”’ Mitochondrial iron overload promotes ROS production and facilitates glycolysis,
thereby driving macrophage M1 polarization’*® (Figure 3,4).

Researchers have increasingly focused on modulating mitochondrial iron homeostasis to shape macrophage pheno-
types for treating macrophage-driven diseases.

(1) Encapsulate metal ion chelating agent. Shi et al developed an injectable hydrogel composed of quaternized
chitosan (QCS) and carboxymethyl cellulose (CMC), loaded with modified polydopamine nanoparticles (PDA NP),
known as CQP hydrogel. This hydrogel helps prevent Fe**accumulation, restores mitochondrial function and facilitates
the polarization of microglia/macrophages from the M1 to M2 phenotype. This transition contributes to improved motor
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function in SCI rats. The CQP hydrogel serves as an iron-chelating system that supports recovery from SCI by targeting
iron homeostasis and modulating macrophage polarization.”*

(2) Synthetic nanomaterials for releasing Fe*generation. Engineered macrophages have also shown promise in cancer
therapy, particularly for drug delivery and immunotherapy. However, a significant challenge remains in achieving simulta-
neous targeted enrichment and controlled immune activation at the tumor site. To address this, researchers loaded macro-
phages with advanced nanoparticles (MNC-ICG-NIG@SiO2, or MINS), consisting of CpG-conjugated magnetic
nanoclusters (MNC), indocyanine green (ICG), and Nigerian interferon (NIG). Upon release of Fe* from MINS@M®,
macrophage polarization is strongly directed toward the M1 phenotype. This strategy enhances the expression of tumor-
suppressor cytokines, offering a novel approach to treating bladder cancer.”> Biomaterials incorporating iron modulators
release these agents to control mitochondrial iron levels in macrophages, thereby influencing macrophage polarization.
However, uncontrolled release of iron modulators, whether in macrophages or other cells, can lead to dose-dependent
toxicity due to nonspecific chelation of essential physiological iron. To address this, the development of stimulus-responsive
biomaterials presents a promising solution, enabling precise control of cellular iron levels. These biomaterials would prevent
regional over-enrichment and facilitate the sustainable, controlled release of iron modulators’®®” (Table 1).

Mitochondrial Copper lon Homeostasis Plays a Regulatory Role in Macrophage

Polarization

Copper ions play a crucial role in maintaining the inflammatory status of macrophages within the mitochondria.”® Studies
have demonstrated that varying concentrations of Cu”‘in macrophage cultures can influence the inflammatory response,
with higher concentrations promoting inflammation due to their cytotoxic effects.”” In inflammatory macrophages,
mitochondrial Cu®'levels are significantly elevated, contributing to key cellular processes such as metabolism and
epigenetic programming.”® Mitochondrial Cu**facilitates the redox cycling of NAD(H) by catalyzing the interaction
between NADH and hydrogen peroxide (H202), a process essential for maintaining NAD+ levels, which are vital for the
metabolism underlying the inflammatory response and the epigenetic regulation of macrophages'® (Figure 3,4).

(1) Synthetic nanomaterials for inactivating mitochondrial copper. Solier et al developed LCC-12, a metformin dimer that
inactivates Cu”*within the mitochondria. LCC-12 counteracts macrophage activation by altering metabolic and epigenetic
pathways, reducing the NAD(H) pool. In mouse models, LCC-12 effectively mitigated the acute inflammatory response and
increased survival by targeting mitochondrial Cu®", highlighting its potential to influence macrophage polarization.'®!

(2) Encapsulates copper ion carrier to translocate Cu(Il) ions to mitochondrial.In another innovative approach,
Li et al designed a core-shell nanoscale coordination polymer (NCP) particle, featuring a Cu**core and
a triphenylphosphine (TPP) conjugate of IOX1 (TI) as the outer shell, to specifically target mitochondria. This
design enables the simultaneous induction of cuprotosis (copper-induced cell death) and down-regulation of PD-L1
expression. The NCP particles efficiently deliver copper ions and therapeutic agents to the mitochondria of cancer
cells, thereby increasing the proportion of anti-tumor M1 macrophages and reducing the tumor-promoting M2
macrophages in tumors. This approach demonstrates the potential of NCP nanoparticles as a versatile and
biodegradable platform for targeted multidrug delivery to mitochondria'®? (Table 1).

Mitochondrial Calcium Homeostasis Plays a Regulatory Role in Macrophage

Polarization
Mitochondria play a critical role in regulating their homeostasis through the chelation and release of calcium ions

(Ca*).'%%1% Calcium ions activate various enzymes that drive the tricarboxylic acid (TCA) cycle,'*

regulate
mitochondrial oxidative phosphorylation rates,'®” and contribute to inflammation by controlling the opening of the
mitochondrial permeability transition pore (mPTP).'*® Transient increases in Ca*'levels promote normal mitochon-
drial functions, including oxidative respiration and ATP production. However, excessively elevated Ca®"concentra-
tions can lead to several detrimental effects, such as disruption of the mitochondrial membrane potential, increased
ROS production, and the release of mitochondrial DNA. These events activate inflammatory pathways and drive

macrophage polarization towards the pro-inflammatory M1 phenotype.'®*™'!'" Recent studies have demonstrated that
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connexin 43 (Cx43) promotes macrophage polarization from M2 to M1 by promoting mitochondrial calcium
overload, ROS generation and mitochondrial oxidative dysfunction.''? Gu et al demonstrated that mitochondrial
calcium uptake, mediated by the mitochondrial calcium uniporter (MCU), regulates ROS and ATP production,
influencing macrophage polarization. This process contributes to the development of a pro-fibrotic macrophage
phenotype, ultimately driving the pathogenesis of pulmonary fibrosis''® (Figures 3 and 4).

(1) One approach involves encapsulating Ca*'modulators such as EGTA''* and BAPTA-AM.''>!''® Kang et al'"”
developed a system where Ca® modulators (DMNP-EDTA-Ca®"or BAPTA-AM) were loaded into mesoporous silica-
modified upconversion nanoparticles (UCNP@mSi0O2), which remotely regulate the immune function of M1- or M2-
responsive RAW 264.7 cells. This system utilizes near-infrared (NIR) light to enable the on-demand release of Ca®
“modulators, thereby enhancing or depleting [Ca”"] levels in a time-dependent manner. The nanoparticles facilitate
targeted intracellular uptake and controlled release of the modulators.Similarly, Deng et al''” constructed calcium/
manganese hybrid nanoparticles (CMS) that act as Ca®" donors, inducing mitochondrial Ca**overload. This system
promotes the polarization of tumor-associated macrophages (TAMs) from M2 to M1, stimulates dendritic cell maturation,
activates innate immunity, and enhances the infiltration of tumor-specific cytotoxic T lymphocytes (CTLs) into tumor
tissues, thereby boosting anti-tumor immune responses. This strategy offers a novel approach to activate innate immunity,
presenting new perspectives for effective tumor immunotherapy, particularly in triple-negative breast cancer (TNBC).

(2) Another strategy involves blocking aberrant Ca**flux by targeting related channels or signaling pathways. Feng

et al''® developed a macrophage-targeted release system using polyethyleneimine (PEI) and poly(p-aminoamine)
(PBAA) to deliver siERN1, which regulated Ca®levels in LPS-stimulated macrophages. This system facilitated the
polarization of macrophages from M1 to M2 and helped maintain immune homeostasis. Their findings highlight ERN1 as
a potent target for therapeutic intervention and provide valuable insights into Ca®'-regulated drug design and its
mechanisms (Table 1).
Crosstalk between macrophage polarization and mitochondrial Ca*'levels plays a crucial role in various diseases.
Manipulating Ca®signaling can thus be explored as a potential therapeutic strategy. Nanocarriers containing Ca”
“modulators offer a promising means to adjust intracellular oxidative stress by altering mitochondrial Ca*"levels, thereby
influencing macrophage polarization. An in-depth understanding of Ca®*signaling mechanisms opens up new avenues for
developing Ca®"-based therapeutics (Table 1).

Effect of Mitochondrial Quality Control on Macrophage Polarization
Mitophagy Regulates Macrophage Inflammatory Responses
Mitophagy is a selective process that removes damaged mitochondria from cells, contributing to cellular homeostasis.'"’
Recent research highlights its potential to influence macrophage phenotype and modulate immune-inflammatory responses
by maintaining mitochondrial balance.'**'** Acrylamide has been shown to promote macrophage polarization toward the
M2 phenotype through PINK 1-induced mitophagy, enhancing anti-inflammatory responses.'® However, taurine inhibits
PINK1-mediated mitophagy, preventing glycolytic shifts and reducing the expression of MIl-associated markers, thus
minimizing pro-inflammatory polarization while promoting M2 macrophage activity.'** Duan et al explored the effects of
AIBP on mitochondrial regulation in atherosclerosis, demonstrating that AIBP induces PINK 1/Parkin-mediated mitophagy.
This process reduces mitochondrial ROS production, leading to the downregulation of M1 macrophage markers such as
COX-2 and iNOS, while increasing the anti-inflammatory marker Argl. These changes facilitate macrophage polarization
toward an anti-inflammatory phenotype and improve atherosclerotic conditions. These findings suggest that enhancing
mitophagy could be a promising strategy for preventing and treating diseases associated with macrophage-driven
inflammation.'*> Given the close relationship between macrophage polarization and mitophagy, targeting this process
could offer new avenues for more effective regulation of macrophage polarization in therapeutic applications.

Methods to manipulate mitophagy levels using biomaterials are primarily divided into the following strategy:

Encapsulation of mitophagy-promoting agents. Yang et al developed a precision-targeted nanoscavenger, P@NB, featuring
a ROS-responsive poly(l-propionate-ethanolate) core modified with Beclinl and angiopoietin-2 peptides. Upon encountering
high ROS levels in diseased tissues, P@NB rapidly releases nicotinamide adenine dinucleotide (NAD) and Beclinl, both of
which stimulate mitophagy. This release restores mitochondrial homeostasis and induces microglial polarization toward the M2
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phenotype, facilitating the phagocytosis of amyloid-beta (AB). The findings suggest that P@NB improves cognitive function in
Alzheimer’s disease (AD) mice by restoring autophagic flux, accelerating AP degradation, and reducing excessive inflammatory
responses. This multi-target approach utilizes synergistic effects to induce autophagy and mitophagy, thereby normalizing
mitochondrial dysfunction, making it a promising therapeutic strategy for AD treatment.'*°

Mitochondrial Dynamics Regulates Macrophage Inflammatory Responses

Mitochondrial dynamics play a crucial role in maintaining cellular health,'?” and alterations in mitochondrial fusion and
fission have been implicated in various diseases.'** '3 Research into these processes holds potential therapeutic value,
particularly for inflammatory diseases. The relationship between macrophage polarization and mitochondrial dynamics is
of significant interest, as it has been shown to influence disease progression.

Mitochondrial morphology has been linked to macrophage polarization. M1-type macrophages exhibit increased
mitochondrial fragmentation, characterized by shortened network branching, low membrane potential, and elevated
phosphorylation of DRPI1. Reducing DRPI1 activation can mitigate mitochondrial over-fragmentation and
dysfunction."*""'3* M2-type macrophages display enhanced mitochondrial fusion, forming larger networks with elon-
gated branches. These macrophages also show higher efficiencies in electron transport chain (ETC) activity and oxidative
phosphorylation (OXPHOS), which supports their anti-inflammatory properties.'** Gao et al demonstrated that the
proteins MFN1, MFN2, and OPA1 promote mitochondrial fusion, and their knockdown leads to mitochondrial fission,
which in turn impacts macrophage anti-tumor immunity. Their work on bone marrow-derived macrophages revealed
distinct differences in mitochondrial morphology across various polarization states.'** Furthermore, research utilizing
confocal microscopy, structured illumination microscopy, and transmission electron microscopy to examine the mito-
chondrial morphology of in vitro cultured bone marrow-derived macrophages showed that M1 and M2b polarized
macrophages exhibited highly fragmented, discrete mitochondria, while M2a and M2c macrophages displayed elongated
and interconnected mitochondrial networks.'*> In sepsis models and patients with acute hypoxia syndrome, an imbalance
in macrophage mitochondrial dynamics was observed, with modulation of mitochondrial dynamics shown to inhibit
polarization towards pro-inflammatory phenotypes.'*® PGAMS5-Drpl signaling has been identified as a key factor
promoting macrophage polarization towards pro-inflammatory states and metabolic reprogramming. This suggests that
PGAMS signaling plays a critical role in linking altered mitochondrial dynamics to macrophage inflammatory responses,
positioning it as a potential therapeutic target for inflammatory diseases.*

Wei et al found that the down-regulation of mitochondrial fusion protein 2 (Mfn2) expression in microglia leads to an
imbalance between mitochondrial fusion and fission, causing aggravation of the cGas-Sting signaling pathway, which leads to
microglial M1 polarization and exacerbation of inflammatory damage after spinal cord injury. MASM7 was found to promote
Mifn2 expression. To deliver MASM?7, the researchers developed a biomimetic microglial nanoparticle strategy, referred to as
MSNs-MASM7@MIL. In vitro experiments showed that MSNs-MASM7@MI was non-toxic and efficiently delivered MASM?7.
In vivo studies demonstrated that MSNs-MASM7@MI reduced the inflammatory response and improved neurological function

after spinal cord injury. These findings provide new insights and potential therapeutic targets for spinal cord injury treatment.'’

Effect of Mitochondrial Translocation on Macrophage Polarization
Mitochondrial transfer can be considered an extension of intracellular mitochondrial motility and intercellular commu-
nication, playing a critical role in restoring the respiratory function of recipient cells and enhancing their survival.'*%!3°
This process has a regulatory effect on macrophage function.'*® Upon receiving mitochondria, macrophages typically
either reuse or degrade them. Mitochondrial reuse occurs through mitochondrial fusion, which also enhances oxidative
phosphorylation (OXPHOS) levels in these macrophages. Alternatively, mitochondrial degradation is mediated by
mitophagy.'*'"'** These findings suggest that targeting mitochondrial transfer could provide a potential therapeutic
strategy for diseases associated with macrophage polarization.

Mesenchymal stem cells(MSCs) activate mitochondrial biosynthesis via PGC-la and modulate lysosome-autophagy
pathways through PGC-1o/TFEB signaling, facilitated by mitochondrial transfer. This process enhances mitochondrial
function in macrophages, reducing ROS production, increasing ATP generation, and promoting polarization of M2-type

macrophages. Simultaneously, it reduces the proportion of pro-inflammatory MI-type macrophages, thereby reducing
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inflammatory responses and alleviating kidney injury in mice.'*

MSCs also promote macrophage polarization towards an
anti-inflammatory phenotype and improve lung injury through extracellular vesicle (EV)-mediated mitochondrial transfer.'*®
These findings offer valuable insights for developing therapeutic strategies that harness mitochondrial transfer, potentially
improving cell-based therapies or leading to cell-free approaches for treating inflammation-related diseases'®’ (Figure 5).

Methods for regulating mitochondrial transfer using biomaterials generally focus on the following approaches.
Research has shown that iron oxide nanoparticles (IONPs) can selectively enhance mitochondrial transfer from human
mesenchymal stem cells (hMSCs) to diseased cells. This enhancement occurs because ionized IONPs promote the
formation of gap junction channels containing Cx43. In a mouse lung fibrosis model, IONP-engineered hMSCs
significantly mitigated fibrosis progression by facilitating mitochondrial transfer. As a biocompatible material, IONPs
increased the mitochondrial transfer capability of hMSCs by boosting the expression of Cx43, offering a novel approach
for utilizing mitochondrial transfer in disease treatment.'*” Utilizing photothermal nanoknife technology, the research
team developed the “MitoPunch”, a pressure-driven device capable of simultaneously delivering isolated mitochondria to
multiple target mammalian cells.'*®

The field of intracellular mitochondrial transfer is advancing rapidly, driven by significant improvements in bioma-
terials and technologies facilitating mitochondrial transfer. However, the application of biomaterials for treating macro-
phage-polarizing diseases remains underexplored, particularly from the perspective of intercellular mitochondrial
transfer. Several critical questions warrant further investigation, including whether mitochondrial transfer occurs within
human macrophages, under what physiological or pathophysiological conditions; what signaling mechanisms govern the
delivery or receipt of mitochondria by macrophages; and how intercellular mitochondrial transfer influences the functions
of both donor and recipient cells. While the answers to these questions may vary depending on cell type, tissue
organization, and contextual factors, they hold the potential to transform our understanding of mitochondrial biology
and may unveil novel biological materials for therapeutic and diagnostic applications.

Figure 5 Overview of mitochondrial quality control, mitochondrial transfer and macrophage polarization.
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Future Perspectives

Mitochondria, as key organelles of cells, play a central role in cell fate and function. Targeting mitochondria is a promising
strategy for the development of novel regulatory materials. As such, an in-depth investigation of their intrinsic connection
with the mechanism of macrophage polarisation is of great significance for the development of novel biomaterials. The
study provides a systematic and comprehensive overview of the close relationship between various mitochondrial functions
and macrophage polarization. As research in this area progresses, it is expected to lead to breakthroughs in understanding
the mitochondrial pathways involved in macrophage polarization and the development of novel biomaterials. These
advancements could have significant implications for the treatment of inflammation-related diseases.

However, the current study has several limitations. On one hand, most of the preclinical results are based on cell lines
and animal models, which differ from human metabolic profiles. Factors such as poor evaluation models and limited
understanding of nano-biological interactions further hinder the clinical translation of macrophage nanomedicines.
Moreover, there is an inadequate understanding of the potential safety concerns associated with nanomedicines. For
nanomedicines targeting mitochondria or cellular energy sources, critical aspects such as long-term safe delivery,
biodegradability, pharmacokinetics, and long-term toxicity require thorough investigation. A more systematic and
comprehensive approach is needed to bridge the gap from in vitro studies to clinical applications. Furthermore, the
unique characteristics of nanomedicines must be clearly distinguished from other emerging medical technologies to
ensure their effective development and integration into therapeutic strategies.

Although immunotherapy has emerged as a new strategy in cancer therapy, cancer cells are prone to developing resistance to
immune checkpoint inhibitors. Combining mitochondria-targeted drugs with immune checkpoint inhibitors offers a promising
strategy to overcome this challenge. This combination regulates macrophage energy metabolism, suppresses the survival and
proliferation of cancer cells, and establishes a supportive microenvironment for optimal immune cell function.'**'*°

Traditional techniques for macrophage identification are time-consuming. Digital or optical microscopy, in contrast, offers
simpler and more effective morphological identification, which can present a comprehensive picture of macrophage polarisa-
tion. Computer-based morphometric tools, including artificial intelligence and machine learning, offer high accuracy and cost-
effectiveness for predictive analyses. These technologies are anticipated to become a focal point in biological research,
particularly when integrated with single-cell cytomics, enabling a more detailed understanding of immune cell heterogeneity.

Advancements in modern biotechnology have brought genome editing tools, such as CRISPR/Cas9, to the forefront
of research. These tools enable precise macrophage engineering to regulate specific polarization and enhance tissue-
specific immunity. The development of innovative biomaterial nanocarriers for the controlled release of CRISPR/Cas9 is
essential for achieving dynamic macrophage immunomodulation. Future research should focus on designing novel
platforms while integrating these advanced tools to support tissue healing and regeneration effectively.

With continued global investment in research on mitochondria and macrophage polarization, significant breakthroughs
in the mitochondrial pathways of macrophage polarization are anticipated. These advancements, coupled with the devel-
opment of innovative biomaterials, are expected to drive transformative progress. It is anticipated that they will contribute
substantially to the treatment of inflammation-related diseases, offering more effective therapeutic options for patients.
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