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Stimuli-Mediated Macrophage Switching, Unraveling the
Dynamics at the Nanoplatforms—Macrophage Interface
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Rumi Acharya, and Ki-Taek Lim*

Macrophages play an essential role in immunotherapy and tissue
regeneration owing to their remarkable plasticity and diverse functions.
Recent bioengineering developments have focused on using external physical
stimuli such as electric and magnetic fields, temperature, and compressive
stress, among others, on micro/nanostructures to induce macrophage
polarization, thereby increasing their therapeutic potential. However, it is
difficult to find a concise review of the interaction between physical stimuli,
advanced micro/nanostructures, and macrophage polarization. This review
examines the present research on physical stimuli-induced macrophage
polarization on micro/nanoplatforms, emphasizing the synergistic role of
fabricated structure and stimulation for advanced immunotherapy and tissue
regeneration. A concise overview of the research advancements investigating
the impact of physical stimuli, including electric fields, magnetic fields,
compressive forces, fluid shear stress, photothermal stimuli, and multiple
stimulations on the polarization of macrophages within complex engineered
structures, is provided. The prospective implications of these strategies in

1. Introduction

Recently, there has been tremendous devel-
opment in immunomodulatory therapies
for life-threatening diseases such as can-
cer and diabetes.['”] Immunomodulatory
drugs are used to modulate the immuno-
logical response of patients by enhancing
or diminishing certain activities of the
body’s immune system.[*! Various pharma-
ceutical agents are designed to target any of
the immune cells, i.e., natural killer cells,
cytotoxic T-lymphocytes, lymphocytes, neu-
trophils, and macrophages. Among these,
macrophages derived from blood mono-
cytes are extensively researched for im-
munotherapy, given their pivotal function
in both innate immune response and tis-
sue remodeling.**! In brief, macrophages

regenerative medicine and immunotherapeutic approaches are highlighted.
This review will aid in creating stimuli-responsive platforms for

immunomodulation and tissue regeneration.
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have unique adaptability and can assume
many functional phenotypes typically
categorized into proinflammatory (M1)
and anti-inflammatory (M2) states. This
phenomenon is often called macrophage
polarization.[®®] Tt is known that under
certain circumstances, these distinct macrophage phenotypes
can potentially undergo reciprocal transformations.[1®!!] The des-
ignations “M1” and “M2” were chosen to reflect the distinct
effects these two macrophage populations induce on differen-
tiating T-lymphocytes. M1 macrophages are distinguished by
their capacity to direct and stimulate Th1 T-lymphocytes; con-
versely, M2 macrophages are associated with producing Th2 T-
lymphocyte responses.!?]

M1 macrophages can be stimulated by various factors, in-
cluding lipopolysaccharide (LPS), interferon-gamma (IFN-y), tu-
mor necrotic factor-alpha (TNF-a), and granulocyte—-macrophage
colony-stimulating factor.'*} M1-polarized macrophages lead to
the clearance of pathogens through the production of nitric
oxide (NO), reactive oxygen species (ROS), and reactive ni-
trogen species.'* Additionally, M1 macrophages exhibit ele-
vated expression of antigen-presenting major histocompatibil-
ity complex (MHC) complexes, thereby activating adaptive im-
mune responses.[’’] Conversely, M2 macrophages are propelled
toward tissue restoration by interleukin 4 (IL-4) and IL-13,
interleukins secreted by innate and adaptive immune cells,
including basophils, mast cells, and Th2-lymphocytes.['®l M2
macrophages are further characterized into M2a, M2b, M2c¢, and
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M2d subgroups based on their surface markers, secreted cy-
tokines, and function regarding various stimulating molecules or
microenvironments.['718] Variations in macrophage phenotypes
(M1, M2, and M2 subtypes) can be measured using the cell se-
cretome and several cell surface markers (Table 1). According
to previous research, M2a macrophages secrete large amounts
of IL-4 and IL-13 and overexpress mannose receptor C-type 1,
a cluster of differentiation 206 (CD206) and fibronectin, which
promotes wound healing.?% M2b macrophages secrete impor-
tant anti-inflammatory cytokines that promote B lymphocyte ac-
tivation and humoral immunity.*) M2c macrophages trigger
anti-inflammatory responses through IL-10 signaling and effi-
ciently phagocytose apoptotic cells by overexpressing Mer recep-
tor tyrosine kinase (MerTK).[?2l M2d macrophages express high
levels of vascular endothelial growth factor (VEGF), IL-10, and
TGEF-p and play a crucial role in tissue sarcoma as the key in-
flammatory inducers. Additionally, it encourages angiogenesis
and cancer progression.!?>-2 Regardless of the circumstance, M2
macrophages repair tissue and inhibit M1 activity.[26-30]

The ability to manipulate macrophage polarization toward
the desired phenotype has enormous therapeutic implications
in tissue engineering, 33?1 regenerative medicine,**3* and
immunotherapy.*>3¢] Multiple methods are available to in-
duce the polarization of macrophages into one of two func-
tional states, in vitro and in vivo. Among these, the inte-
grated effect of external physical stimulation and engineered mi-
cro/nanoplatforms has demonstrated encouraging results.>738!
The dynamic macrophage polarization is ideally achieved by
external stimulation when using micro/nanoplatforms since
these specifically engineered platforms enhance the transmis-
sion of such stimuli to cells.*”) One instance involves the uti-
lization of micro/nanostructured platforms that possess topo-
graphical cues, including fissures, pillars, and nanofibers. The
ability of these platforms to facilitate the regulated transmis-
sion of external stimuli to macrophages stems from their dis-
tinctive capability to initiate diverse signal transduction path-
ways recognized by focal adhesion complexes at the material—cell
biointerface.l %] Surface chemistry alterations, such as coating
biomolecules, may further affect stimulation transmission and
dynamic macrophage polarization.!®-%°]

Comprehensive reviews have investigated the impact of
external signals on macrophage polarization and the role
of biomimetic structures in regulating dynamic polarization
separately.”*”!] However, reviewing current research on stimuli
and tailored platforms for macrophage polarization is crucial,
given their significant role at the intersection of biology and en-
gineering. It has implications for high-throughput immunother-
apy and tissue regeneration. Combining stimuli with complex
structures provides new insights into macrophage behavior, ad-
vancing our understanding and potential impact in this field.

This review examines the most recent advancements in the
engineered platforms regulating macrophage polarization com-
bined with external stimulation for therapeutic and tissue engi-
neering applications (Scheme 1). The structural-functional as-
pect of designed platforms and the molecular mechanisms that
regulate the interaction between stimuli and biomimetic struc-
tures in the dynamics of macrophage modulation are empha-
sized. Finally, a summary of the most recent reports on the clin-
ical implementation of the developed systems is also presented.
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We anticipate that this work provides a comprehensive overview
of the current state of this field.

2. Macrophage Polarization

The process of macrophage polarization is a multifaceted and dy-
namic phenomenon regulated by numerous molecular processes
and signaling pathways.[”>73] The consideration of potential met-
rics for assessing macrophage polarization remains a challeng-
ing task. However, estimating macrophage polarization is fre-
quently achieved by observing certain hallmark changes, includ-
ing alterations in genetic!'3! and proteomic marker expression, 8!l
cytokine/chemokine secretions,®? and interactions with neigh-
boring cells.®¥] Additionally, metabolic factors®* and epige-
netic modifications!®! regulate macrophage polarization. The
intricate interplay of these factors dictates the polarization
state of macrophages, which influences their functional pheno-
type and responses in physiological and pathological contexts
(Scheme 2a). Furthermore, macrophage polarization dynamics
often provide a momentary representation unique to the present
microenvironment, increasing the complexity of the study of
polarization.l’!

2.1. Signaling Pathways in Macrophage Polarization

Since macrophage polarization is governed by specific signaling
pathways that cause phenotypic and biochemical changes, this
section summarizes the main signaling pathways that genetically
control macrophage polarization.

2.1.1. Toll-Like Receptor (TLR) Signaling

Toll-like receptors (TLRs) are essential pattern recognition re-
ceptors that identify pathogen-associated molecular patterns
(PAMPs) and initiate immune responses.’] Engagement
of TLRs on macrophages triggers signaling cascades, in-
cluding TIR-domain-containing adapter-inducing interferon-g-
dependent pathways and myeloid differentiation primary re-
sponse 88 (MyD88)-dependent cascade, which produce proin-
flammatory cytokines and chemokines.®®! TLRs initiate intra-
cellular signaling cascades that ultimately result in the ac-
tivation of transcription factors and the production of spe-
cific cytokines and chemokines upon ligand binding, promot-
ing both M1 and M2 polarization, depending on the TLR
agonist and environmental conditions. For instance, LPS in
gram-negative bacteria stimulates the production of proinflam-
matory cytokines such as IL-6 and TNF-a, resulting in M1
polarization.®] TLR2 activation by molecules from bacteria,
fungi, or other microbial components®*°!) and TLR3 activa-
tion by double-stranded RNA can induce the expression of anti-
inflammatory cytokines, including IL-10 and TGF-g, thereby
promoting M2 polarization.®**¥ In addition, TLR signaling
can influence other signaling pathways, such as those involv-
ing interferon-gamma (IFN-y) or IL-4, to further influence
macrophage polarization.l”->>-8

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

85U8017 SUOLLLIOD 8A 18810 3cedldde ayy Aq peusencb ae sajoiLe VO ‘8sn Jo Se|ni Joj Akl 78Ul UO A8]IAA U (SUORIPUOD-PUR-SLURIALI0O" A3 IM"Ae.q| U UO//SANY) SUORIPUOD pUe SWid | 8U 88S * [7202/70/62] U0 AkeidiTaulluo Aeim ‘AiseAIUN UOTEN UOMBUR Y A T8S00Z0Z WUPe/Z00T 0T/I0p/W0d A8 1w ARe.q 1 jeuljuo//:sdny woly pepeoiumod ‘0 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

21922659, 0, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1002/adhm.202400581 by Kangwon National University, Wiley Online Library on [29/04/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

[}
0x4 S 5
<4 ®
C - £ (&)
o7 T
e g
VLT © FS
<< ¢ ; )
DEM < 300ZaD ‘€91ad (e8eydosoew s
T .m 3uijapowal anssi ‘sisauagdoidue ‘Y0zdD ‘YLD pa1eIDOSSE-J0oWN]) 2z
w. [e9 ‘29l ‘uoissasddnsounui ‘uonowoud Jown|. oL-11 ‘Mo| ZL-11 ‘€91dD ‘902AD AT g
g Y3y LYDEXD 3
3uljapowai anssi ‘sisausdoldue 0L-11 ‘Mo] »-4NL ‘¥1dD ‘€9LAD ‘9LAd a
L9 ‘09 ‘vl ‘uoissaiddnsounwiwi ‘uorzowold sown| oiuadoi3ue ‘voissaidoud sown| oL-11 4D3A ‘Mo| ZL-11 '4D3A ‘90zdd PZN m
asuodsau A1ojewiwiejju L-8ay MLPIN 2
‘sisopkoo3eyd ‘suqgap 3uiduaneds s||a ‘asNoN ‘g-y1L ‘9¢dD ‘90zAD m
[8s ‘¢el 4redas anssiy ‘UoleLULIE|UI JO UOIIN|OSIY snoydode jsurede Kiojewwieyul-nuy 917122 ‘-4DL ‘0Ll ‘L1 602D ‘€9LAD TN .m
4Ll g
uoljejuasald uadiue ‘sY1L T
o
‘uoje|nSas sunwiwl ‘uoije|NpowouUNILUI saunjo14d A1ojewweyurold 98dD ‘Mo| ‘9Lad 3
<
[65 ‘g5l ‘asuodsas sunwwi ay1 jo 3uidwieq pue -1ue yjoq sadnpu| 0-4NL ‘911 ‘gL oL L1 Y3y oLl ‘9€dd '98AD 9N S
o
uonesajijoid 1se|qoiqy (aunjorfo 1-84v “400Zad <
‘sisayjuhs uadejjod ‘sisoifoodeyd Kiojewiwejjul-iue) 7/ L WA ‘602D m
‘asuodsau Liojeuweyul-iue adfjouayd | | sareAIRdERP ‘S|[9D 2L '¥2122 ‘72102 ‘1Zz14 ‘18 ‘€91ad E
[£5—¢¢] ‘Buijopowas pue Jredas anssi| plojaAwiuou jo uoijesajijold sadueyuy ‘817102 ‘L1122 ‘d-4DL D°4LT1 eyl ‘90zdd eZIN E
=
(zz102) 3,
7z puedn S
(3now 5-3) aupjoway ©
uoljesayljoid |92 saduBYUD (g1-11) €L-upnapa3u|
‘sisayjuhs (#=11) prupnapagu
uonesajijoid |22 uage||0d pue sisoiqy ajowo.d (g -4D01) e19g-10108}
[zs—8v] ‘UolBLILBYUI-IUY ‘A1121x03034> pasnpui-QN ssaiddng yimou3 Suiwioysues| (L-oseuidue) |-8uy o=
asuodsas sunwiwii uolresauadal ¥00Zad ....M
suadwep ‘sisauadoidue sajowoid pue Yiedau anssiy ‘Suijapowal ‘60¢dD ..M
‘Buijeay punom 4redau pue Suijapoual anssi) paseasdul ‘asuodsal (zyy) ‘Y0zdD (103d@da4 asouuew) .lI\
[zv—5¥] anssi} sajowold ‘UoITBLULLE|UI SIA|0SDY z 1adjpy-| ‘asuodsas Aiojewweyul-nuy (OL-T1) OL-unjnajsaIu| ‘€91dd 90zdD N m
(4-N41) Bwwesd uosapiaiu| m
(zL-11) zL-upnapRu| (aseypuhs ~N
(9-71) 9-upnapagu 3pIX0 dLjIU
[sy—z] (1-11) e12q -upnapau 3|qNpu) SON!
asuodsas (LyL) L4adjay-L 7ead ¥9ad
sisoiqy pue ‘sisauadoiSue ‘Suijapowas ‘uonejuasaid uadnue ‘sisojfooeyd ‘91ad ‘0rad
pue siedas anssiy sajenwins ‘susadoyied paseaJoul A11AID. [epidiqoadiw (0-4N1) ‘yLas ‘08ad>
[L¥ ‘or ‘91] SJB3|D ‘UoIjeLUWE|IUI A|JED S9j0W0Id ‘asuodsau AKiojewiwiejjulold eyd|e-1010e} SISOI3U Jowin| ‘qLLad ‘98dD LN
adfiqns/adky
'sjoy Suijeay anssi| asuodsas sunwiwi| $10108) P319.23S BENTLIVERLITIIN SENLETRON a3eydosepy

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

's9]04 J19Y3 yum uoje siaxiew a3eydoidew g pue | A 4O 1s!| dAIsusyaidwod v °| d|qeL

Adv. Healthcare Mater. 2024, 2400581


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED ADVANCED
SCIENCE NEWS 'jﬁﬁ%’?ﬁﬁfg

www.advancedsciencenews.com

www.advhealthmat.de

Wi - . High frequency
acrophages

2= cultured on magnetic stimuli
(™ PCL nanofibers e

3

Q

g

,C_) Low frequency

s magnetic

5 stimuli

©

w

i

u Magnetic field

- EFFECT OF LOADING

l‘

Multiple stimuli
= Raw 264.7 Electric field
g
£
£ o S Vs N BO
'E £ s "'2D/ 3D micro/nano Polarized BaTiO3/P(VDF-TrFE) membrane
£7s )
@ e Photothermal B a y
s stimuli Macrophage M1 Macrophage M2 5 ’-a
=] e m— ; .
Time (s) f
- s -
N /NIR laser P re stimuli =y
S Mito M2 ressure s Q ‘
. 60s
. stimulation :
Fluid shear stress oy
e
Y S—
@ }._ ¢
(10 H

Media

Collagen

Media
Characl Gel with Cells Cnannel

Scheme 1. Overview of the immunomodulatory potential of the combined effects of micro/nanoplatforms’ physiochemical properties, and externally
applied physical stimulations, including magnetic field. Reproduced with permission.[”#] Copyright 2017, American Chemical Society; Electric field, Repro-
duced under the terms of the CC-BY 4.0 license.[”>] Copyright 2021, the Authors, published by Elsevier; Pressure stimuli, Reproduced with permission.[76]
Copyright 2023, Elsevier; Fluid shear stress, Reproduced under the terms of the CC-BY 4.0 license.l”’! Copyright 2018, the Authors, published by The
American Society for Cell Biology; Photothermal stimulation, Reproduced with permission.[’87°] Copyright 2022 and 2020, Elsevier; Multiple stimula-
tion, Reproduced with permission.[3%] Copyright 2020, Elsevier., on the macrophage polarization toward M1 or M2 phenotypes when cultured on 2D/3D

micro/nanofabricated tissue engineering platforms.

2.1.2. Interferon (IFN) Signaling

Interferons (IFNs), including type I (IFN-« and IFN-f) and type
II interferons (IFN-y), are important cytokines that regulate im-
mune responses.®”] These are produced by various cell types, in-
cluding macrophages, in response to bacterial or viral infection,
tumor development, or other immune stimulatory signals.[100101]
IFN exerts its effects on macrophage polarization by activating
specific signaling pathways. IFN-y mainly activates the Janus ki-
nase (JAK)/signal transducer and activator of the transcription
(STAT) signaling pathway upon binding to its receptor. Upon
IFN binding to their respective receptors on the macrophage sur-
face, JAK proteins are activated and phosphorylate the cytoplas-
mic tails of the receptor subunits. This phosphorylation event
allows recruitment and phosphorylation of STAT proteins, pri-
marily STAT1 and STAT3. Phosphorylated STATs dimerize and
translocate to the nucleus, where they bind to specific DNA el-
ements known as interferon-stimulated response elements (IS-

Adv. Healthcare Mater. 2024, 2400581 2400581 (4 of 29)

REs) or gamma-activated sequence (GAS) elements!'%21%] and
primarily induce the expression of proinflammatory genes asso-
ciated with the ISRE and GAS elements.['*1%] Specifically, IFN-y
promotes M1 polarization by producing high levels of ROS and
NO through the upregulation of inducible nitric oxide synthase
(iNOS) and NADPH oxidase.l'”-1%] Furthermore, IFN signaling
enhances the antigen presentation capabilities of macrophages
by upregulating major histocompatibility complex class I (MHC-
1) and class IT (MHC-II) molecules.[''] This facilitates the activa-
tion of adaptive immune responses. Interferon signaling can also
modulate M2 macrophage polarization through the involvement
of interferon-regulatory factors (IRFs).['11]

2.1.3. IL-4/IL-13 Cytokine Receptor Signaling
IL-4 and IL-13 are essential cytokines for the induction of M2

polarization.['12113] The binding of IL-4/IL-13 to their receptors

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Scheme 2. Schematic illustration of a) the effects of physical stimulation on the behavior of macrophage polarization. b) Key signaling pathways altered
in dynamic macrophage polarization. ¢) The advancement in the micro/nanoplatform device coupled with external physical stimulation for dynamic

macrophage polarization.

activates the JAK/STATG6 pathway.['9114] STAT6 has been re-
ported to translocate to the nucleus and promote M2-specific
genes, including arginase-1 (Arg-1), mannose receptor (CD206),
TGF-B, and anti-inflammatory cytokines such as 1L-10.1'*] These
cytokines exert immunoregulatory effects, suppressing proin-
flammatory responses and promoting tissue repair and resolu-
tion of inflammation.[!¢]

IL-4/IL-13-stimulated M2 macrophages perform essential tis-
sue remodeling and wound healing functions through ex-
tracellular matrix (ECM) deposition, angiogenesis, and tis-
sue repair,'"7 18] mainly through increased matrix metallopro-
teinase (MMP) production by M2 macrophages.('*) IL-4/IL-
13-driven M2 macrophages display immunoregulatory func-
tions that promote immune tolerance and suppress exces-
sive immune responses.[12*12!] Contributing to immune home-
ostasis and regulation, other immune cells can inhibit proin-
flammatory cytokine production and promote the differenti-
ation of regulatory T cells (T,).!"*”} Furthermore, tumor-
associated macrophages (TAMs) tend to polarize toward an
M2-like phenotype under the influence of IL-4/IL-13 sig-
naling, which mediates their immunosuppressive properties.
This polarization is commonly associated with tumor progres-
sion, angiogenesis, and immune evasion within the tumor
microenvironment.[!*]

Hence, I1-4/IL-13 signaling promotes the M2 or alternative
activation phenotype during macrophage polarization. This path-
way produces anti-inflammatory cytokines, tissue-remodeling
factors, and immunoregulatory molecules contributing to

Adv. Healthcare Mater. 2024, 2400581 2400581 (5 of 29)

wound healing, tissue repair, immunoregulation, and tumor
progression.

2.1.4. Nuclear Factor-Kappa B (NF-xB) Signaling

Transcription factor NF-xB signaling plays a significant role in
macrophage polarization by regulating the gene expression in-
volved in inflammatory and immune responses.'?#125] Upon
activation, NF-xB induces the transcription of proinflamma-
tory cytokines such as TNF-e, IL-18, and IL-6.'2% It acts as
a downstream effector of TLR signaling. Upon activation of
TLRs by PAMPs or danger-associated molecular patterns, NF-
kB activation leads to the expression of iNOS, producing NO
and ROS. These molecules are involved in pathogen clearance
and the inflammatory response.l'?”’] NF-xB signaling also in-
teracts with IFN-y and IL-4 signaling pathways, where IFN-
y enhances NF-xB activity, promoting M1 phenotypic change,
while IL-4/IL-13 signaling suppresses NF-xB activity favoring,
M2 polarization.['?>) NF-xB mediated signaling also plays a key
role in the resolution of inflammation through IL-10 and TGF-g
signaling.[128]

2.1.5. Peroxisome Proliferator-Activated Receptor-Gamma (PPAR-y)
Signaling

PPAR-y is a nuclear receptor that controls lipid metabolism
and immune responses.['?! Activation of PPAR-y by PPAR-y
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agonists, such as thiazolidinediones, promotes the expression
of IL-10 and suppresses the production of proinflammatory
cytokines, such as TNF-a and IL-6,13®13!l fostering an im-
munoregulatory M2 phenotype.

PPAR-y signaling exerts anti-inflammatory, immunoregula-
tory, and tissue-remodeling effects while regulating glucose
and lipid metabolism.['*2] PPAR-y signaling regulated lipid
metabolism in macrophages promotes lipid uptake, efflux,
and metabolism and contributes to the formation of M2-like
cells.1331341 Activation also regulates lipid balance, mitigat-
ing lipid-induced inflammation by promoting lipid accumula-
tion and droplet formation.['*®) M2 macrophages induced by
PPAR-y activation are involved in ECM deposition, angiogen-
esis, and tissue repair.’*) Furthermore, PPAR-y signaling in-
teracts with other pathways involved in macrophage polariza-
tion, including IL-13/IL-4 signaling, enhancing M2 polariza-
tion. PPAR-y activation can also modulate TLR signaling and
suppress the proinflammatory response associated with M1
polarization.[137]

2.1.6. Signal Transducer and Activator of Transcription 3 (STAT3)
Signaling

STAT3 is a TF activated by numerous cytokines and growth
factors. STAT3 activation stimulates the gene expression as-
sociated with M2 and contributes to anti-inflammatory func-
tions, mostly through IL-6, IL-10, and IL-13 signaling,*®] and
inhibits the production of proinflammatory cytokines, such as
TNF-a, IL-18, and IL-6. It also modulates the function of reg-
ulatory T cells (T,,) and regulatory B cells (B,,,), promoting
an anti-inflammatory environment and suppressing excessive
immune responses.['**1“° This suppression of proinflammatory
gene expression contributes to the resolution of inflammation
and restoration of immune homeostasis.[1%141]

2.2. Macrophage Polarization under Physical Stimulation(s)

How does physical stimulation influence macrophage polariza-
tion, and what are its hallmarks? Given the overlapping molecu-
lar pathways implicated in macrophage polarization, providing a
direct answer to this inquiry is exceedingly difficult. Moreover, it
is essential to acknowledge that the impact of external stimula-
tion on cells might exhibit variability depending upon the inten-
sity, frequency, and length of exposure alongside the specific cel-
lular and organismal entities under consideration. Consequently,
the regulation of immune cells like macrophages and the homo-
geneity of the regulatory mechanisms are yet to be explored, and
extensive data deposition through databases like the ImmGen
consortium can help to surmount these challenges.[1*?]

2.2.1. Magnetic/Electromagnetic Stimulation

The exposure of macrophages to a static or dynamic magnetic
field (MF) can differentially enhance a cell’s magneto reception,
induce current generation, alter membrane properties, and gen-
erate heat, resulting in alteration in various cellular processes.
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For instance, Vergallo et al. demonstrated that exposure to a
strong, homogenous static MF of 476.7 + 0.1, 12.0 + 0.1, 2.8 +
0.1 for up to 24 h has a significant inhibitory effect on the release
of proinflammatory cytokines IL-6, IL-8, and TNF-a from Raw
264.7 macrophages.['3] On the contrary, a pulsed MF can mod-
ulate excessive inflammatory reactions in an in vivo setup. Kim
et al. have demonstrated that exposure of BALB/c + LPS mice
exposed to a pulsed MF of 4700 G greatly reduces the expression
of proinflammatory cytokines, TNF-a levels, and IL-6.11*] Similar
macrophage behavior results when Raw 264.7 + LPS are exposed
to a varying MF of 30 Hz for 1 h in an in vitro setup; the MF in-
duces a decrease in the secretion of IL-6 and IL-10 without alter-
ing the production of TNF-a.I'*] More or less, exposure to MFs
may promote M2 polarization of macrophages. However, a dis-
tinct behavioral pattern happens when macrophages are exposed
to electromagnetic fields (EMFs). Kim et al. observed that the ex-
posure of Raw 264.7 cells to 60 Hz 0.8 mT low-frequency EMF
increased the production of proinflammatory cytokines, TNF-a,
IL-1p, and IL-6 without altering the cell proliferation behavior. It
also resulted in increased NF-kp signaling, enhanced activation
of nuclear factor of activated T cells (NFAT)2, and an increased
influx of calcium, and resulted in a decreased effectiveness of an-
tioxidants like Resveratrol.['**] MF also affects the phagocytic ca-
pability of macrophages. Macrophages derived from Shoe-NMRI
mice upon exposure to 50 Hz MF at 1.0 mT were investigated for
uptake behavior. MF-exposed macrophages showed a 1.6-fold in-
creased uptake of latex beads within 45 min. Additionally, these
macrophages released an increased IL-1f after 24 h of 1.0 mT MF
exposure.['*’] The effects of MF in an in vivo system are quite
different. BALB/c male mice, when exposed to weak combined
MFs produced by a constant MF (30-150 pT) and an alternat-
ing MF (100 or 200 nT) for 2 h daily for 14 days, can stimu-
late the production of TNF-a, I[FN-y, IL-2, IL-3, and induces cy-
tokine accumulation in blood plasma. A similar treatment can
also suppress tumor growth in mice.*] The polarization of
naive MO macrophages into the anti-inflammatory M2 phase was
significantly impacted by moderate (~0.6 T) or gradient (=104
Tm™!) MF, according to multiple studies conducted to date. It
has been demonstrated that MF enhances the expression of anti-
inflammatory genes in macrophages by activating STAT6 and in-
hibiting STAT1, thereby promoting the resolution of inflamma-
tion and the healing of wounds.['*] Lei et al. have described the
possible mechanism of MF interaction with macrophage biology.
Exposure of macrophages to an external MF initiates a series of
intracellular responses, including rearrangements in the actin cy-
toskeleton, the Golgi complex, and the cation channel receptor
transient receptor potential cation channel, subfamily M, mem-
ber 2 (TRPM2) (Figure 1a). The intracellular and intercellular free
radicals and molecules, such as O;, NO, NO,, and FeCl,, are para-
magnetic and can be redistributed by the Lorentz force and the
magnetic gradient force as defined in electrochemistry. It is also
known that exposure of the macrophages to an external MF in-
duces clustering of cation channel receptor TRPM2 to disrupt the
Ca’* homeostasis, resulting in reoriented ion-current dependent
actin polymerization and reshaping the cells. Moreover, MF al-
ters the interaction of actin-binding molecules such as vinculin,
mitotic spindles, and chromosomes. An alternating MF and ul-
trahigh MF also strongly influence the spin (charge) transfer be-
tween ions due to the strong natural magnetic moments of Fe
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Figure 1. Effects of physical stimuli on macrophage polarization. a) Macrophage shift to M1 phenotype with low-frequency alternating magnetic field and
to M2 phenotype with moderate intensity MF, potentially resulting from TRPM2 clustering mediated Ca®* homeostasis and actin polymerization, Golgi
complex disruption, and activation of M2 specific gene Arginase-1. Reproduced under the terms of the CC-BY 4.0 license.l'#° Copyright 2020, Frontiers.
b) Changed microfilament organization. Reproduced with permission.l’>®l Copyright 2000, Springer Nature. c) lllustration depicting cryothermal ther-
apy’'s induction of M1 phenotype in macrophages, leading to the remodeling of the host immune environment and the initiation of long-lasting antitumor
memory immunity. Reproduced under the terms of the CC-BY 4.0 license.[’>"] Copyright 2019, Springer Nature. d) U937 macrophages exposed to po-
larized light stimulation and the resulting reduced inflammatory marker expression. Reproduced with permission.['32] Copyright 2020, Wiley.

atoms and ions.'*] MF exposure thus promotes M2 macrophage
polarization at several experimental instances over M1 states.
2.2.2. Electrical Stimulation

Cells exposed to an external electric field (EF) often experience in-
duced dipole moments, creating a difference in the polarization
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potential, enhanced cell cathode migration, and alignment to EF
vectors, mainly through epidermal growth factor receptor, phos-
phoinositide 3-kinase (PI3K), and Ca?*-related mechanisms./*>3]
It was observed a long time ago that applying an external EF
of 150 mV mm-™! for a period of 2 h induces anodal migra-
tion of macrophages without increasing the speed or direction
of migration. In addition, this stimulation can polarize polymer-
ized actin and podosome toward the leading, anode-facing edge
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and enhance their phagocytic ability. Interestingly, exposure of
the progenitor monocytes of these macrophages showed a direc-
tional migration toward the cathode. This stimulation condition
increases PI3K and extracellular signal-regulated kinase (ERK)
activities. However, they will likely not activate the STAT3 and the
p38 activities. Investigations using inhibitors for PI3K, ERK, and
Ca’* signaling show that integration of multiple pathways is re-
quired to drive EF-mediated effects fully.'>*) Macrophages, when
cultured on glass substrates and exposed to an oscillatory EF of
1 Hz, 2 V cm™!, can attain an induced migration velocity of 5.2
+ 0.4 x 1072 um min~' through integrin-dependent or integrin-
independent signaling pathways (Figure 1b).[*>"]

2.2.3. Photothermal /Cryothermal Stimulation

Macrophage polarization also responds to variations in tem-
perature. In conditions such as fever, the BALB/c mice model
challenged with LPS shows enhanced signaling pathways, in-
cluding enhanced phosphorylation of the inhibitor of nuclear
factor-xB kinase complex, resulting in NF-kB nuclear translo-
cation and binding to TNF-a promoter. Interestingly, this ex-
pression of TNF-a is tightly connected to the expression of
heat shock protein 70 (HSP70), whose inhibition can lead to
lower the expression of TNF-a.['°] The effect of heat can in-
directly control the macrophage polarization process in several
instances. For example, when exposed to hyperthermia, triple-
negative breast cancer cell lines release exosomes that affect
macrophage polarization. Hyperthermia-treated MDA-MB-231
human breast cancer cells secrete HSPB8-containing exosomes
readily upregulate the mRNA levels of TAM M1 marker IL-12
and iNOS while downregulating the M2 markers CD206 and
Arg-1. The release of M1 polarizing exosome occurs through
the enhanced MAPK, TNF, and IL-17 signaling pathways./1>¢]
On the contrary, cryothermal therapies can also increase the
expression in CD 86, MHC-II, CXCL 10, IL-12p40, IL-6, and
TNF-a mRNA levels, as investigated in female C57BL/6 mice.
Cryothermally polarized M1 macrophages can be crucial in den-
dritic cell (DC) activation and maturation, leading to antitu-
mor CD4+ and cytotoxic CD8+ T-cell activation. Figure 1c de-
picts the emergence of M1 phenotype macrophage utilizing
cryothermal treatment, resulting the modification of the host
immunological milieu and onset of persistent antitumor mem-
ory immunity.!">!] Thermal treatment of the macrophages and
implantable biomaterial can have a different effect as opposed
to the M1 polarization tendencies of heat stimulation, a near-
infrared (NIR) treatment of mice implanted with antioxidized
polydopamine @hydroxyapatite 2PDA@HA) with photothermal
treatment (808 nm, 0.75 W cm™!) promotes macrophage polar-
ization toward the M2 state by secreting platelet-derived growth
factor-BB (PDGF-BB) and TGF-f1.157]

2.2.4. Photodynamic Stimulation

Control of macrophage polarization using unpolarized light stim-
ulation is another way toward immunomodulation. Light stim-
ulation has been shown to trigger the expression of cyclooxy-
genase 2, prostaglandin E2, TLR 4, and triggering receptor ex-
pressed on myeloid cells 1 (OCX2/PGE2/TLR4/TREM1) axis to
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induce M1 macrophage polarization in THP-1 macrophages.[1*8!
Besides, photodynamic therapy (PDT) also triggers the expres-
sion of Arg-1, CD 206, iNOS, CD86, inflammatory factor IL-6,
TNF-a, and IL-#1, MAPK/ERK pathway activation, and NOD-
like receptor protein 3 (NLRP3) inflammasome formation.*>!
Histiocytic lymphoma cell line U-937, when subjected to light
at 660, 820, 870, and 880 nm, results in the differential secre-
tion of growth factors that affect fibroblast proliferation differ-
entially. Another way to control macrophage polarization is the
use of polarized light. Human monocyte cells U937, upon expo-
sure to polychromatic polarized light for 6 h, often result in a re-
duced expression of CD14, MHC-I, and CD11b receptors while
increasing the expression of CD86 (Figure 1d). It also downreg-
ulates IL1B, chemokine (C-C motif) ligand 2 (CCL2), NLR fam-
ily pyrin domain containing 3 (NLRP3), and nucleotide-binding
oligomerization domain-containing protein 1 (NOD1) while up-
regulating NFKBIA and TLR9. NFKBIA is a key inflammatory
inhibitor of cytokine production. IL1B and CCL2 are important
cytokines, while NLRP3 and NOD1 are membrane receptors in
inflammatory signaling.'>?] Photobiomodulation treatment with
630 nm light emitting diode array on a coculture system of Raw
264.7 cells and Tonsil-derived mesenchymal stem cells at 30] re-
duces expression of iNOS (M1) and increases the expression of
Arg-1 (M2) phenotype macrophage markers. Anti-inflammatory
cytokines interleukin-1 receptor antagonist (IL-1RA) gene expres-
sion also increases significantly.!*"]

2.2.5. Pressure Stimulation/Mechano-Immunomodulation

Macrophages are mechanically responsive and can alter their lin-
eages according to mechanical stimuli surrounding them. Ten-
sile micromechanical strains, hydrostatic cyclic pressure, and
compressive strains are known to accelerate inflammatory cy-
tokine production. Macrophages also respond to interstitial fluid
shear stress by selective release of matrix metalloproteinases
(MMPs), leading to ECM degradation and heart diseases. Never-
theless, the polarization state of the macrophage greatly depends
on the type of mechanical stimuli, such as low/oscillatory/static
shear stress uniaxial and biaxial stretching-induced mechanical
stress.l1%1] These stimuli are perceived through the integrins,
voltage-gated Ca?" channels, and focal adhesion kinases and
transduced through various signaling pathways, including the
MAPK, ERK1/2, and JNK pathways.!'®2] A few notable findings
suggest that a high hydrostatic pressure of 60 mmHg can
polarize bone marrow-derived macrophage to the M1 pheno-
type by producing TNF-a and IL-10.'%3) Most mechanical stress
promotes inflammation by producing inflammasome, activat-
ing the NF-kB signaling pathway, and suppressing caspase-1
activation.!’®] Regardless of the physical stimulation applied, the
induction of M1 or M2 macrophage polarization varies widely
and is primarily determined by the specific stimulation context.

Leveraging these plasticities, micro/nanoplatforms combined
with targeted external stimuli, either alone or in combination,
have been widely employed in engineering immunomodulatory
platforms. These platforms aim to manipulate the surround-
ing topological features of macrophages and amplify signal
transduction to achieve dynamic macrophage polarization.
As will be elaborated upon in the following section, desired
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immunomodulatory platforms can be produced by fine-tuning
these stimuli. Scheme 2b,c illustrates a simplified overview of
the primary signaling pathways involved in macrophage M1/M2
polarization and the utilization of stimulation coupled with
platforms for macrophage fate determination.

3. Physical Stimulations for Macrophage
Polarization on Advanced Micro/Nanoplatforms

Various techniques are utilized to fabricate micro/nanoplatforms
integrated with stimulation modules for the desired im-

munomodulatory investigations. These include printed

platforms, 165161 microfluidic ~ devices,'*1%]  nanobot

fabrication,[16170] electrospun fiber latforms,[171:172]
P p

bioreactors,!'>74] and any combination of platforms!'”>! de-
pending upon the type of stimulation to be applied. For
example, applying MF to MF-responsive nanoplatforms can
adjust macrophages’ surface adhesion attachment, leading to
a controlled polarization event. The surface micro—nanoarray
structure can also be converted into detectable electrical sig-
nals under external electrical stimulation, which can decode
the information to the macrophages.['’®! Two prevalent ap-
proaches are utilized to fabricate surface micro-nanostructures,
top-down, and bottom-up. The top-down approach involves
breaking down material to obtain nanostructures, whereas a
bottom-up approach focuses on assembling molecules into
nanostructures.!’””] Mold casting and photolithography are the
preeminent top-down construction techniques that enable the
manipulation of micro/nanoarrays’ characteristic parameters
and structural morphology. Bottom-up construction techniques
typically involve self-assembly phenomena, such as forming
patterned nanomaterial structures via electrostatics, magnetism,
or intermolecular forces. Notably, the development of intricate
surface patterns frequently necessitates utilizing hybrid con-
struction techniques, which involve integrating both top-down
and bottom-up approaches.['7#17°] These micro-nanostructure
could then be utilized for immunomodulatory applications. We
have discussed the fabrication of the case specific nanoplatforms
along with the immunomodulatory function in the sections
below. Nevertheless, stimuli-responsive micro/nanoplatforms
and their fabrication and working principles can be studied in
detail in the available literature.[65180-183]

3.1. Magpnetic Field Coupled Platforms

In the natural tissue ECM microenvironment, fibronectin,
laminin, and collagen proteins create anisotropic random struc-
tures that generate network topologies abundant in Arg-Gly—Asp
(RGD) sequences to ligate integrin transmembrane cell recep-
tors. The precise control of the interaction between the RGD
sequences of the ECM proteins and the macrophages could af-
fect macrophage polarization, which can either be proinflam-
matory or promote healing. In this regard, Kim et al. em-
phasized using an MF to control RGD to integrin binding in
macrophages for immunomodulation-induced tissue regenera-
tion (Figure 2a).l'%*] In their study, they found that the polariza-
tion of macrophages toward M1 or M2 types could be controlled
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by an MF-responsive platform comprising three components, in-
cluding RGD-coated gold nanospheres (RGD-GNS), a 1D mag-
netic nanocylinder (MNC) coated with RGD (RGD-MNC), and a
flexible linker molecule (10 000 Da) connecting the RGD-GNS
to the RGD-MNC, as shown in Figure 2a(al,a2). The attachment
and detachment of RGD-MNCs on the RGD-GNS-coated 2D ma-
terial surface were controlled by an externally applied MF of
10* Oe (Figure 2a(a3)). The dynamics of the integrin-mediated in-
teraction between macrophages and the ECM were observed by
regulating the attachment and detachment of the nanocylinder
to the gold nanospheres. When the MF is applied, the assembled
system enhances macrophage focal adhesion to nanoplatforms
by enhancing the interaction between integrin and RGD, thereby
polarizing into M2 macrophages. The interaction between RGD-
integrin in macrophages was attenuated in the absence of an MF
owing to the disassembly of the RGD-MNC and RGD-GNS sys-
tem, resulting in lower focal adhesion mediated M1-polarized
macrophages, as depicted in Figure 2a(a4,a5). The observed al-
teration in macrophage polarization via cellular dynamics in
response to magnetic fields exemplifies a remotely controlled
switch within the magnetic manipulation platform, ultimately
dictating macrophage fate. This instance underscores the mag-
netic field’s capacity to reshape macrophage destiny by regulating
the topological environment of cells and manipulating integrin-
mediated signaling pathways. The molecular control of the MF-
induced macrophage polarization in RGD-MNCs on the RGD-
GNS-coated 2D material significantly correlates with the previ-
ously reported study by Woski et al., who reported that the appli-
cation of a 1.24 T magnetic field can induce rearrangements in
the macrophage focal adhesion through vinculin and cytoskele-
tal proteins.'®] The cytoskeletal reorganization resembled the
RhoA interference phenotype (Figure 2b). A similar study was
conducted by Thangam et al., where the authors demonstrated
the embellishment of gold nanoparticles (AuNPs) on magnetic
nanoparticles (MNPs) by modulating the density of decorated
ligand-bearing AuNPs and flexibly coupling them to a substrate
at different MNP densities while maintaining a constant macro-
scopic ligand density. They demonstrated magnetic switching of
upward (“Upper Mag”) or downward (“Lower Mag”) movement
of different ligand-AuNPs through elastic elongation and com-
pression of the flexible linker, respectively, by moving MNPs dec-
orated with ligand-AuNPs toward a magnet. The nanoscale ar-
rangement of the ligand was primarily designed as a 2D array to
aid in comprehending cellular adhesion regulation by arranging
RGD ligand-presenting nanoparticles with varying interparticle
spacing and density. These arrangements were examined in both
statically and dynamic conditions, at the microscale and macro-
scopic density, considering factors such as disordering, cluster-
ing, and micropatterns. Their current study utilized the move-
ment of ligand-presenting decorated nanostructures to modulate
cell adhesion. This is notably distinct from previous approaches
and recent research demonstrating the activity of nondecorated
ligand-bearing nanoparticles. Using in situ magnetic AFM imag-
ing, they demonstrated in situ magnetic switching of the ligand-
bearing AuNP movement via elongation and compression of the
flexible linker. Using the molecular switches of myosin II, F-
actin, and Rho-associated kinase (ROCK), they demonstrated that
the high-density and downward movement of ligand-AuNPs pro-
moted the adhesion-regulated M2 polarization of macrophages
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Figure 2. Effect of magnetic field stimuli on macrophage polarization on 2D/3D micro/nanofabricated tissue engineering platforms. al-a5) Macrophage
polarization under magnetic stimuli through in situ ligand bridging platform. (a1) Schematic illustration of the changes in macrophage attachment dy-
namics to 2D surface through remote control of magnetic nanocylinder (MNC), (a2) The synthesized flexible linker between RGD-coated MNC and
gold-nanosphere coated 2D surface, (a3) Vibrating sample magnetometry (VSM) of MNCs and MNC precursors, (a4) magnetically induced movement
in the MNC through the flexible linker onto the gold-nanosphere coated 2D surface, (a4) the immunostained confocal images of Vinculin and Actin in
the macrophages under the bridged (overlapped MNC/linker/2D surface, under magnetic stimulation) and nonbridged (nonoverlapped MNC/linker/2D
surface, without magnetic stimulation) culture conditions. Reproduced with permission.l'34] Copyright 2023, Wiley. b) The effect of magnetism and RhoA
deletion on actin and actin-related structures in MO macrophages (upper panel), and the hummingbird phenotype of the magnet exposed and RhoA KO
macrophage. Reproduced with permission.!'33] Copyright 2018, Elsevier, Cell Press. c) Magnetic stimulation induced on-demand immunomodulation.
(c1) The apparatus for magnetic stimulation of 280 mT to superparamagnetic nanoparticle containing hydrogel of collagen nanofibers. (c2) The mag-
netized (“ON”) and nonmagnetized (“OFF”) switching of the magnetic stimulation to study the osteo-immunomodulatory process. (c3) uCT images
of the cranial bone formation in the presence of magnetic nanoparticles during “ON” condition. (c4) Magnetic nanoparticle-induced M2 macrophage
polarization as indicated by the expression of CD206 and iNOS, (c5) Magnetic field induced M1 to M2 macrophage polarization through podosome
formation. Reproduced with permission.['8] Copyright 2022, Wiley. d) Magnetic nanoparticle-based platform for the controlled release of growth factor
for immunomodulation and skin regeneration. (d1) The synthesis process of the basic fibroblast growth factor (bFGF) loaded iron oxide nanoparticle
(bFGF@Fe;0,) through the chemical conjugation using heparin—-dopamine conjugate. (d2) The bFGF release profile from the developed nanoparticle
system. (d3) The in vitro application of magnetic stimuli (140 mT) to cultured macrophages with M2 polarization expressing iNOS and Arg-1 under the
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while inhibiting their M1 polarization. According to their find-
ings, it is advantageous to design nanostructured materials with
high ligand density and dynamic movement toward the substrate
to elicit tissue healing and inflammation-suppressive responses
from the implanted materials.[%]

The MF has also been employed intelligently to control the
dynamic polarization of macrophages (i.e., M1 through M2).
Huang et al. reported the fabrication of a unique immunomod-
ulatory ECM-mimicking hydrogel by grafting superparamag-
netic nanoparticles onto collagen nanofibers (Figure 2c).['®¢ The
superparamagnetic nanocomposite hydrogel was manufactured
by crosslinking amino-terminated superparamagnetic magnetic
nanoparticles (SPMNPs) to collagen fibers with genipin. SPM-
NPs provided a magnetic response in the hydrogels inside a mag-
netic chamber comprising two neodymium magnets, producing
a uniform static magnetic field of 280 mT (Figure 2c(c1)). By
modifying the number of SPMNPs incorporated, the magnetic
responsiveness of the hydrogel can be easily optimized toward
inflammatory and tissue healing responses (Figure 2c(c2)). A
3% SPMNP and 5% SPMNP induced a sharp transition of M1
to M2 macrophages, as indicated by in vivo bone regeneration
and the increased expression of CD206 over iNOS, as shown in
Figure 2c(c3,c4). The developed magnetic-responsive hydrogel
network efficiently polarized the encapsulated macrophages to
the M2 phenotype through the podosome/Rho/ROCK mechani-
cal route in response to a static MF (Figure 2c(c5)). The dynamic
regulation of the M1 to M2 transition course preserves the es-
sential role of M1 at the early stage of tissue healing and en-
hances the healing effect of M2 at the middle/late stages. The
in vivo immunomodulatory bone repair was also improved by
synchronizing the polarization of macrophages with tissue re-
generation. This study effectively orchestrated macrophage po-
larization from a distance, precisely regulating the early stages
of inflammation and subsequent tissue repair. Such nanoplat-
forms have proven instrumental in integrating various stim-
uli within a 3D cellular environment. Similar work has been
reported by Wu et al.,, where the authors reported a mussel-
inspired heparin-coated magnetic nanoparticle for the sustained
release of fibroblast growth factor (Figure 2d).I'®”] A dopamine—
heparin conjugate (HDC) was synthesized and affixed to the sur-
face of Fe;O, MNPs by interacting the dopamine residues of
HDC with the nanoparticles (Figure 2d(d1)). Owing to the high
binding affinity between basic fibroblast growth factor (bFGF)
and heparin, HDC-coated Fe;O, MNPs (HDC@Fe,0,) were able
to efficiently adsorb bFGF to form bFGF-loaded Fe;O, MNPs
(bFGF-HDC@Fe;0,). The in vitro study revealed that bFGF-
HDC@Fe;0, could effectively control the sustained release of
bFGF and modulate in vitro macrophage polarization toward the
M2 phenotype indicated by phenotypic changes (Figure 2d(d2))
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and higher iNOS expression (Figure 2d(d3)). The wound-healing
efficacy of bFGF-HDC@Fe;0, was evaluated using an in vivo
full-thickness lesion model. In vivo, data revealed that bFGF-
HDC@ Fe;0,’s induction of M2 polarization and sustained re-
lease of bFGF synergistically positively affected wound healing
and promoted rapid wound regeneration.

Besides, stimuli-coupled platforms have also shown promis-
ing results in controlling other cell types in a coculture environ-
ment with macrophages. Vinhas et al. previously reported that
magnetic fields modulate the response of human tendon cells
(hTDCs) to proinflammatory environments (IL-1-treated-hTDCs)
and that magnetically responsive membranes positively affect
immune responses. A pulsed electromagnetic field (PEMF) and
magnetically responsive membranes were utilized to direct the
inflammatory profile of IL-1 treated-hTDCs and macrophages.
The results demonstrated that the synergistic effect of PEMF and
magnetic membranes supports the applicability of magnetically
actuated systems to control inflammatory events and stimulate
tendon regeneration.['%!

Bae et al. reported that grafting RGD ligands onto a cobalt
sulfate heptahydrate@iron sulfate heptahydrate (CoFe) nanohe-
lical microbots’ surface attracts macrophages and induces M2
macrophage polarization.['®8 The fabricated CoFe nanohelix-
RGD microbots, when unwinded remotely using external MF,
showed rapid binding of integrin (~18.3 integrin binding
points/helix) and paxillin (~17.7 paxillin binding points/helix)
owing to the presence of RGD ligand and subsequent M2 po-
larization. Additionally, when the microbots were actuated in a
“winding” mode, the integrin recruitment was attenuated (~10.7
integrin binding points/helix) and displayed the M1 polariza-
tion. The authors further demonstrated that AuNPs-conjugated
CoFe nanohelix-RGD could be tracked remotely to study the dy-
namic macrophage polarization by changing the MF. These re-
sults envisioned the role of ligand-conjugated magnetic nanoma-
terials for real-time tracking and monitoring of macrophage po-
larization, which will be particularly helpful for elucidating the
molecular polarization of macrophages (Figure 2e). Table 2 sum-
marizes a few more notable micro/nanoplatforms fabricated for
macrophage polarization in combination with physical stimula-
tion.

Thus, while an external magnetic field can modulate
macrophage polarization, incorporating nanoplatforms of-
fers a multifaceted approach to influencing this polarization.
These platforms can elicit diverse responses in macrophage be-
havior by altering cellular and surface topological characteristics
through focal adhesion molecules. Moreover, they can maintain
a conducive 3D environment for cell growth during magnetic
exposure. Additionally, nanoplatforms can precisely regulate
the release of magnetic nanoparticles within hydrogels under

effect of magnetic field and the developed magnetically active nanoparticle system. Reproduced under the terms of the CC-BY 4.0 license.!'¥7] Copyright
2021, American Chemical Society. e, left to right) Schematic illustration of the magnetically controlled winding (“W”) and unwinding (“UW”") of helical
ligand conjugated nanostructure for integrin-mediated macrophage polarization, SEM (lower panel), and AFM images (upper panel) of the magnet re-
sponsive nanohelix showing working mechanism and quantitative change in the nanostructure dimension upon external stimulation, time-lapse images
of in situ confocal microscopy in real-time for rapid and reversible “W” and “UW” of nanohelix by placing a magnet at various locations (lower, middle,
and upper portions) for directional control of the unwinding (“UW") setting or removing the magnet for recovery to the winding (“W”) setting within 30
s (scale bar represents 3 um), paxillin on nanohelix showing increased macrophage adhesion and M2 polarization under magnetic stimulation (scale
bar: 300 nm). Reproduced with permission.['®] Copyright 2021, Wiley.
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controlled MF, facilitating targeted delivery of specific growth
factors. Furthermore, leveraging remote control of macrophage
polarization holds the potential for directing the behavior of
other types of tissue cells.

3.2. Electric Field Coupled Platforms

An EF is another significant stimulus for macrophage polar-
ization on biomimetic platforms. A wound microenvironment
is subjected to a severe loss of the body’s natural electronic
balance, and tissue healing can take longer depending on the
severity of the damage. Hence, modern tissue engineering ap-
proaches aim to restore the tissue’s natural electrical balance
to promote healing. Luo et al. reported the fabrication of an
electrogenerated dressing (EGD) based on the combination of
negative-pressure wound treatment (NPWT, consisting of neg-
ative pressure control device and foam dressing) and triboelec-
tric nanogenerator (TENG, a self-powered electrical stimulation
system) for skin wound healing.[?®! The TENG had two friction
layers (aluminum (Al) and poly(tetrafluoroethylene)), two sup-
port substrates (poly(ethylene terephthalate), two electrode lay-
ers (Cu and Al), a spacer layer, and an encapsulating layer (Kap-
ton). The TENG’s electrical output was increased by the fric-
tion layers’ strip-like surface microstructure, which enhanced
the contact area. Support substrates helped separate the TENG
friction layer, while the encapsulation layer protected the TENG
from exudates, boosting its stability. Periodic dressing deforma-
tion caused TENG friction layer contact-separation, which cre-
ated electron flow and electric potential. The dressing’s rectifier
changed the built-in TENG’s output direction to replicate the
endogenous EF’s directionality. The annular electrode was put
around the wound edge as the anode, and the center electrode
was positioned on the wound center as the cathode. In a closed
environment, NPWT routinely controlled the pressure change in
the dressing, causing the integrated TENG to convert the me-
chanical energy generated by the shrinkage and relaxation of
the dressing into electricity, forming a compensating EF to pro-
mote wound healing (Figure 3a(al)). In vitro, data demonstrated
that the EGD-generated EF stimulated a robust epithelial elec-
trostatic response and drove macrophages toward a reparative
M2 phenotype without causing any harm to cells due to its ex-
tremely low current. Subsequent experiments on large animals
showed that EDG completely reshaped the wound’s EF weak-
ened by NPWT, accelerating proliferation by promoting inflam-
mation/proliferation and wound re-epithelialization by directing
epithelial cell migration and proliferation. In addition, EGD ac-
celerates the remodeling period by reconstructing a mature ep-
ithelial microstructure and an orderly ECM, thereby enhancing
repair quality and decreasing scar formation. The self-powered
EF generated by EGD acted as an “electric adjuvant” that flaw-
lessly orchestrated nearly all of the essential phases of wound re-
pair in a noninvasive fashion, thereby revealing its vast clinical
potential (Figure 3a(a2)).

The fabricated platform offers distinct advantages over solely
relying on electrical stimulation. It effectively balances the en-
dogenous electric field at the wound site and provides a conducive
matrix for scarless and rapid re-epithelialization, a feat that may
not have been attainable with electric stimulation alone. Diabetic
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wound healing is more challenging owing to the complexity of
the diabetic physiological processes. Electrical stimuli-coupled
platforms have also shown promising advancements in such sce-
narios through macrophage polarization. Dai et al. reported the
recreation of the electrical microenvironment for type 2 diabetic
hyperglycemic bone regeneration by controlling macrophage po-
larization through electrical stimulation (Figure 3b).”*! To recre-
ate the electrically conductive bone ECM, the group developed
a ferroelectric barium titanate (BaTiO,)/poly(vinylidene fluo-
ridetrifluoroethylene; BTO/P(VDF-TrFE)) nanocomposite mem-
brane using a solution-casting method (Figure 3b(b1)). BaTiO,
nanoparticles were coated with dopamine (Dopa@BaTiO,) and
uniformly incorporated on a P(VDF-TrFE) matrix, giving rise
to ferroelectric behavior, as confirmed through the characteris-
tic hysteresis loops (Figure 3b(b2)). The developed conductive
membrane showed a consistent and continuous stable piezoelec-
tric coefficient of ~8.19 pC N~!, similar to the native bone. Hu-
man monocytic THP-1 macrophages cultured on the unpolar-
ized membrane under normal glucose concentration displayed
an inactivated MO state, and the cells cultured on an unpolar-
ized membrane displayed high glucose-induced M1 polariza-
tion. In contrast, the polarized membrane prevented M1 polar-
ization of the cells while promoting M2 polarization through
downregulation of the serine/threonine kinase-2/interferon reg-
ulatory factor/hypoxia-inducible factor-la (AKT2-IRF5/HIF-1a)
signaling pathway. The attenuation of M1 progression was also
noted in the lower expression of iNOS under experimental con-
ditions (Figure 3b(b3)). Electrical stimulation also promoted the
osteogenic differentiation of bone marrow-derived mesenchymal
stem cells (BM-MSCs). This study lays the groundwork for fu-
ture investigation and development of electroactive biomateri-
als, which may have important clinical implications for achiev-
ing a favorable immunomodulatory microenvironment for bone
regeneration and treatment of inflammatory diseases such as
arthritis and atherosclerosis.

Similarly, Park et al. developed a straightforward fabrication
method for constructing conductive hydrogels with high elec-
trical conductivity and minimal use of conductive components
in various forms for biomedical applications. They specially de-
signed and used graphene-coated agarose microbeads as novel
building blocks to produce hydrogel constructs of various ge-
ometries and thermally annealed them to induce the forma-
tion of conductive graphene networks within the hydrogels.
Graphene oxide (GO) and agarose were rearranged into macrop-
orous (honeycomb-like) structures through 60-min thermal an-
nealing at 70 °C. With a modest quantity of GO, the electri-
cal/electrochemical and mechanical properties are significantly
enhanced due to the thermal reduction and network formation
of GO. The biocompatibility of the developed thermally annealed
graphene-channeled agarose hydrogel (TAGAH) was demon-
strated through in vitro cell culture and in vivo subcutaneous im-
plantation. TAGAH can be readily shaped into electrically con-
ductive products, including implantable electromyography elec-
trodes, pressure sensors, strain sensors, and 3D tissue scaffolds.
With the successful demonstration of its performance and util-
ity, the graphene-channeled conductive hydrogel system will fa-
cilitate the facile and versatile fabrication of diverse conductive
biomaterials for various biomedical applications.?) Wang et al.
developed a VEGF-loaded micro/nano-3D bionic short nanofiber
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Figure 3. Effect of electric field stimuli on macrophage polarization on 2D/3D micro/nanofabricated tissue engineering platforms. al,a2) Structural
and functional attributes of EGD-NCD conductive system. (al) Schematic illustration of the developed EGD showing the placements of TENG, rectifier,
anode, and the cathode (left), SEM images of the developed platform (polyurethane@silver nanowires) revealing the porous microstructure (right), (a2)
Illustration showing the working principle of the EGD-NCD system (left), and schematic illustration of the power generation principle of EGD and HaCaT
cell migration and macrophage M2 polarization under electrical stimulation (right). Reproduced with permission.[20%] Copyright 2023, Wiley. b1-b3) Fab-
rication and immunomodulatory effect of BTO/P(VDF-TrFE) composite. (b1) Schematic illustration of the fabrication process of the BTO/P(VDF-TrFE)
membrane. (b2) The hysteresis loops of the polarized/unpolarized composite membranes. (b3) SEM images of the electrical stimuli induced changes
in the macrophage polarization behavior (upper panel) and the representative immunofluorescence images of iINOS protein (green), cell nuclei (DAPI,
blue) (lower panel), UP-NG, unpolarized membrane cultured with normal glucose concentration, UP-HG, unpolarized membrane cultured with high
glucose concentration, P-HG, polarized membrane cultured with high glucose concentration. Reproduced under the terms of the CC-BY 4.0 license.[”%]
Copyright 2021, Elsevier. c1-c4) Short nanofiber sponge composite platform for immunomodulation under electric stimulation, (c1) SEM images of
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sponge that could respond to an endogenous electric field and
is capable of wound biofluid collection (Figure 3c).[?%] The plat-
form fabrication involved electrospinning nanofibers (NFs) con-
sisting of Antheraea pernyi silk fibroin (ApF)/(poly (z-lactic acid-
co-caprolactone)), followed by NF fragmentation and dispersion
in tert-butanol and eventually molding of the homogenized NF
into a desired shape and freeze-drying. The fabricated struc-
ture was further modified with GO. At a later stage, the coated
GO was reduced with the in situ formation of polydopamine
(PDA) onto GO from dopamine. The as-fabricated sponge was
loaded with VEGF for application (Figure 3c(c1)). The devel-
oped platform showed a conductivity within 0.4-0.6 S m~! under
dry and wet conditions (Figure 3c(c2,c3)). The conductive plat-
form induced M2 macrophage polarization within seven days
of culture, as observed through the reduced expression of iNOS
and increased Arg-1 (Figure 3c(c4)). It also showed antibacte-
rial efficiency. This developed platform successfully restored the
electric microenvironment to polarize M2 macrophage and ac-
tivate cellular components through wound collection and the
release of essential growth factors. Such micro/nanoplatforms
that can recreate the wound’s endogenous EF often have funda-
mentally similar mechanisms. For instance, Hoare et al. stud-
ied the influence of electrical fields comparable to the natu-
ral electrical environment of the body on human monocyte-
derived macrophages.!'** Using live-cell video microscopy, the
authors demonstrated that EF as low as 5 mV mm™" influence
macrophage movement anodally, culminating at 300 mV mm™!
(Figure 3d(d1)). The electrical fields substantially enhanced the
phagocytic uptake of various targets by macrophages, includ-
ing carboxylate beads, apoptotic neutrophils, and the nominal
opportunistic pathogen Candida albicans, which involved dis-
tinct classes of surface receptors (Figure 3d(d2)). These elec-
trical field-induced functional alterations were accompanied by
phagocytic receptor clustering, enhanced PI3K and ERK activa-
tion, intracellular calcium mobilization, and actin polarization.
Some electrical stimuli coupled platforms can facilitate func-
tional gene delivery to promote diabetic wound healing in an elec-
trically stimulated environment. Lei and Fan developed tannic
acid (TA)-short interfering RNA (siRNA) (TA-siRNA) injectable
nanogels utilizing the self-assembly interaction between TA and
siRNA for diabetic wound healing via modulation of macrophage
fate (Figure 3e(e1)).*"”] The TA-siRNA nanogels contain MMP9
gene-repressing siRNA. To create adaptable conductive PHTB
(TA-siRNA) hydrogels, biodegradable TA-siRNA nanogels were
crosslinked with poly(vinyl alcohol) (PVA), human-like collagen,
TA, and borax. It was estimated that the five catechols and five

www.advhealthmat.de

gallos that make up the terminal subunits of TA could inter-
act with the phosphate backbone of siRNA through hydrogen
bonding. The siRNA self-assembled to form nanosized gels be-
cause of its small size (20 base pairs). As electrical stimulation
generated an electric field between tissues and influenced the
movement of charged particles, it was hypothesized that electri-
cal stimulation would facilitate the release of TA-siRNA nanogels
from PHTB(TA-siRNA) hydrogels and the consumption of the
nanogels by macrophage cells. Though TA-siRNA nanogels inter-
act with macrophage membrane proteins even without an elec-
tric field, the number of TA-siRNA nanogels aggregated on the
macrophage cell membrane increased, and the cellular uptake
rate increased from 35.10% + 1.12% to 75.40% =+ 2.36% in 2 h,
indicating that an EF promoted cellular endocytosis. PHTB(TA-
siRNA) hydrogels treated with ES exhibited higher green fluo-
rescence than the hydrogels alone. After 20 min of combination
treatment, PHTB(TA-siRNA) hydrogels released more siRNA, in-
dicating that ES therapy helps heal wounds (Figure 3e(e2,e3)).
MMP9 was strongly expressed in the full-thickness skin defects
of diabetic rats in the control group; however, it was considerably
reduced in the PHTB(TA-siRNA) hydrogel group and ES therapy-
PHTB. These findings show that ES treatment releases and inter-
nalizes TA-siRNA nanogels, effectively inhibiting MMP9 mRNA.
In addition, ES decreased inflammation and enhanced wound
healing by lowering M1 marker expression.

In conjunction with macrophages, an alternative EF on the
platform has also been used to control macrophage behavior.
Kreller et al. investigated the effect of alternating EF (100 to 150 V
m™') on macrophage polarization and osteoclast differentiation
on biomimetic calcium phosphate (BCP)-coated a—f titanium
alloy (Ti6Al4V) substrates, a loadbearing implant material, and
induced osteoclastic development using growth factors.[?!%! For
28 days, cells were exposed to directly connected alternating EF
(0.7 Vrms, 20 Hz). Indications of a long-term inhibitory effect of
ES on osteoclastogenesis and osteoclast activity were suggested
by the gradual decrease in the expression rates of genes essential
for osteoclast differentiation and activity. An indirect coculture
investigation highlighted the effect of ES on intercellular signal-
ing. Except for Carbonic Anhydrase 2 (Car2), genes associated
with osteoclast differentiation and activity tended to be down-
regulated. It was anticipated that ES would specifically activate
the calcium signaling pathway by depolarizing the membrane.
In tandem with the receptor activator of nuclear factor kappa-g
ligand (RANKL) signaling, calcium signaling exhibited a distinct
osteoclastogenic potential owing to the robust nuclear factor of
activated T cells 1 (NFATc1) induction. Hu et al. discovered that

the nanofibers along with the digital photographs (inset). (c2) The conductivity test of the scaffold through LED test. (c3) The electrical conductivity
of the various scaffolds. (c4) Immunostaining images of the polarized macrophages for CD68 and Arg-1. Reproduced with permission.[2%] Copyright
2022, Wiley. d1,d2) The effect of electric stimulation on macrophage polarization and migration. (d1) Confocal images of the macrophages showing
the alignment of F-actin upon 150 mV mm~" electric field stimulation. (d2) Bright-field image of the macrophages showing the uptake of C. albicans,
and apoptotic neutrophils after exposure of 150 mV mm~" electric fields. Reproduced with permission.l'># Copyright 2016, Oxford University Press.
e) Demonstration of electrically stimulated conductive hydrogels with self-assembled nanogels for delivering siRNAs. (e1) Schematic illustration of the
hydrogel fabrication and wound healing study. (e2) Effect of electric fields on cellular adhesion and uptake of the nanogels. (e3) The immunocytochem-
ical images of the wound tissues after the delivery of the TA-siRNA nanogels under electric field stimulation. Reproduced under the terms of the CC-BY
4.0 license.[297] Copyright 2022, Wiley. f) Fabrication and application of an electroactive MXene/RSF hydrogels for immunomodulation-induced bone
regeneration. Schematics of the fabricated hydrogel scaffold (top, left), HR-TEM image of the MXene/RSF solution and conductivity test (top, right), and
immunostaining images of the Calvaria defect showing the expression of CD31 (green), a-SMA (red), and CD206 (red). Reproduced under the terms of
the CC-BY 4.0 license.[298] Copyright 2023, Elsevier.
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biocompatible regenerated silk fibroin (RSF) forms nanofibrils
with a-sheet structure on MXene nanosheets through straight-
forward coincubation in aqueous suspensions at physiological
temperatures. The developed RSF-MXene hydrogel contained
RSF nanofibrils selectively adsorbed at the edge of the MXene
nanosheets (Figure 3f). The surface chemistry of the MXene
was found to promote the formation of f-sheet structure in the
RSF nanofibers. The as-fabricated structure had an electrical
conductivity of 4 X 10~ S cm™!. The fabricated nanoplatforms
hydrogel promoted osteogenic differentiation of hBMSCs and
M2 macrophage polarization by re-establishing the bone mi-
croenvironment, as confirmed through the higher expression of
M2 marker Arg-1.[208]

3.3. Pressure and Fluid Shear Stimuli Coupled Platforms

Mechanoimmunology offers yet another novel treatment for
inflammatory diseases. Much effort has been made to develop
sophisticated platforms capable of facilitating macrophage
polarization and tissue regeneration through mechano-
immunological stimuli.

Battiston et al. investigated how monocytes in coculture with
human coronary artery smooth muscle cells (VSMCs) regu-
late the biomolecular phenotype of cells and the ECM of engi-
neered vascular tissue in vitro, cultured on a tubular (3 mm in-
ner diameter) degradable polyurethane scaffold with a combi-
nation of nonionic polar, hydrophobic, and ionic chemistry (D-
PHI) (Figure 4a(al)). Authors revealed that 10% circumferen-
tial strain enhances monocytes/macrophage polarization to M2a
macrophage, as evidenced by the higher expression of CD206.
Moreover, no M1 polarization of macrophage was identified un-
der the experimental conditions, evidenced by the decrease in the
expression of TNF-« and IL-10 (Figure 4a(a2,a3)).?'!l The ability
of mechanical strain along with M2a macrophages resulted in an
increased number of VSMCs, demonstrating the importance of
using an appropriate biomechanical environment to understand
the activity of VSMCs during tissue remodeling in vivo and in
vitro when both cellular (monocytes/macrophages) and biome-
chanical (circumferential strain) stimuli are present.

Zhang et al. reported a promising biofabrication strat-
egy for immunomodulatory bone regeneration by controlling
the osteogenic ability of human umbilical cord-derived mes-
enchymal stem cells under a compressive mechanical loading
environment.[2!?] A naturally derived hydroxyapatite scaffold was
prepared by calcination of cancellous bovine vertebra and fur-
ther processed into cylindrical (4.5 mm X 10 mm) bone grafts.
The cell-scaffold composites were subjected to cyclic mechani-
cal loading using a custom-designed bioreactor system. In the
bioreactor chamber, cell-scaffold composites were subjected to a
linear wave of cyclic mechanical compression at 1 Hz and a
magnitude of 0.06-0.94 MPa for 15 min day~"' over 7, 14, or 21
days. Depending on whether the cell-scaffold composites were
initially fabricated under mechanical loading or static culture
conditions, ECM-based scaffolds facilitated the polarization of
macrophages in vitro from a proinflammatory phenotype (M1) to
an anti-inflammatory phenotype (M2). In the mechanical loading
groups, the mRNA expression levels of IL1B, IL8, human neu-
trophil activating protein-2, platelet factor-4, and regulated upon
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activation, normal T cell expressed and presumably secreted were
reduced indicating M2 polarization of macrophages (Figure 4b).
Applying mechanical loading, in this case, is assumed to alter the
ECM architecture, which, in turn, changes the topological en-
vironment of the macrophages. The experimental loading con-
ditions that promoted signal transduction favoring M2-specific
gene expression might point to the plausible dynamics of the
surface receptor expression, the mechanism of which is yet to
be explored in detail.

Similarly, Zou et al. developed a multifunctional dressing ca-
pable of efficiently absorbing exudate by generating self-micro-
negative pressure, acting as an antibacterial, and inducing im-
mune regulation for wound healing applications (Figure 4c).
A hydrogel-aerogel biphasic gel (HAB-gel) dressing was made
of polyvinyl alcohol (PVA) grafted with polyacrylamide (PAM)
and biobased polyurethane. The PVA grafted with PAMs pro-
duced self-negative pressure to absorb deep exudate by the
aerogel phase, providing a comfortable microenvironment for
wound healing (Figure 4¢(c1)). The hydrogel phase enhanced lig-
uid absorption and retention owing to the porous morphol-
ogy (Figure 4c(c2,c3)), preventing exudate contamination of the
wounds. The incorporation of f-cyclodextrin into constructed
polyurethane conferred superior antibacterial properties to HAB-
gel materials after loading with polyhexamethylene biguanidine.
In addition, the HAB-gel dressing could accelerate the polariza-
tion of macrophages into anti-inflammatory M2 macrophages
via hydrogen sulfide production, increased IL-10 expression, an-
giogenesis promotion, and collagen deposition in periwound tis-
sue (Figure 4c(c4)). Overall, this novel strategy for the synergistic
treatment of chronic wounds offers a promising method for man-
aging disorders of immunomodulatory tissue regeneration.”®l Li
et al. utilized 3D microfluidic tissue culture systems to simulate
tumor-associated interstitial flow (3 m s7!) and investigated the
effects of interstitial flow on macrophages cultured in 3D col-
lagen I ECM (Figure 4d(d1-d3)). They demonstrated that inter-
stitial flow (IF) promoted M2 polarization of macrophages by
elevating the expression of M2 markers Arg-1, TGF-g, CD206,
CD163, CD86, and transglutaminase 2 (Figure 4d(d4)). These
markers are commonly observed in macrophages associated with
malignancies. In addition, they demonstrated that IF facilitates
macrophage migration and the ability of macrophages to induce
cancer cell invasion, characteristics consistent with those of M2
macrophages associated with tumors. This flow-induced M2-like
phenotype depends on integrin/Src-mediated STAT3/6 activa-
tion, as revealed by mechanistic analysis. They also discovered
that IF directs macrophage migration against the flow direction
(upstream). Since IF emanates from the tumor to the surround-
ing stromal tissues, these findings suggest that [F may encourage
tumor progression by promoting macrophage polarization to-
ward the M2 phenotype and recruiting these macrophages from
the stromal tissues to the tumor mass.[”’]

Macrophages have been polarized under various bioreac-
tor systems through fluid shear stress and the activation of
mechanoresponsive receptors and ion channels. Han et al. ex-
amined the effects of fluid stress using a perfusion bioreactor on
the phenotype and secretory profile of adipose-derived stromal
cells (ASCs) cultured on decellularized adipose tissue (DAT)
scaffolds in vitro and on the recruitment of host cells following
implantation of the preconditioned scaffolds in an athymic-null
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Figure 4. Effect of pressure and fluid shear stimuli on macrophage polarization on 2D/3D micro/nanofabricated tissue engineering platforms. al-a3)
Dynamic mechanical strain induced macrophage polarization on tubular D-PHI scaffolds. (a1) The tubular D-PHI scaffolds (denoted as 1) mounted
on distensible silicon tubing (denoted as 2) in a bioreactor setup (comprising of (i) syringe holder, (ii) 50 cc syringe, (iii) bioreactor tray, (iv) manifold,
(v) actuator, (vi) syringe filler for gas exchange). (a2) Quantitative assay for the release of TNF-a. (a3) Quantitative assay for the release of IL-10.
Reproduced with permission.[211] Copyright 2015, Elsevier. b) Bioreactor setup for the pressure stimulation on cell-scaffold composite and the relative
expression of the proinflammatory genes. Reproduced under the terms of the CC-BY 4.0 license.[?'?] Copyright 2021, Elsevier. (c1-c4) Self-micro-negative
pressure generating HAB-gel dressing. Fabrication and application of a hydrogel-aerogel biphasic gel for pressure-induced macrophage polarization and
wound healing. (c1) Schematics of the hydrogel fabrication process and negative pressure-induced wound healing application. (c2) FE-SEM image of the
fabricated hydrogel scaffolds. (c3) Liquid absorption process of the fabricated hydrogel scaffold. (c4) Immunofluorescence staining images of the wound
tissue showing the expression of IL-10 (green) in the presence or absence of the hydrogel scaffold. The representative H,S generation in the presence
of the hydrogels at indicated time points. Reproduced with permission.[6] Copyright 2023, Elsevier. d) Demonstration of interstitial fluid flow-assisted
macrophage polarization in vitro. (d1) Schematic illustration of microfluidic chip for macrophage polarization study. (d2) The transwell flow system for
evaluating the macrophage polarization. (d3) Immunofluorescence images of the macrophages showing the interaction with collagen fibers and the
flow-induced morphological changes. (d4) The immunocytochemical staining of macrophages showing the expression of CD163 (green), CD206 (red),
and CD86 (green). Reproduced with permission.l””] Copyright 2018, American Society of Cell Biology.
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mouse model. Immunohistochemical analyses revealed that
bioreactor culture increased the proportion of ASCs coexpress-
ing iNOS and Arg-1, as well as TNF-« and IL-10 in the peripheral
regions of the DAT compared to statically cultured controls. In
addition, bioreactor culture altered the expression levels of sev-
eral immunomodulatory factors in the ASC-seeded DAT. In vivo,
testing revealed that cultivating ASCs on the DAT in a perfusion
bioreactor before implantation increased the infiltration of host
CD31+ endothelial cells and CD26+ cells into the DAT implants
but had no effect on the recruitment of CD45+F4/80+CD68+
macrophages. However, in the bioreactor group, a more signif-
icant proportion of CD45+ cells expressed the pro-regenerative
macrophage marker CD163, which may have contributed to the
enhanced remodeling of the scaffolds into host-derived adipose
tissue. This study indicates that bioreactor preconditioning can
increase the capacity of human ASCs to stimulate regeneration
via immunomodulation-mediated mechanisms.[!?]

3.4. Photothermal Stimuli Coupled Platforms

Photothermal stimuli-coupled platforms affect macrophages pri-
marily through temperature-induced changes in the nanoplat-
forms. Zhao et al. synthesized GdPO,/CS/Fe;0, scaffolds for
tumor eradication and bone regeneration, integrating Fe;O,
nanoparticles and hydrated GdPO, nanorods into a bioactive
chitosan matrix. These multifunctional scaffolds exhibited en-
hanced NIR absorption and photothermal conversion efficiency,
leading to elevated local temperatures under NIR laser irradi-
ation. The scaffolds induced M2 polarization in macrophages
through released Gd** ions, promoting vasculature stabiliza-
tion and osteogenesis via the BMP-2/Smad/RUNX2 signal-
ing pathway. Consequently, they facilitated photothermal tu-
mor ablation and bone tissue regeneration, potentially offer-
ing a treatment avenue for breast cancer bone metastases
(Figure 5a(al-a4)). The fabricated scaffolds also triggered the
BMP-2/Smad/RUNX2 signaling pathway, aiding cell division,
proliferation, and bone tissue regeneration. As a result, the
multifunctional GdPO,/CS/Fe;0, scaffolds allow for photother-
mal ablation of postoperative residual tumors and subsequent
bone defect repair, which may turn out to be a potential plat-
form for the treatment of breast cancer bone metastases.[*!*]
Wu et al. engineered an injectable and photocurable hydrogel
platform, named AMAD/MP, comprising alginate methacrylate,
alginate-graft-dopamine, and PDA-functionalized Ti,C, MXene
(MXene@PDA) nanosheets, for NIR-mediated bone regenera-
tion, synergistic immunomodulation, osteogenesis, and bacte-
rial elimination (Figure 5b(b1-b5)). The optimized AMAD/MP
hydrogel demonstrated exceptional biocompatibility, osteogenic
activity, and immunomodulatory effects in vitro. It effectively
balanced macrophage M1/M2 phenotypes, suppressing ROS-
induced inflammatory responses. Remarkably, without the addi-
tion of exogenous cells, cytokines, or growth factors, this mul-
tifunctional hydrogel platform, with moderate thermal stimu-
lation, significantly inhibited local immune responses and pro-
moted new bone formation, facilitated by the enhanced NIR ab-
sorbance and photothermal conversion ability conferred by the
PDA. The NIR-responsive AMAD/MP hydrogel holds promise
for applications in bone tissue engineering and regenerative
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medicine, showcasing the potential of multifunctional hydrogels
with photoactivated thermal stimuli.(2%]

To address diabetic wounds through immunomodulation,
Yuan et al. developed deferoxamine-loaded mesoporous poly-
dopamine nanoparticles (M@D) by reacting mesoporous PDA
nanoparticles (MPDA NPs) with deferoxamine (DFO). They
further integrated M@D into an Epigallocatechin-gallate dimer-
grafted hyaluronic acid conjugated tyramine-grafted human-like
collagen (HTHE)-based hydrogel, formed by enzymatically
crosslinking epigallocatechin gallate dimer-grafted hyaluronic
acid and tyramine-grafted human-like collagen. Upon NIR
laser irradiation, the hydrogel exhibited moderate heat stim-
ulation (=41 °C) due to the photothermal effect of M@D,
releasing DFO in diabetic lesions under acidic conditions.
This combined treatment significantly promoted angiogenesis
and altered macrophage phenotype, exhibiting outstanding
anti-inflammatory properties by M2-polarized macrophages.
Compared to a commercial dressing (HeraDerm), the combined
treatment accelerated diabetic wound healing in 13 days and
facilitated skin tissue regeneration with a more mature skin
structure, suggesting a promising therapeutic strategy for di-
abetic foot ulcer-related wounds (Figure 5c).”8 Similarly, Xu
et al. developed a composite hydrogel for immunoregulatory
treatment of diabetic wounds, derived from natural polymers.
This hydrogel was synthesized by photopolymerizing gelatin
methacrylate (GelMA), Bletilla Striata polysaccharide (BSP),
and tannic acid/ferric iron complex (TA/Fe*) in a single step,
resulting in adequate mechanical properties due to its chemical
and physical crosslinking. Through visible light crosslinking,
GelMA, BSP, and TA/Fe* formed the GBTF hydrogel, exhibiting
superior mechanical strength, excellent cytocompatibility, and
antioxidant and antibacterial properties. The GBTF hydrogel pro-
moted M2 macrophage polarization via the PI3K/Akt signaling
pathway, accelerating diabetic wound healing in vivo by inducing
anti-inflammatory and proangiogenic effects. Furthermore, the
GBTF hydrogel demonstrated remarkable antibacterial activity
under NIR irradiation, suggesting its potential as a photothermal
antibacterial wound dressing with promising prospects for the
immunological treatment of diabetic wounds.[*!8] In another ap-
proach, Deng et al. developed an F127DA/HAMA-MPDA@SS31
(FH) double-crosslinked hydrogel fortified with SS31-loaded
mesoporous polydopamine nanoparticles (MPDA@SS31; M@S
NPs) to facilitate the healing of chronic diabetic wounds. This
hydrogel exhibited superior biological, injectability, adhesion,
and mechanical properties, making it suitable for irregular
lesions. Additionally, it possessed antibacterial properties due to
the photothermal conversion of MPDA NPs while allowing the
sustained release of M@S NPs. Through the controlled release
of MPDA NPs and SS31, the FH hydrogel reduced oxidative
stress, improved mitochondrial function, regulated macrophage
polarization, and promoted wound revascularization, inflam-
mation reduction, and re-epithelialization. In vitro assessments
demonstrated its antibacterial activity, enhanced cell viability,
ROS scavenging, angiogenesis promotion, and macrophage po-
larization regulation. Furthermore, in a diabetic wound model,
the FH-M@S hydrogel accelerated wound closure by modulat-
ing macrophage polarization, enhancing re-epithelialization,
collagen deposition, and neovascularization (Figure 5d).['7?]
Additionally, Zhou et al. introduced a dextran-based hydrogel
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Figure 5. Effect of near-infrared (NIR) stimuli on macrophage polarization on 2D/3D micro/nanofabricated tissue engineering platforms. a) Fabrica-
tion and application of a GdPO, doped 3D printed scaffolds with NIR properties for macrophage polarization and bone regeneration. (a1) Schematic
illustration of the study. (a2) FE-SEM and EDS spectra of the CS scaffolds showing the presence of Gd, Fe, and C. (a3) Representative macrophage
polarization percentage upon NIR irradiation. (a4) IVIS fluorescence localization of the GdPO, inside the nude mice after NIR irradiation. Reproduced
with permission.[2™! Copyright 2020, Elsevier. b) Development of a PDA-capped MXene-based NIR responsive hydrogels for immunomodulation and
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bone regeneration. (b1) Schematics of the hydrogel fabrication. (b2) FE-SEM and HR-TEM images of the MXene@PDA nanocomposites. (b3) Digital
photographs of the photo-crosslinked MXene@PDA hydrogels. (b4) Injectability and molding ability of the hydrogels. (b5) The immunocytochemical
images of the macrophages showing the polarization potential in the presence of the hydrogels upon NIR stimulation. Reproduced with permission.[21°]
Copyright 2023, Wiley. ¢) Demonstration of an NIR responsive HTHE-M@D hydrogels for macrophage polarization and diabetic foot ulcer treatment.
Reproduced with permission.I”8] Copyright 2022, Elsevier. d) Fabrication and application of a double-network hydrogel composing SS31-mesoporous
PDA nanoparticles for enhanced photothermal performance and macrophage polarization for diabetic wound treatment. Reproduced under the terms
of the CC-BY 4.0 license.l"73] Copyright 2023, Elsevier. €) Example of dextran/GelMA/ZnO nanoparticle-based hydrogel platform for macrophage po-
larization and chronic wound treatment. The fabricated hydrogel scaffold exhibited unique porosity for macrophage adhesion and displayed superior
NIR responsiveness for chronic wound treatment. Reproduced with permission.[218] Copyright 2022, Elsevier. f) Fabrication of an NIR responsive and
cyanobacteria mimicking nanodevices for modulating macrophage polarization and rheumatoid arthritis therapy. The fabricated nanoplatforms dis-
played excellent NIR responsive properties and showed M2 macrophage polarization for attenuating the arthritis. Reproduced with permission.[217]

Copyright 2021, American Chemical Society.

comprising methacrylated gelatin (GelMA) and oxidized dextran,
incorporating nanosheets of black phosphorus (BP) and zinc
oxide nanoparticles. When exposed to an 808 nm NIR laser,
the hydrogel displayed synergistic antibacterial effects through
photothermal action and zinc ion release. The released zinc
mitigated macrophage polarization toward the M2 phenotype,
known for anti-inflammatory cytokine secretion, thus aiding
neovascularization and reducing inflammation. Combined pho-
tothermal therapy and immune modulation accelerated wound
healing in mouse models with infected full-thickness defect
lesions. The Gel/BP/ZnO hydrogel, coupled with NIR treat-
ment, presents a promising strategy for treating chronic ulcers
by combining antibacterial and anti-inflammatory properties
(Figure 5e).[21¢]

Furthermore, Guo et al. developed an innovative NIR-
controlled cyanobacteria micro/nanodevice for immunotherapy
of RA by oxygen-induced lowering of the expression of hypoxia-
induced factor-1a (HIF-1a).12'7] The cyanobacteria PCC 7942 con-
taining lanthanide upconversion nanoparticles (UCNPs) was uti-
lized to produce O, under 700-1000 nm NIR irradiation. The UC-
NPs could convert the 700-1000 nm NIR into 400-800 nm, facili-
tating photosynthesis-induced O, evolution, M2 macrophage po-
larization, and drug release (Figure 5f), showcasing the potential
of photothermal stimuli-coupled platforms for immunotherapy
applications.

Hence, through photothermal stimuli coupled platforms, the
desired temperature can be utilized in macrophage polarization
through mechanisms such as sustained release of ions, bioactive

axial
06 | [=—circumferential

o
Y

stress (MPa)

°
N

molecules, and evolution of O, in hypoxic wounds, highlighting
their efficiency in immunotherapeutic applications.

3.5. Multiple Stimuli Coupled Platforms

Enhancing macrophage response through single stimulation ex-
posure can be further augmented by employing multiple stimu-
lation systems. Utilizing multiple stimuli on platforms to induce
macrophage polarization may be necessary to achieve diverse re-
generative objectives.[®%] Shao et al. designed a novel magnetically
responsive mineralized collagen substrate to remotely control
macrophages’ magnetomechanical stimulation using an external
MF and mechanical stretching synergistically. Magnetomechan-
ical stimulation activated M2 macrophage polarization by acti-
vating the integrin-related cascade pathway and inhibiting JNK
phosphorylation in the MAPK pathway. The optimized inflam-
matory microenvironment promoted osteogenic differentiation
of bone marrow-derived mesenchymal stem cells and osteoin-
tegration in vivo. Therefore, this study provides a remote spa-
tiotemporal controllable strategy for promoting osteointegration
controlled through mechanical stretching and MF exposure.[?1°]
Further investigation is imperative to elucidate the precise mech-
anistic underpinnings governing the synergistic effects of these
stimuli when applied at the cell-platform interface.

Van Haaften et al. presented an in vitro human model repli-
cating the transient local inflammatory and biomechanical
environments that drive scaffold-guided tissue regeneration
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Figure 6. Effect of multiple stimuli on macrophage polarization using 2D/3D micro/nanofabricated platforms; Development of a dynamic bioreactor
system coupled with electrospun PCL-PU vascular scaffold for studying the macrophage polarization under cyclic stretching and fluid shear stress. The
as-developed platform sustains monocyte viability and promoted the (myo)fibroblast growth after 3 days of incubation. Reproduced under the terms of
the CC-BY 4.0 license.[?20] Copyright 2020, Wiley.
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for immunomodulation-induced muscle regeneration in the
scaffold. This model was the basis for coculturing human
(myo)fibroblasts and macrophages in a bioreactor platform that
decouples cyclic strain and shear stress (Figure 6). Employing
a biodegradable supramolecular elastomer structure, cyclic
stretch initially lowers proinflammatory cytokine release and
enhances IL-10 secretion with shear stress. Moreover, cyclic
strain stimulates (myo)fibroblast proliferation and the formation
of new tissue. When combined with cyclic strain, shear stress
synergistically modifies the (myo)fibroblast phenotype. These
results indicate that shear stress is a stabilizing factor in cyclic
stretch-induced tissue formation and emphasize the distinct
functions of hemodynamic loading in the design of resorbable
vascular implants.[?2!

Thus, integrating various stimuli and nanoplatforms in cur-
rent and forthcoming research holds significant promise for ef-
fectively polarizing macrophages. Manipulating macrophage be-
havior and polarization to desired states can be achieved by in-
corporating multiple stimuli, such as electrical, magnetic, and
photothermal signals, into advanced nanoplatforms. Magnetic
stimulation has demonstrated efficacy in orchestrating topologi-
cal changes in nanoplatforms, while electric fields can alter cellu-
lar polarity, migration, and surface potential through the electri-
cal conductivity of designed platforms. Pressure stimulation cou-
pled platforms can similarly impact the deformation and refor-
mation of the macrophage and matrix interface, thereby modulat-
ing macrophage fate. Heat and photothermal therapy also influ-
ence exosome secretion, inflammasome formation, and cytokine
crosstalk, which are enhanced by integrating nanoplatforms and
stimulation. Thus, these considerations should guide the selec-
tion of stimuli type and platform.

4, Conclusion and Future Directions

Macrophages are essential for immune response and tis-
sue repair. Treatments target their polarization or capac-
ity to flip between functional phenotypes. Recent advances
in micro/nanotechnology have enabled the engineering of
sophisticated platforms that accurately regulate macrophage po-
larization using physical inputs. These systems can revolutionize
immunotherapy and tissue regeneration.

Despite the progress in developing stimuli-coupled im-
munomodulatory platforms, the Food and Drug Administration
(FDA) has yet to approve macrophage polarizing platforms. Nev-
ertheless, Table 3 lists a few immune-modulatory FDA-approved
devices using diverse immune cells, encouraging the need to
develop macrophage-tunable platforms to achieve clinical suc-
cess. By engineering microenvironments that promote controlled
M1 or M2 polarization, these platforms can enhance antitu-
mor immune responses or suppress excessive inflammation, en-
hancing healing outcomes. To optimize specificity and efficacy,
designing advanced micro/nanoplatforms for stimuli-induced
macrophage polarization should prioritize several fundamen-
tal principles. These platforms must be designed to guaran-
tee accurate spatiotemporal regulation of stimulus delivery to
macrophages, thereby guaranteeing targeted polarization. In-
tegrating numerous stimuli-responsive elements, including re-
sponsive polymers or nanoparticles, into the nanoplatforms may
facilitate the activation of macrophages in a synergistic fashion.
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Furthermore, to optimize polarization efficiency, the platforms
ought to be engineered to emulate the indigenous microenviron-
ment of macrophages by integrating biomimetic cues, includ-
ing topographical characteristics and biochemical signals. Addi-
tionally, the materials employed in constructing these platforms
must possess biocompatibility and biodegradability properties to
reduce detrimental effects and promote the seamless integra-
tion of tissues. Finally, it is crucial to consider the scalability
and reproducibility of manufacturing processes to facilitate the
clinical translation and broad application of these sophisticated
micro/nanoplatforms designed to induce macrophage polariza-
tion in response to stimuli. Future studies should prioritize en-
hancing the design and production of these advanced nanoplat-
forms while investigating the underlying molecular pathways
contributing to macrophage polarization produced by many stim-
uli. It is imperative to investigate the potential clinical uses of
these groundbreaking methods in immunotherapy, tissue en-
gineering, and regenerative medicine. This is essential for ef-
fectively turning laboratory discoveries into meaningful clini-
cal treatments. In summary, combining different stimuli and
nanoplatforms shows great potential for improving macrophage
polarization approaches and tackling diverse biomedical issues.
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