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Chronic inflammation at bone defect sites can impede regenerative processes, but local immune responses
can be adjusted to promote healing. Regulating the osteoimmune microenvironment, particularly through
macrophage polarization, has become a key focus in bone regeneration research. While bone implants are
crucial for addressing significant bone defects, they are often recognized by the immune system as foreign,
triggering inflammation that leads to bone resorption and implant issues like fibrous encapsulation
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and aseptic loosening. Developing osteoimmunomodulatory implants offers a promising approach to
transforming destructive inflammation into healing processes, enhancing implant integration and bone
regeneration. This review explores strategies based on tuning the physicochemical attributes and chemical

Open Access Article. Published on 24 April 2025. Downloaded on 2/28/2026 7:49:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/biomaterials-science

1. Introduction

Bone tissue has a remarkable ability to regenerate, but critical-
sized bone defects often require medical intervention." While
autograft bone transplantation has been the gold standard, it
has notable drawbacks, particularly at the donor site.> As an
alternative, bone implants provide scaffolds that support
tissue healing by offering biological signals, physical support,
and delivering bioactive molecules or cells. They also help
mobilize the body’s cells to the injury site.>* In this context,
bone tissue engineering with carefully designed bioactive
implant materials has gained significant interest. These
implants go beyond merely serving as load-bearing structures
or drug delivery systems; they leverage the regenerative pro-
perties of bone tissue to effectively address bone defects.’

The bone healing process begins with an inflammatory
response, which 1is crucial for initiating regeneration.
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composition of materials in engineering osteoimmunomodulatory and pro-regenerative bone implants.

However, this inflammation must be precisely regulated in
both intensity and duration. If not properly controlled, exces-
sive or prolonged inflammation can disrupt subsequent
healing stages and hinder bone regeneration."”® Excessive
inflammatory responses to implanted bone materials can
lead to complications such as fibrous encapsulation and
aseptic loosening of the implant.”® Therefore, the develop-
ment of immunomodulatory bone implant materials offers a
promising strategy to convert these excessive inflammatory
reactions into pro-healing signals. This approach not only
enhances implant osseointegration but also strengthens the
bone’s intrinsic healing capacities.”" Research has clearly
shown that the physicochemical properties, such as the
shape and size of released particles, stiffness, topography,
hydrophilicity, and surface potential, as well as the chemical
composition of materials, including both biodegradable and
non-biodegradable metals and natural and synthetic poly-
mers, significantly influence local immune responses at the
implantation site.'>™* This review provides an updated ana-
lysis of the latest advancements, advantages, and limitations
of osteoimmunomodulatory biomaterials while exploring
current strategies for optimizing their properties. Compared
to existing studies, this work not only offers a comprehensive
and comparative assessment of biomaterials, delivering
deeper insights, but also covers a broader range of polymers
essential for synthesizing novel bone implants. In conjunc-
tion with existing literature, this review serves as a valuable
resource for guiding future strategies in immunomodulatory
material design.

This journal is © The Royal Society of Chemistry 2025
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2. Contribution of the immune
system to tissue regeneration

The immune system plays a crucial role in coordinating inflamma-
tory processes to defend against threats and restore homeostasis.
Following tissue injury, damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs)
effectively activate the immune system and trigger local inflam-
mation, prompting resident immune cells in the tissue to produce
inflammatory molecules. These molecules then recruit additional
immune cells from the bloodstream to the site of injury.">™” The
innate immune response to tissue injury involves monocytes, neu-
trophils, and macrophages; nevertheless, when insufficient, the
adaptive immune response, which includes B and T lymphocytes,
is activated to eliminate the remaining threats.'® Beyond their con-
ventional role in eliminating damaged cells and pathogens,
immune cells actively regulate tissue healing by modulating cell
growth, differentiation, and angiogenesis, thereby facilitating
regeneration. However, prolonged immune activation can sustain
inflammation and disrupt the healing process (Fig. 1)."*'**° This
section briefly outlines both the positive and negative impacts of
various immune cell responses on tissue repair.

2.1.

Neutrophils, the first immune cells migrating to damaged
tissue, detect DAMPs and PAMPs through their pattern reco-
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B cell
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gnition receptors, regulating their polarization. The inflam-
mation triggered by DAMPs and PAMPs leads to vasodilation
and increases the permeability of local blood vessels, facilitat-
ing neutrophil migration to the site of injury.”"**> Neutrophils
easily squeeze through narrow spaces between tissue cells and
the extracellular matrix (ECM); once they arrive at the injury
site, they eliminate pathogens by releasing potent antimicro-
bials and forming neutrophil extracellular traps (NETs). NETs
are web-like structures composed of proteins assembled on a
scaffold of decondensed chromatin, which effectively trap,
neutralize, and destroy various pathogens.”*>> NETs are pri-
marily released through a cell death pathway known as
NETosis; however, it requires careful regulation, as the non-
specific cytokines secreted by neutrophils can cause tissue
damage and hinder the healing process.***®*” For instance,
epithelial healing and wound closure were accelerated in neu-
tropenic mice compared to normal controls.>® Consistently,
neutrophil apoptosis helped resolve inflammation and
promote tissue repair.>**° Moreover, regulatory T cells (Tregs)
contribute to resolving local inflammation, crucial for tissue
healing, by upregulating interleukin (IL)-10 and transforming
growth factor-beta (TGF-B) expression while suppressing pro-
inflammatory IL-6 production by neutrophils.***?

At the injury site, neutrophils release interferons, such as
IFN-y, which recruit macrophages and other immune cells
through the toll-like receptor 9 (TLR9) pathway.*** In turn,
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Fig. 1

Immune system, inflammation, and bone regeneration. (A) Schematic representation of inflammatory innate and adaptive responses during

bone lesions. (B) The participation of immune cells in reducing long-term inflammation at the bone injury site. For details, see text.
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macrophages secrete neutrophil chemoattractants, like CXCL-2
and CXCL-5, via the TLR9-myeloid differentiation primary
response gene 88 (MyD88) pathway, drawing more neutrophils
to the lesion site.*® While the accumulation of neutrophils
might be seen as potentially harmful to tissue regeneration
due to their role in sustaining inflammation, they also secrete
proteases that can damage host tissue and delay healing.’”
However, neutrophils likely play a positive role in tissue repair
by promoting angiogenesis, tissue cell proliferation, and ECM
remodeling. They achieve this by secreting factors such as vas-
cular endothelial growth factor (VEGF), various growth factors,
and matrix metalloproteinases (MMPs).*”°

2.2. Monocytes and macrophages

Monocytes undergo phenotypic and functional changes at
lesion sites to aid in inflammation and tissue repair.*’
Chemoattractant protein (MCP) and chemokine receptors
(CCR-2 and CCR-5) attract inflammatory monocytes to lesions,
where they differentiate into M1 macrophages and produce
cytokines like IL-6 and tumor necrosis factor-alpha (TNF-a),
thereby contributing to tissue cleanup and pathogen elimin-
ation, MSC recruitment and differentiation towards osteo-
blasts, and angiogenesis. However, prolonged M1 activation
can impede bone regeneration by inducing chronic inflam-
mation and triggering MSC apoptosis.*’™*® Conversely, anti-
inflammatory monocytes differentiate into M2 macrophages to
resolve inflammation and promote tissue repair through
secreting IL-10, which regulates Treg development, and TGF-f,
which supports bone healing by influencing endothelial and
osteogenic cells.****™*” Numerous studies have highlighted the
mentioned beneficial effects of M2 macrophage polarization
on bone regeneration.*¥™>°

2.3. T cells and other immune cells

Various T cells play different roles in tissue regeneration. CD8"
T cells hinder osteogenic processes by stimulating osteoclasts
and promoting mesenchymal stem cells (MSCs) apoptosis.®">>
Various subsets of CD4" T cells play distinct roles in tissue
healing. Type 1 T helper (Th1) cells promote inflammation
through secreting IFN-y, which negatively affects bone for-
mation, while Th2 cells release I1L-4 and IL-13, which promote
M2 polarization of tissue-resident macrophages.’*”*
Regulatory T cells (Tregs) help reduce inflammation by inhibit-
ing neutrophil extravasation and IL-6 production, encouraging
neutrophil apoptosis, downregulating inflammatory monocyte
activity, upregulating M2 macrophages, and suppressing CD8"
T cells and Thi-mediated inflammation.’*"** Another impor-
tant player in bone healing is yd T cells, which secrete IL-17
and stimulate the proliferation of mesenchymal progenitor
cells, facilitating osteoblastic differentiation.®®

Osteoclasts, known for bone resorption, exhibit immune-
responsive properties. Pro-inflammatory cytokines, such as
TNF-a, produced by immune cells, enhance osteoclast activity,
whereas their inhibition reduces bone loss in osteoporosis
models.®>®” Regarding the literature, T cells play a significant
role in regulating osteoclasts differentiation and function.
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Activated T cells express receptor activator of nuclear factor
kappa-B ligand (RANKL) to promote osteoclast differentiation,
while Tregs suppress osteoclast formation through cytokines
like IL-10 and TGF-f as well as direct cell-cell interactions via
cytotoxic T-cell associated protein 4 (CTLA-4) binding to CD80/
86 on osteoclast precursors.’®””° Th1 and Th2 cells also release
factors that stimulate B cell differentiation, leading to the pro-
duction of mediators like TNF-o and TGF-f. These mediators
affect osteoclast differentiation process, thereby contributing
to the regulation of bone metabolism."®

NK cells respond to inflammation following tissue damage
and contribute to bone repair by clearing necrotic tissue and
secreting neutrophil-activating protein 2 (NAP-2) and CCL-5 to
recruit MSCs.”" MSCs can mutually enhance NK cell-mediated
inflammation and IFN-y and TNF-a release during the early
stage of tissue injury.”>”® However, MSCs suppress NK cell pro-
liferation and cytokine secretion and induce their polarization
into anti-inflammatory phenotypes during the healing
phase.”*””® Additionally, MSC-derived TGF- and IL-6 promote
NK cell senescence, which in turn enhances MSC-driven VEGF
expression, facilitating tissue regeneration.”® Similarly, under
the influence of M2 macrophage-derived IL-10 and TGF-,
most NK cells acquire a regulatory phenotype, contributing to
tissue repair and regeneration. It is also worth mentioning
that NK cells can modulate M1 and M2 macrophage polariz-
ation based on the immune response phase.”®

Other immune cells also play roles in tissue healing.
Generally speaking, B lymphocytes aid tissue regeneration by
regulating neutrophil infiltration, increasing growth factors,
and reducing MMP-2 activity.”” However, in bone tissue, B lym-
phocytes may have different effects. Activated B lymphocytes
inhibit osteoblastogenesis in bone MSCs by activating Notch
signaling.”® Memory B lymphocytes promote alveolar bone
degradation and osteoclastogenesis during periodontitis by
inducing cytokine expression and the proliferation of Th1 and
Th17 cells.”’ Mature B lymphocytes influence osteoclastogen-
esis by producing RANKL and osteoprotegerin.®® Dendritic
cells (DCs) can also interfere with tissue regeneration by pro-
ducing IFN-y and promoting inflammation.?' Mast cells have
dual roles: they attract monocytes to injury sites and promote
inflammation but also produce anti-inflammatory cytokines to
reduce inflammation.*>®® This information underscores the
importance of understanding immune cell functions in tissue
regeneration. Immunomodulatory strategies, therefore, hold
significant promise for enhancing tissue healing, including
bone regeneration.

3. The foreign body reaction (FBR):
immune cells react to implant
materials

The host immune responses to bone implants determine their

quality of integration and function. The acute sterile inflam-
matory reaction, also called foreign body reaction (FBR),

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic representation of FBR to bone implant materials.

renders implant fibrotic encapsulation, limiting its interaction
with the host tissue (Fig. 2).® Implantation damages local
blood vessels, leading to plasma protein adsorption (albumin,
fibronectin, vitronectin) that facilitates immune cell
adhesion.®” The resulting exudate contains platelets and
coagulation factors, forming clots that release TGF-f, CXCL-2,
and CXCL-8, attracting neutrophils.®® These neutrophils bind
to protein-coated implants via integrins, become activated,
and amplify inflammation, recruiting more immune cells.
Persistent neutrophil activation and CXCL-8 secretion sustain
inflammation, delaying healing.®®®” Activated neutrophils
release NETs to target implants, but excessive NET formation
can sustain fibrosis, leading to a dense matrix that hinders
tissue-implant integration.*® They also secrete CCL-2 and
CCL-4, recruiting inflammatory monocytes that adhere to
implant proteins and differentiate into M1 macrophages.®”
Chemotactic factors from blood clots further amplify mono-
cyte  recruitment, increasing the M1 macrophage
population.?*®® These macrophages release inflammatory
chemokines, reactive oxygen species (ROS), and degrading
enzymes, exacerbating tissue damage.’"°> Due to the implant’s
size, macrophages undergo frustrated phagocytosis and tran-
sition to an anti-inflammatory M2 phenotype. This shift pro-
motes macrophage fusion into foreign body giant cells (FBGC),
which persist on the implant surface, leading to fibrous encap-
sulation and hindering integration.’®** Inflammatory T cells
further enhance macrophage adhesion and fusion.”>*®

Evidence suggests that DCs play a role in this process,
with implant protein composition shaping their immune
interactions. Plasma proteins activate DCs via TLRs; for
example, albumin induces IL-10 production, reducing inflam-
mation and supporting regeneration, while vitronectin inter-
actions may enhance inflammatory CD4+ T cell responses.®”
Various implant surface characteristics, such as chemistry,
roughness, and topography, can alter the protein layer com-
position, leading to different immune reactions.’®'°° These
insights highlight the importance of surface engineering in
implants to foster favorable immune responses for bone
regeneration.

This journal is © The Royal Society of Chemistry 2025
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4. Engineering immunomodulatory
implants for bone regeneration

Extensive research has demonstrated the significant impact of
the immune system on tissue healing.'*>'°> Beyond minimiz-
ing adverse immune reactions, there is increasing interest in
designing implants that actively regulate local immune
responses to promote bone regeneration.'®*'®* This section
explores bone implant materials with intrinsic immunomodu-
latory properties that support both integration and bone
healing. Strategies to regulate immune cell polarization and
behavior include modifying physicochemical properties at the
material-host interface and optimizing chemical composition

(Fig. 3).

4.1. The impact of physicochemical features of implants

The physicochemical properties of bone implants, including
particle size and shape, surface topography, potential,
stiffness, and hydrophilicity, play a crucial role in regulating
local immune cell function and inflammatory responses upon
implantation.'®™®” Understanding this provides a valuable
opportunity to develop immunomodulatory bone implants,
which help minimize the FBR, improve implant integration,
and steer immune responses toward bone healing (Table 1).
4.1.1. Shape and size of released particles. The size and
shape of particles released from metallic implants or incorpor-
ated into engineered implants are critical factors when evaluat-
ing their immunomodulatory effects. Nano-sized hydroxy-
apatite particles (HAPs) have been shown to promote bone
healing by improving implant mechanical properties, support-
ing bone mineralization, and assisting in the elimination of
residual tumor cells after osteosarcoma surgery.'*®™"'° Lebre
et al. demonstrated that HAPs influence innate immune
responses in mice by modulating NLRP3 inflammasome acti-
vation and IL-1p secretion, depending on their size and shape.
Small (0.1 and 5 pm) needle-shaped HAPs induced greater
cytokine release and inflammatory responses compared to
smooth, spherical particles of the same size or larger particles

Biomater. Sci,, 2025, 13, 2836-2870 | 2839
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Topography

Fig. 3 Critical factors affecting the immunomodulatory function of bone implant materials.

(100 pm). This was linked to increased neutrophil and eosino-
phil recruitment by needle-shaped HAPs. These results suggest
that adjusting HAP properties could help modulate immune
responses after implant insertion."'’ Another study in dogs
found that inflammation resolved more quickly at the implant
site of round HAPs in buccal soft tissue compared to sharp-
edged particles.''> The effects can be attributed to the charac-
teristics of HAPs, where irregular or sharp shapes provide a
larger surface area for protein absorption, triggering stronger
tissue responses.'* Additionally, particles with rough surfaces
can destabilize lysosomal and phagosomal membranes, trig-
gering inflammasome activation."**

Considering particle size, smaller particles probably tend to
induce stronger pro-inflammatory immune responses. Gil
et al. found that among irregularly shaped titanium (Ti) par-
ticles from dental implants, smaller particles (5 and 10 pm)
significantly increased pro-inflammatory markers like TNF-o
and IL-1f compared to larger particles (15 and 30 pm).
Interestingly, 15 pm particles also upregulated anti-inflamma-
tory markers such as TGF-p and IL-10 more than the control or
smaller particles. This is particularly important in dentistry, as
procedures used in oral implantology to eliminate bacterial
biofilm from the implants’ surface, e.g., milling the Ti surface
or employing rough Ti implants, often result in a considerable
release of particles.

2840 | Biomater. Sci,, 2025, 13, 2836-2870

Smaller particles tend to induce stronger pro-inflammatory
immune responses. Gil et al. found that irregularly shaped tita-
nium (Ti) particles from dental implants, particularly smaller
ones (5 and 10 pm), significantly increased pro-inflammatory
markers like TNF-a and IL-1p compared to larger particles (15
and 30 pm). Interestingly, 15 pm particles upregulated anti-
inflammatory markers such as TGF-f and IL-10 more than
smaller particles or control."*® This is relevant in dentistry,
where procedures like milling or using rough Ti implants
often release particles that affect immune responses.'™>*'° The
size effect is likely due to the increased surface area of smaller
particles, which enhances protein attachment and immune
cell activation compared to larger particles.'**

Generally, irregularly shaped particles induce stronger
inflammatory responses than spherical ones, with smaller,
rougher particles more likely to provoke inflammation than
larger, smoother ones. However, irregular particles with high
curvature or needle-like shapes are particularly effective at acti-
vating inflammasomes (i.e., intracellular multiprotein com-
plexes of the innate immune system that trigger inflammatory
responses) due to frustrated phagocytosis, ROS leakage, and
inflammasome activation."** This highlights the substantial
influence of implants-released particle size and shape.
However, given that the chemical composition of implants is
also a crucial factor, a comparative analysis of various implants

This journal is © The Royal Society of Chemistry 2025
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Table 1 The impact of physicochemical properties of bone implants on their osteoimmunomodulation

Properties

Material

Type of
study

Value

Immunomodulation

Ref.

Shape & size of
release particles

Stiffness

Topography

HAPs

Ti particles

GelMA

PDMS

Polyacrylamide

Culture plates

Transglutaminase
cross-linked gelatin

Zn plates

Ti implant

Ex vivo

Invivo

In vitro

In vitro

In vitro

In vitro

Invitro

In vitro

In vitro

In vitro

This journal is © The Royal Society of Chemistry 2025

0.1 and 5 pm
needle-shaped

Round-shaped

5and 10 pm

1.5 kPa

10 and 29 kPa

8-32 kPa

>100 kPa

34.88 + 4.22 kPa

2.55 + 0.32 kPa

70 kPa

323 kPa

50.6 + 15.1 kPa

7.5-140 kPa
100 kPa
64 kPa

60.54 + 10.45 kPa

Rough surface with micro-

topographies
Smooth surface

Surface micro/nano

topographies

Provoked cytokine release and inflammation in
comparison to smooth spherical particles of the same
size or bigger particles (100 pm).

Inflammation resolved faster at the implantation site
compared to sharp-edged particles.

Upregulated pro-inflammatory markers (TNF-o and
IL-1B) compared to larger particles (15 pm) that
upregulated anti-inflammatory markers (TGF-§ and
I1-10).

Upregulated ROS production and pro-inflammatory
factors (CXCL-10 and TNF-a) released by neutrophils
compared GelMA with higher stiffness (5.7 kPa) that
induced an anti-inflammatory phenotype in
neutrophils.

Induced macrophage M1 polarization and upregulated
pro-inflammatory cytokines (TNF-a and IL-6)
compared to surfaces with lower stiffness (2 kPa).
Promoted NETosis and induced the secretion of pro-
inflammatory factors (IL-10, TNF-a, CCL-2, CCL-3, and
CCL-5) compared to PDMS surfaces with lower
stiffness.

Upregulated IL-2 generation and CD4+ and CD8+ T
cell multiplication and expanded IFN-y-producing
Th1i-like cells in comparison to substrates with much
higher stiffness (>2 MPa).

Induced macrophage M2 polarization compared to
hydrogels with low (2.55 + 0.32 kPa) or high (63.53 +
5.65 kPa) stiffness.

Induced macrophage M1 polarization compared to
hydrogels with medium (34.88 + 4.22 kPa) or high
(63.53 + 5.65 kPa) stiffness.

Induced macrophage M2 polarization compared to
hydrogels with lower (10 kPa) stiffness.

Enabled M1 macrophage polarization compared to
gels with less stiffness (11 and 88 kPa) that primed
macrophage M2 polarization.

Upregulated pro-inflammatory IL-2 production by
Jurkat T cells compared to the softer hydrogel (7.1 +
0.4 kPa).

Treg induction augmented with greater material
stiffness.

Potentiated TCR-induced CD4+ T lymphocyte
migration, proliferation, and morphological shift.
Upregulated macrophage M2 polarization compared to
culture plates with low stiffness (0.2 kPa).

Polarized macrophages into the M1 phenotype and
upregulated IL-1p, TNF-a, and iNOS expression
compared to low-stiffness gelatin (1.58 + 0.42 kPa) that
upregulated M2 polarization.

Attenuated inflammatory macrophage polarization.

Upregulated M1 inflammatory macrophages as well as
IL-1p, IL-6, and TNF-a expression compared to
hydrophilic rough Ti that upregulated M2 anti-
inflammatory macrophages and IL-4 and IL-10
expression.

Induced neutrophil inflammatory responses,
provoking pro-inflammatory macrophage polarization
compared to the rough Ti surface.

Stimulated macrophage polarization towards the pro-
healing M2 phenotype.

Provoked RAW264.7 macrophage M2 polarization and
IL-10 expression and downregulated IL-1p compared to
Ti surfaces with micron or nano topographies.

111

112

115

118

122

119

131

121

124

126

130

132

129

176

125

139

137

140

149

147
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Type of
Properties Material study Value Immunomodulation Ref.
Invitro Reduced DC inflammatory responses compared to Ti 177
& in vivo surfaces with only micro-topographies.
Invitro  HC-like surface structures Nano-scale surface structures expanded the 150
M2 macrophage population, upregulated anti-
inflammatory cytokines (IL-4 and IL-10) and lowered
pro-inflammatory cytokines (IL-1p and TNF-a)
g compared to micro-scales and the un-patterned Ti
% surface.
-‘_,3 Invivo  Surface 30 nm nanotubes Enhanced macrophage recruitment and regulated 152
B their polarization and cytokine profiles towards anti-
£ inflammatory responses compared to larger nanotubes
=3 (50, 70, and 100 nm).
) Invitro  Micro/sub-micro The biomimetic surface structure hindered 158
g hierarchical surface inflammatory reactions mediated by M1 macrophages
s structure by repressing the TLR2/NF-kB signaling.
g TPS-Ti Invitro  Surface nanowires Caused non-activated or LPS-activated macrophages to 153
2 adopt a less inflammatory profile.
£ Hydroxyapatite Invitro  Surface nano- Promoted macrophage M2 polarization and attenuated 145
ﬁ ceramics & invivo topographies (~100 nm)  pro-inflammatory cytokine secretion compared to
5 surfaces with micro-topographies (~500 nm).
E Fibrous membranes Surface latticed Upregulated M2 macrophage marker genes compared 151
8 topography to other random and aligned surface topographies.
© PLA membranes Invitro  Bone topography COL1 and hydroxyapatite-modified membranes with 159
% mimicking surface natural bone-mimicking surface topography induced a
2 structure sequential and synergistic polarization of M1 and
g M2 macrophage.
]
e Hydrophilicity Ti implant Invitro  Heparin and fibronectin- Showed a lower capacity in provoking pro- 161
> functionalized hydrophilic inflammatory cytokines (TNF-o, MCP-1, and IL-1f})
g surface secretion compared to Ti surfaces with lower
o hydrophilicity.
b Hydrophilic-modified Induced M1 to M2 macrophage phenotypic alteration 163
© SLA-treated surface and decreased inflammatory genes (TNF, IL-1f,
S CXCL-8) expression levels compared to the SLA-treated
[ surface that upregulated M1 macrophages.
£ Graphene oxide-coated The graphene oxide coating enhanced surface 165
= SLA-treated surface hydrophilicity and promoted macrophage M2
polarization compared to the SLA-treated surface.
Hydrogenated surface Ti ~ Showed enhanced surface wettability, thereby eliciting 166
dioxide nanotubes macrophage M2 polarization, upregulating anti-
inflammatory cytokines (IL-10, BMP-2, and TGF-f1)
and downregulating LPS-induced pro-inflammatory
= cytokines (TNF-o, MCP-1, and IL-6).
8 Rough and hydrophilic Reduced pro-inflammatory cytokine and enzyme 140
surface generation and inhibits NETosis compared to
neutrophils cultured on rough Ti surfaces.
Increasing surface roughness and wettability elicited a 167
Th2 pro-wound-healing phenotype and resolved
inflammation.
PET base biomaterials Invivo  Hydrophilic and anionic ~ Reduced monocyte adhesion and macrophage fusion 178
surfaces into FBGC while also causing harmful macrophages to
undergo apoptosis.
Surface potential ~ Ti implant Invitro  Polydopamine-coated The coated surface exhibited less negative potential 171
& invivo surface and a greater tendency to switch macrophages towards
the M2 phenotype, which provoked pro-healing
cytokine secretion.
Polyether urethane Invivo  Sulphonate substituted 20% sulphonate substitution caused less neutrophil 172
negative surface infiltration compared to 10% or 30% sulphonate
substitution.
PEO-coated gold Invitro  Carboxyl or amino- Negatively charged carboxyl groups could push 174

nanorods

modified surfaces

macrophages toward the M1 phenotype, whereas
positively charged amino surface groups could push
them toward the M2 phenotype.

Abbreviations: HAPs; hydroxyapatite particles, Ti; titanium, TNF-; tumor necrosis factor-alpha, IL; interleukin, TGF-f; transforming growth factor-
beta, GelMA; gelatin methacrylate, ROS; reactive oxygen species, CXCL; (C-X-C motif) ligand, PDMS; polydimethylsiloxane, CCL; C chemokine
ligand, TCR; T cell receptor, iNOS; inducible nitric oxide synthase, DC; dendritic cell, HC; honeycomb, TLR; toll-like receptor, NF-kB; nuclear factor
kappa B, LPS; lipopolysaccharide, PLA; poly-L-lactic acid, COL1; type I collagen, MCP-1; monocyte chemoattractant protein, SLA; sand-blasted, large-
grit, acid-etched, BMP-2; bone morphogenetic protein 2, PET; polyethylene terephthalate, FBGC; foreign body giant cells, PEO; polyethylene oxide.
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under identical conditions, considering these parameters,
could offer a more precise understanding of the phenomenon.

4.1.2. Stiffness. Matrix stiffness has garnered significant
attention in bone regeneration mechanobiology, as it plays a
critical role in osteogenic processes by regulating immune
responses to implanted materials."®”"*'” More rigid matrixes
might develop anti-inflammatory and pro-healing neutrophils
through activating the Janus kinase-1 (JAK1)/signal transducer
and activator of transcription 3 (STAT3) signaling."'®
Neutrophils cultured in 3D gelatin methacrylate (GelMA)
hydrogel with low stiffness (1.5 kPa) showed increased ROS
production and higher secretion of pro-inflammatory chemo-
kines (e.g., CXCL-10) and cytokines (e.g., TNF-a). In contrast,
neutrophils cultured in the hydrogel with higher stiffness (5.7
kPa) exhibited increased gene expression of CD206 (a marker
of anti-inflammatory neutrophils) and CXCL-12 (which inhi-
bits inflammatory cell migration) and elevated IL-10
secretion.''® However, when seeded on polydimethylsiloxane
(PDMS) surfaces with varying stiffness (0.2-32 kPa), neutro-
phils on stiffer surfaces (8-32 kPa) showed increased NETosis
and higher secretion of pro-inflammatory cytokines and
chemokines. This is driven by the activation of focal adhesion
kinase (FAK), which regulates immune cell attachment and
function through integrin-mediated interactions.*®

Implant stiffness might also regulate macrophage polariz-
ation by affecting the ROS-initiated nuclear factor kappa B
(NF-xB) pathway."”® Chen et al. showed that bone marrow-
derived macrophages (BMDMs) cultured on polyacrylamide
hydrogels with medium stiffness (34.88 + 4.22 kPa) expressed
more M2 macrophage marker CD206 and secreted higher
levels of IL-4 and TGF-f, compared to those on low (2.55 + 0.32
kpPa) or high (63.53 + 5.65 kPa) stiffness hydrogels.
Macrophages on low-stiffness hydrogels exhibited higher ROS
production and M1 markers, such as CD86, IL-1p, and TNF-a.
Morphologically, macrophages on medium-stiffness hydrogels
had a spindle-like shape (M2), while those on low or high
stiffness had a pancake-like shape (M1) (Fig. 4 and 5).
Implantation studies in mice confirmed that hydrogels with
medium stiffness attracted more M2 macrophages, while low
stiffness attracted more M1 macrophages.'>! However, conflict-
ing data exist. Zhuang et al. found that macrophages seeded
on GelMA hydrogels with 10 and 29 kPa exhibited an M1 phe-
notype and higher secretion of pro-inflammatory cytokines
(TNF-a and IL-6) compared to those on lower stiffness surfaces
(2 kPa)."** Liu et al. showed that high-stiffness biomaterials
(64 kPa) increased the M2 macrophage population, promoting
osteogenic differentiation of adipose-derived MSCs and
secretion of immunomodulatory proteins (LBP and RBP4) to
enhance bone healing.'*® Additionally, polyacrylamide hydro-
gels with 70 kPa stiffness induced platelet activation during
hemostasis, which improved M2 macrophage polarization,
angiogenesis of endothelial cells, and osteogenesis of bone
marrow-derived MSCs (BMMSCs) compared to hydrogels with
lower stiffness (10 kPa)."**

Several studies suggest that macrophages tend to polarize
towards the M1 phenotype on high-stiffness matrices. For
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example, macrophages on high-stiffness (60.54 + 10.45 kPa)
transglutaminase cross-linked gelatin exhibited M1 polariz-
ation, marked by increased expression of IL-1p, TNF-a, and
inducible nitric oxide (iNOS), which negatively impacted
osteogenic differentiation of BMMSCs. In contrast, macro-
phages on low-stiffness gelatin (1.58 + 0.42 kPa) showed
higher levels of CD206 and IL-10."*> Mei et al found that
BMDMSs cultured on polyacrylamide gels with high stiffness
(323 kPa) exhibited M1 polarization through Piezo1/YAP sig-
naling, while gels with lower stiffness (11 and 88 kPa) pro-
moted M2 polarization.’?® Other studies also reported that
macrophages on substrates with lower stiffness tend to adopt
the M2 phenotype.'?”:1?8

T cells are also sensitive to mechanical cues, with material
stiffness influencing T cell receptor-induced migration and
morphological changes in CD4" T lymphocytes. However, their
metabolism and cell cycle are only affected by very high
stiffness levels, such as 100 kPa.'® Consistently, Chin et al.
demonstrated that Jurkat T cells cultured on a stiff polyacryl-
amide hydrogel (50.6 + 15.1 kPa) produced significantly higher
levels of the pro-inflammatory cytokine IL-2 compared to those
on a softer hydrogel (7.1 + 0.4 kPa)."*° Another study discov-
ered that substrates with a stiffness lower than 100 kPa induce
a four times higher IL-2 generation and human CD4' and
CD8" T cell multiplication compared to substrates with a
much higher stiffness (>2 MPa). When naive CD4" T cells were
grown on softer substrates, there was a 3-fold expansion in the
proportion of IFN-y-producing Thi-like cells."*" However,
Tregs induction on polyacrylamide gels with stiffness ranging
from 7.5 to 140 kPa was shown to be augmented with greater
material stiffness, which involved a more significant use of oxi-
dative phosphorylation (OXPHOS).*** These findings highlight
that material stiffness around 100 kPa may stimulate T cell-
mediated inflammatory responses, while surfaces with lower
stiffness promote Treg induction, aiding in inflammation
resolution.

The conflicting data on material stiffness and immune cell-
mediated bone regeneration highlight the need for studies
using standardized bone defect models. This underscores the
importance of considering multiple implant-mediated signals
in osteoimmunomodulation and bone regeneration. It is also
important to note that the mechanical strength of a bone
scaffold should be comparable to that of the surrounding
bone tissue. If the scaffold is excessively stiff, it can result in
stress shielding and bone resorption, which may, in turn,
trigger immune responses.”** Dense metallic materials gener-
ally possess a substantially higher Young’s modulus than
natural bone, leading to stress shielding during implantation.
To mitigate this effect, a key strategy in metallic implant
design is to reduce stiffness by introducing a porous structure,
thereby enhancing compatibility with the mechanical pro-
perties of natural bone. In this regard, fabrication techniques,
such as powder metallurgy in combination with other
methods, have been widely employed to develop porous metal-
lic scaffolds, including those based on stainless steel, titanium
alloys, and magnesium alloys.'** 3¢
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Fig. 4 Hydrogel stiffness affects CD86 and CD206 expression of BMDMs. Macrophages were incubated on polyacrylamide hydrogels with various
stiffnesses. (a) and (b) Represent the expression analysis of CD68*CD86* and CD68*CD206™ macrophages by flow cytometry assay after 3 and 5
days; (c) and (d) Show the quantitative analysis of CD68*CD86"* and CD68*CD206"* macrophages after 3 and 5 days; (e) and (f) Represent CD86 and
CD206 expression of macrophages after 3 and 5 days by immunofluorescence staining; (g) and (h) Show quantitative analysis of CD86" and CD206*
immunofluorescence density by Image J. L, M, and H: low, middle, and high stiffness, respectively. * p < 0.05. Reproduced under terms of the CC
BY-NC-ND 4.0 license.*?* Copyright 2020, The Authors, published by Elsevier.

4.1.3. Topography

4.1.3.1. The impact of topography size and roughness.
Increasing implant surface roughness enhances bone regeneration
by promoting stem cell osteogenesis and M2 macrophage
polarization through topography-dependent mechanisms.'%"*7'3%
Engineered zinc (Zn) plates with micro-topographies reduced
M1 macrophage responses.*® Similarly, rough, hydrophilic Ti

2844 | Biomater. Sci., 2025, 13, 2836-2870

surfaces promoted M2 macrophage polarization and IL-4 and
IL-10 expression, while smooth Ti induced M1 inflammatory
responses and IL-1f, IL-6, and TNF-a levels.”*” Neutrophils
also respond to implant surface characteristics, with smooth
surfaces inducing inflammation and NETosis, influencing
macrophage polarization. Conditioned media from neutro-
phils on smooth Ti promoted pro-inflammatory macrophages,
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Fig. 5 The morphology and actin cytoskeleton of BMDMs incubated on polyacrylamide hydrogels with various stiffnesses. (a) The macrophage
morphology after 3 and 5 days, illustrated by scanning electron microscope; (b) the F-actin cytoskeleton of macrophages after 5 days illustrated by
the fluorescent microscope with phalloidin-FITC (in green) and DAPI (in blue) staining. L, M, and H: low, middle, and high stiffness, respectively.
Reproduced under terms of the CC BY-NC-ND 4.0 license.*?* Copyright 2020, The Authors, published by Elsevier.

while rough Ti had the opposite effect, suggesting surface
topography impacts macrophages directly and indirectly."*°
While micro-rough patterns enhance implant surface area,
boost the biomechanical interaction between bone and
implant, and help attenuate inflammation,"*"**> nano topo-
graphies offer improvements in the surface energy of implants,
cell adhesion, and implant interaction with the bone interface
at cellular levels."**'** Wang et al. engineered hydroxyapatite
ceramics with identical composition but varying surface topo-
graphies (~100-500 nm) and found that nano-sized topogra-
phies promoted M2 macrophage polarization. Larger topogra-
phies correlated with increased pro-inflammatory cytokine
release and reduced M2 macrophage populations.'*® In order
to combine the benefits of micro topographies and nano topo-
graphies, the Sun research group developed Ti disks with
micro/nano topographies using SLA technology and alkali-heat
treatment. These disks promoted M2 macrophage polarization,
reducing IL-1p and increasing IL-10, which enhanced auto-
phagy as well as osteoblast precursor proliferation and osteo-
genic differentiation. M2 macrophages also facilitated bone
morphogenetic protein 2 (BMP-2) and VEGF secretion, improv-
ing osseointegration.'*®'*” Ti implants with micro/nano topo-
graphies from SAH surface treatment exhibited optimal rough-

This journal is © The Royal Society of Chemistry 2025

ness and wettability, enhancing M2 macrophage polarization
and suppressing osteoclast activity compared to microtopogra-
phy-only implants."*® Luu et al. also demonstrated that Ti sur-
faces with micro/nano-patterned grooves (400-500 nm)
promote M2 macrophage polarization and IL-10 secretion by
inducing cell elongation."*® The data indicates that structures
incorporating both micro- and nano-scale topographies are
more effective in promoting pro-healing macrophage polariz-
ation than those with only micro or nano topographies.
4.1.3.2. The impact of topography architecture. The size and
texture of implant surface topographies are crucial for modu-
lating immune responses. Optimized textures are believed to
enhance spatial properties and surface area.”*®'" Zhu et al.
created honeycomb-like (HC) surface structures on Ti implants
using monodispersed polystyrene spheres and a customized
film transfer method. These structures, ranging from nano-
meter to micrometer scale (90, 500, 1000, and 5000 nm), influ-
enced macrophage behavior. The HC-90 pattern, with a
spacing smaller than the macrophage pseudopodium size,
allowed for easier macrophage spreading, filopodia formation,
and RhoA-associated protein kinase (ROCK) signaling acti-
vation. This led to an upregulation of M2 macrophages, with
increased CD206, anti-inflammatory cytokines (IL-4, IL-10),
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and BMP-2 levels, as well as decreased M1 markers like CCR-7
and pro-inflammatory cytokines (IL-1f, TNF-a), compared to
other surface types. However, iNOS and oncostatin M (OSM)
expression levels showed no significant differences across the
surfaces (Fig. 6). HC-90 promoted osteogenic differentiation of
MSCs in vitro and encouraged osseointegration in vivo.'*°
Another study used electrospinning to create bone-regenerative
fibrous membranes from PLGA, fish collagen, and HAPs with
random, aligned, and latticed topographies. Subcutaneous
implantation in mice triggered only a mild FBR. The latticed
membrane, with its porous hierarchical structure and aniso-
tropic fiber arrangement, mimicked native bone ECM and pro-
moted cell attachment. It recruited more macrophages and sig-
nificantly upregulated M2 macrophage markers, enhancing
osteogenesis. This process also induced local hypoxia, activat-
ing HIF-1a signaling and VEGF gene expression to support
angiogenesis. Ultimately, the latticed membrane demonstrated
superior osteogenic activity in a murine calvarial bone defect
model.'*!

Studies have shown that nano-porous Ti surfaces, created
through etching and anodizing to form nanotubes, promote
macrophage M2 polarization and enhance bone formation.
Implants with 30 nm nanotubes improved macrophage recruit-
ment and shifted polarization towards anti-inflammatory
responses while inhibiting osteoclast differentiation by sup-
pressing FAK phosphorylation and MAPK activation.'?
Additionally, Liu et al. developed Ti implants with titania
nanostructures (nanowires, nanonests, and nanoflakes), which
enhanced protein adsorption, integrin binding, and macro-
phage responses, leading to improved BMMSC osteogenic
differentiation and superior osseointegration compared to tra-
ditional Ti implants.**?

Recently, a bioceramic (calcium phosphate)-based bone
graft called MagnetOs has been developed as a commercial
product, incorporating NeedleGrip™ technology—a submi-
cron, needle-shaped surface topography—to enhance traction
for pro-healing M2 macrophages. It has been suggested that
MagnetOs can promote bone growth even in soft tissues and is
designed to repair critical-size bone defects, such as those
found in the posterolateral spine.'>*™**® Notably, a randomized
controlled clinical trial demonstrated the superiority of
MagnetOs Granules over autograft, which is considered the
optimal graft material for spinal fusion."””” These findings
suggest that specific surface architectures, such as nanowires,
nanotubes, and latticed or HC-like patterns, could enhance
the design of immunomodulatory bone implants.

4.1.3.3. The importance of mimicking natural bone topogra-
phy. While surface topography-based strategies have success-
fully induced macrophage M1/M2 switching and promoted
bone regeneration, they fail to precisely replicate natural bone
topography. Dai et al. fabricated micro and sub-micro hier-
archical surfaces on Ti implants mimicking bone architecture.
In vitro, the modified implant suppressed Mi1-mediated
inflammation via TLR2/NF-kB inhibition, promoting BMMSC
osteogenic differentiation and reducing osteoclastogenesis. In
vivo, it integrated seamlessly into bone tissue.’*® In addition,
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mimicking natural bone topography could optimize sequential
M1/M2 activation for bone repair. M1 macrophages initiate
angiogenesis and osteogenesis early but must transition to M2
to reduce inflammation and support healing. Researchers
used soft lithography to create poly-L-lactic acid (PLA) mem-
branes mimicking bovine femur bone topography, enhanced
with COL1 and hydroxyapatite to replicate the bone microenvi-
ronment. These membranes sequentially and synergistically
polarized M1 and M2 macrophages, highlighting their poten-
tial for bone tissue engineering.'” As described, paying atten-
tion to the size, roughness, and architecture of bone implant
topographies is critical to attaining a desired immune
response to promote osseointegration and improve bone
regeneration. It is worth noting that simultaneous consider-
ation of these principles would be a winning approach for
future investigations.

4.1.4. Hydrophilicity. Implant surface wettability influ-
ences protein adsorption. Hydrophilic surfaces reduce protein
attachment, while hydrophobic surfaces can increase immuno-
genicity by triggering immune recognition of hydrophobic
elements.'® Li et al. enhanced Ti implant hydrophilicity by
functionalizing surfaces with heparin and fibronectin, which
contain hydrophilic groups. This modification reduced pro-
inflammatory cytokine secretion (TNF-a, MCP-1, IL-1p) com-
pared to less hydrophilic Ti surfaces."®" The highly hydrophilic
surfaces of bone implants could promote macrophage M2
polarization compared to hydrophobic surfaces.”'*> On
hydrophilic surfaces, integrin p1 binds to fibronectin, likely
activating PI3K/Akt signaling to induce M2 polarization. In
contrast, on hydrophobic surfaces, integrin 2 binds to fibrino-
gen, triggering NF-xB signaling and M1 polarization.'®®> For
example, hydrophilic-modified SLA Ti surfaces induced M1 to
M2 phenotypic alteration of macrophages, thereby alleviating
inflammation by downregulating inflammatory genes (IL-1f,
TNF, and CXCL-8). This induced TGF-B/BMP signaling in
osteoblasts and promoted osteogenesis compared to SLA Ti
surfaces.'®>'®* Consistently, Li and colleagues demonstrated
that improving the hydrophilicity of SLA Ti surfaces via gra-
phene oxide coating improves the macrophage’s M2 polariz-
ation and osteogenic differentiation of BMMSCs.'®® Another
investigation by Gao et al. also demonstrated that hydrogen-
ation of Ti dioxide nanotubes on Ti surfaces produces a super-
hydrophilic substrate with significantly enhanced wettability,
given the generation of oxygen vacancies in the nanotubes.
The produced hydrophilic surface elicited the M2 macrophage
polarization, upregulated anti-inflammatory cytokines (IL-10,
BMP-2, and TGF-f1), and reduced the lipopolysaccharide
(LPS)-induced pro-inflammatory cytokines (TNF-a, MCP-1, and
IL-6) secretion.'®®

Moreover, the surface hydrophilicity of bone implants
might affect neutrophil-mediated inflammatory responses.
The culture of neutrophils on rough and hydrophilic Ti
implant surfaces reduced pro-inflammatory cytokine and
enzyme generation and inhibited NETosis compared to neutro-
phils cultured on rough Ti surfaces."*® The contribution of the
adaptive immune system in tuning inflammatory responses to

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5bm00357a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 24 April 2025. Downloaded on 2/28/2026 7:49:09 AM.

(cc)

Biomaterials Science

HC-500  HC-1000

HC-90

HC-5000 B2 —

View Article Online

Review

[ A aT

5§10 —— O HC-90

E . O HC-500

8 . 3 HC-1000

c O HC-5000

@

Q *

» R

o 5

(<]

E *

2

[

2 Ill

©

2 1@l A mnalll
bt "

Ti HC-90

° 2.0
3 1.0]
HC-500 HC-1000

CD206
(25.8%)

Count

CCR7
(18.9%)
{ US9%) |

CD206
(12.8%)

HC-500 HC-1000 HC-5000
HC-5000

CCR7
(29.4%)

00

E <20 F c G € 3.5
2 =} 2 T
o *k B 2.0 x2 ]
8 * » r * » 3.0
8, . T 2 - - ®
gt s 5 Lo e T 825
*k x 1.5 x
| [ = : <20 .
2 0] 2o ., . a 2 _
4 15 *
[ € = € T
.g 0.5 _g 0.5 .g 1.0
il Zelllllnn fodno
o0 g0 % 0.0
IL-1B TNF-a IL-4 IL-10 BMP-2 OSM
H .. L, J
. 800 rra— — . 500 = = =
£ *x - E o T ap— E 400 )
£ —t= — £ —=
® 600 — —= > 400 — g e
= o o = = 300
5 £ § 300 e S
& 400 P ® *x —t © 200
s S 200 [ P s
c c S <
@ I @ ek @
©Q 200 S 400 2 100
5 S S
o o r| |1| rl rl LI 1 A0 AM III al
IL-1B TNF-a IL-4 IL-10 BMP-2 osm

O Ti & HC-90 & HC-500 £ HC-1000 B3 HC-5000

Fig. 6 Macrophage-mediated immune responses on diverse nanostructures. (A) Fluorescence microscopy of CD206, iNOS, and nucleic staining of
macrophages; (B) quantitative measurement of CD206 and iNOS fluorescence intensity of macrophages; (C) quantitative measurement of cell
nucleus aspect ratio regarding the fluorescence microscopy images; (D) macrophage polarization assessment based on the CCR7 and CD206
expression for M1 and M2 macrophages, respectively, using flow cytometry; (E) and (F) relative mRNA expression levels of M1 (IL-18 and TNF-«) and
M2 (IL-4 and IL-10) macrophage-related genes, respectively; (G) relative mRNA expression level of BMP-2 and OSM; (H), (1), and (J) ELISA analyses of
pro-inflammatory cytokines (IL-18 and TNF-a), anti-inflammatory cytokines (IL-4 and IL-10), and osteogenic cytokines (BMP-2 and OSM), respect-
ively. * p < 0.05 and ** p < 0.01. Reproduced under terms of the CC-BY-NC 4.0 license.*>° Copyright 2021, The Authors, published by Science.
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implant surface characteristics has also been established.
Research conducted by Hotchkiss et al has shown that
increasing Ti surface roughness and wettability could shift
adaptive immune responses towards the Th2 pro-wound-
healing phenotype. This, in turn, speeds up inflammation
resolution and increases stem cell and macrophage recruit-
ment on the implant surface.'®” Overall, improving the surface
hydrophilicity of bone implants can contribute to alleviating
inflammation by tuning innate and adaptive immune
responses. Nevertheless, significant surface hydrophilicity
might remarkably reduce protein adsorption, diminishing
interactions with immune cells and immunomodulatory
impacts.'®®'®® Consistent with these preclinical findings, a
randomized clinical trial demonstrated that a patented bone
bioactive liquid, consisting of a phosphate saline solution with
calcium chloride and magnesium chloride, enhances the stabi-
lity of Galaxy TS dental implants and promotes bone for-
mation. These effects are likely mediated by improved implant
surface wettability and the modulation of inflammatory
markers in human primary macrophages.'”®

4.1.5. Surface potential. There is limited data on how the
surface potential of implants might influence the fate of
immune cell recruitment towards either bone regeneration or
resorption. Introducing diverse coatings and functional groups
might alter the surface potential of implants, thereby altering
the immune microenvironment around them. Li et al. utilized
polydopamine coatings to reduce the negative surface poten-
tial of Ti surfaces. When cultured on these surfaces, bone
marrow-derived monocytes showed a greater tendency to
switch towards M2 macrophages both in vitro and in vivo.'”"
Another study by Hunt et al. developed poly(ether)urethanes
with 10, 20, and 30% sulphonate substitution to achieve a
range of negative surface charges. Two weeks after intramuscu-
lar implantation of substrates in mice, the 20%-charged
polymer caused fewer neutrophil infiltration than other poly-
mers.'”? Positive surface charges are believed to promote
tissue regeneration by enhancing protein adsorption, which
influences immune cell attachment and recruitment. However,
the charge value is critical, as higher surface potential can
impact cell proliferation and filopodia formation. In contrast,
negative surface potential may provoke inflammatory
reactions.'®'”® For example, negatively charged carboxyl
groups can push macrophages toward an M1 phenotype,
whereas positively charged amino surface groups can push
them toward an M2 phenotype.'”* However, inconsistent data
exist, such as the study demonstrating that negatively charged
surface carboxyl groups might eliminate macrophage-mediated
inflammation."” The nature of functional groups and other
surface properties of biomaterial interfaces might contribute
to the observed outcome. Accordingly, there is a pressing need
to take a more serious look at the issue of surface potential.

4.2. The impact of the chemical composition of implants

The chemical composition of bone implants plays an impor-
tant role in modulating FBR, immune cell behavior, and
osseointegration. This section highlights the impact of com-
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monly used materials in implant fabrication and their immu-
nomodulatory effects on bone healing. Table 2 presents engin-
eered implants designed with these materials to enhance
immune compatibility and regeneration. Some immunomodu-
latory biomodification strategies are highlighted in Table 3.

4.2.1. Non-biodegradable metallic implants. Non-bio-
degradable metallic implants offer excellent mechanical
strength but face challenges due to corrosion. Corrosion bypro-
ducts, such as metal ions, can affect biocompatibility and
trigger inflammatory responses, particularly through macro-
phage interactions. This issue is especially critical for metal-
on-metal (MOM) implants, where significant corrosion is
linked to high revision rates.'”®™'%?

4.2.1.1. Stainless steel alloy. Stainless steel (SS 316L) is
valued for its strong mechanical properties in biomedical
applications. However, its corrosion in the inflammatory
environment of bone lesions can exacerbate local inflam-
mation, further accelerating implant degradation and hinder-
ing bone regeneration. Li et al. investigated the impact of SS
316L localized corrosion on macrophage function and polariz-
ation. They found that RAW264.7 cells reduced the implant’s
pitting corrosion resistance by consuming glucose and dis-
rupting the biomolecule-adsorbed layer. This corrosion
released high local concentrations of Cr’** and Ni*", which
decreased macrophage viability and induced M1 polarization,
as indicated by increased CD86, TNF-a, IL-6 expression, and
intracellular ROS (Fig. 7). Additionally, Fe** and Cr** from the
implant, combined with macrophage-generated ROS, created a
synergistic effect that elevated ROS levels and produced toxic
Cr®, further exacerbating implant corrosion and inflam-
mation."®® Heise and colleagues consistently revealed that
macrophages cultured on SS 316L disks produced considerably
more NO than control, generated macrophage-sized surface
corrosive pits, and caused a marked Cr*", Fe®', and Ni**
release.'®* Eventually, relatively high concentrations of metallic
ions released by SS 316L alloy corrosion might cause BMMSCs
to experience oxidative stress and membrane depolarization,
impairing their osteogenic capacity.'®’

Various strategies have been employed to reduce SS 316L
corrosion. Incorporating 10.5% Cr promotes the formation of
a protective Cr oxide layer, improving corrosion resistance.
Additionally, optimizing the carbon content to 0.03%
enhances both yield strength and corrosion resistance.'*'®”
Various coating materials have been applied to improve SS
316L corrosion resistance. A Nb pentoxide thin film provides a
protective barrier, reducing corrosion and inflammation in
gingival cells."®® Similarly, Ferreira et al. demonstrated that
nanostructured Nb and carbon coatings significantly enhance
corrosion resistance.'®® Another approach involves Cu-substi-
tuted hydroxyapatite/functionalized multi-walled carbon nano-
tube composites.’®® Ongoing research continues to explore
coating strategies, though their effects on local immune
responses require further investigation.'** %3

4.2.1.2. Cobalt-chrome-molybdenum (CoCrMo) alloy. Given
its hardness and tribological properties, the CoCrMo alloy is
among the promising orthopedic materials."** After implan-

This journal is © The Royal Society of Chemistry 2025
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Table 2 The osteoimmunomodulatory and osteogenic impacts of engineered bone implants

Base implant Type of
Category material Engineered implant study Immunomodulation Impact on bone tissue Ref.
Non- Ti Ti-5Cu alloy Invitro  Induced RAW264.7 macrophage Improved MC3T3-E1 cell 343
biodegradable polarization towards the M2 multiplication and osteogenic
metals phenotype. differentiation.

Strontium-zinc Invitro & Upregulated macrophage M2 Induced pro-osteogenic factors 344

phosphate-coated Ti in vivo polarization and suppressed production and rat BMMSC
inflammation. osteogenesis.

Hydroxyapatite-coated In vivo The alloy with 70-90 pm thickness Improved implant 345

Ti-29Nb-13Ta-4.6Zr attenuated inflammation by osseointegration and

alloy suppressing TNF-a production. osteogenesis.

Ti6Al4V-6Cu Invitro  Repressed the activation, Showed no negative impact on 346
proliferation, and pro- osteoblasts and increased the
inflammatory cytokine secretion of angiogenesis of HUVECs in
macrophages. favor of alveolar bone

regeneration.

Stainless SS 316L-5Cu In vivo Upregulated CD206-positive M2a Promoted the generation of 347

steel macrophages as the primary source type H vessels during bone

of PDGF-BB. regeneration.

Hydrothermal surface-  Invitro  Exhibited low metal ion release Showed good protein 348

treated SS 316L & invivo and good anti-inflammatory adsorption and
properties as shown by osteoconductivity, given its
surrounding fibrous capsule superhydrophilicity.
membrane with low thickness.

Biodegradable Mg Mg-10Gd alloy Invitro  Reduced TNF-a and IL-1p secretion Facilitated the osteogenic 349
metals and increased OSM and BMP-6 differentiation of HUCPV and
secretion by macrophages. provided a beneficial
microenvironment for bone
regeneration.

SF-PEDOT:PSS-coated Invitro  Upregulated M2 macrophages Accelerated bone 350

ZE21C Mg alloy evidenced by IL-4, IL-10, and TGF-  mineralization through
B1 upregulation and IL-6 and TNF- enhancing ALP, COL1, and
o downregulation. OCN release.

Zn Surface-engineered Zn  Invitro  Surface roughness of the micro- Showed enhanced adhesion, 139
plates with microscale texture attenuated the M1 considerable self-renewal, and
topography inflammatory immune response. improved osteogenic

differentiation of bone cells.
Ca-Zn-P-coated Zn Invitro & Induced macrophage M2 Promoted implant 351
in vivo polarization. osseointegration and
osteogenesis.
Natural Collagen Mineralized collagen Invitro & Tuned the adrenomedullin Promoted rat mandibular 352
polymers in vivo secretion by macrophages, creating defect repair by fostering the
a suitable bone immune osteogenic differentiation,
microenvironment. proliferation, and migration of
bone BMMSC adhesion.

Hierarchical Invitro & Induced CD206 + Argl + Promoted bone regeneration by 353

intrafibrillarly in vivo M2 macrophage polarization. provoking BMMSC adhesion,

mineralized collagen proliferation, and osteogenic
differentiation.

Hyaluronic ~ Nanofibrous FmocFF/ Invitro & Upregulated M2 macrophages Reinforced osteogenic 354

acid hyaluronic acid hydrogel in vivo dispersed through the regenerating differentiation of MC3T3-E1

tissue. pre-osteoblasts, resulting in
about 93% bone restoration.

Chitosan Chitosan/agarose/ Invitro  Induced macrophage M2 Enhanced the osteogenic ability 355
nanohydroxyapatite polarization as evidenced by of BMMSCs and human

increased levels of anti- osteoblasts.
inflammatory cytokines (IL-4,
IL-10, and IL-13).
3D porous chitosan/ Invitro  Upregulated anti-inflammatory Induced the osteogenic 356
hydroxyapatite scaffold cytokines (IL-4, IL-10) production.  differentiation of human MSCs
towards osteoblast phenotype,
evidenced by elevated ALP and
OCN expression.

Sulfated chitosan Invitro  Induced a moderate pro- Enhanced crosstalk between 357

inflammatory macrophage
response initially followed by a
shift toward an anti-inflammatory
response.

This journal is © The Royal Society of Chemistry 2025

immune cells and stem cells
and facilitated BMMSC
chemoattraction and
osteogenic differentiation.
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Table 2 (Contd.)

Base implant Type of
Category material Engineered implant study Immunomodulation Impact on bone tissue Ref.
Synthetic PEG Short-chain chitosan Invitro  Promoted M2 and suppressed M1  Improved osteogenic capacity 358
polymers and nano-sized HAPs- polarization of macrophages via and hindered osteoclast
integrated tetra-PEG repressing the TLR4/NF-«kB formation and resorption.
signaling.
PMMA Mineralized collagen- Invivo  Attenuated macrophage Promoted implant 299
modified PMMA proliferation and fusion around the osseointegration and decreased
implant. fibrous tissue generation.
PCS-reinforced PMMA Invitro & Exhibited antioxidant effects and =~ Promoted neobone generation 359
in vivo considerably suppressed and bone ingrowth at the
inflammation. surface and inside the cement
by promoting osteogenic
proteins and angiogenesis.
PEEK Hydroxyapatite Invitro  Inhibited macrophage M1 Enhanced osteogenic OSX and 319
composited PEEK with a polarization and downregulated ALP gene expressions and
3D porous surface NO generation. reduced osteolytic MMP-9 and
MMP-13 gene expressions.
Polyelectrolyte Invitro  Induced macrophage M2 Attenuated fibrous 360
multilayered polarization and attenuated acute  encapsulation of implant and
nanoporous films- inflammatory responses. provided a favorable milieu for
modified PEEK osteogenic differentiation of
human BMMSCs.
Chitosan-coated Mg Invitro & Induced macrophage M2 Improved the BMMSC 361
bioactive glass in vivo polarization and decreased the osteogenic differentiation
nanoparticles-surface expression of inflammatory factors. in vitro and promoted implant
modified PEEK osseointegration in vivo.
Bioceramics BGs Ce-doped MBGNSs Invitro  Suppressed pro-inflammatory Showed pro-osteogenic 340
cytokines (TNF-a, IL-1f, and IL-6)  activities by suppressing pro-
in macrophages. osteoclastogenic responses.
CPs B-TCP Invitro  Induced M2 macrophage Upregulated BMP-2 that 329

polarization, upregulated anti-
inflammatory genes (IL-10 and
IL-1ra), and downregulated pro-
inflammatory genes (IL-1p and
IL-6).

provoked osteogenic
differentiation of BMMSCs.

Abbreviations: Ti-5Cu; titanium-5 wt% copper, BMMSCs; bone marrow-derived mesenchymal stem cell, Ti-29Nb-13Ta-4.6Zr; Ti-29 wt%
niobium-13 wt% tantalum-4.6 wt% zirconium, TNF-a; tumor necrosis factor-alpha, Ti6Al4V-6Cu; Ti-6 wt% aluminium-4 wt% vanadium-
6 wt% copper, HUVECs; human umbilical vein endothelial cells, SS 316L-5Cu; stainless steel 316 low-5 wt% copper, PDGF-BB; platelet-
derived growth factor BB, Mg-10Gd; magnesium-10 wt% gadolinium, IL; interleukin, OSM; oncostatin M, BMP-6; bone morphogenetic
protein 6, SF-PEDOT:PSS; silk fibroin-poly(3,4-vinyldioxythiophene):poly(styrene sulfonate), TGF-1; transforming growth factor-beta 1, ALP;
alkaline phosphatase, OCN; osteocalcin, COL1; type I collagen, Ca-Zn-P; calcium zinc phosphate, Argl; arginase 1, FmocFF;
fluorenylmethyloxycarbonyl-diphenylalanine, PEG; polyethylene glycol, HAPs; hydroxyapatite particles, TLR4; toll like receptor-4, NF-kB;
nuclear factor kappa b, PMMA; polymethyl methacrylate, PCS; poly(citrate-silicon), PEEK; polyether-ether-ketone, NOj; nitric oxide, OSX;
osterix, MMP; matrix metalloproteinase, BGs; bioactive glasses, MBGNs; mesoporous bioactive glass nanoparticles, CPs; calcium phosphates,

B-TCP; p-tricalcium phosphate.

tation; the CoCrMo alloy generates bioactive wear particles
that, at high concentrations, promote ROS accumulation and
trigger NLRP3-dependent macrophage pyroptosis. This process
leads to the release of pro-inflammatory cytokines, such as
IL-18 and IL-1B, which accelerate osteoclastogenesis.'®> There
is also evidence suggesting the participation of macrophages
in accelerating CoCrMo alloy corrosion by promoting inflam-
mation.'”® Mathew’s research team found that CoCrMo wear
particles induced phenotypic changes in monocytes, leading
to upregulation of TNF-a, iNOS, and STAT6 and downregula-
tion of CD86 and arginase 1 (Argl). These altered macrophages
secreted higher levels of TNF-a, IL-1f, IL-6, IL-8, and IL-10
than M1 and M2 macrophages and exhibited intermediate
ROS levels. The ROS and inflammatory cytokines may trigger
electrochemical changes on the alloy surface, accelerating cor-
rosion and contributing to implant failure.'®® Mihalko et al.

2850 | Biomater. Sci, 2025, 13, 2836-2870

also showed that macrophages could ingest Co and Mo metal
ions on CoCrMo implants, thereby affecting their surface with
pitting damage to the oxide surface layer.'®” Moreover, macro-
phages rendered superior damage to the oxide layer of
CoCrMo implants in the existence of lymphocytes and local
inflammation induced by the addition of IFN-y and LPS.""®
The presence of 28% Cr in CoCrMo alloy enhances the for-
mation of a protective Cr oxide layer, increasing its resistance
to corrosion, improving biological compatibility, and promot-
ing better bone tissue integration.'®® Several surface modifi-
cations have been applied to CoCrMo implants to enhance cor-
rosion resistance, reduce inflammation, and promote osteo-
genesis. Lin et al showed that hydrophilic hydrogenated
CoCrMo surfaces improved biocompatibility, reduced free
radical production, and supported bone formation in vitro and
in vivo.>*° Lohberger et al. demonstrated that Ti nitride coat-

This journal is © The Royal Society of Chemistry 2025
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Table 3 Several potential biomodification strategies for developing immunomodulatory bone implants
Implant Potential Type of
material biomodification Modification method study Immunomodulation Ref.
Ti GL13K Surface linking using CPTES as a linker.  Invitro  Inhibited M1 macrophages and was compatible 362
with M2 macrophages. Downregulated TNF-o and
IL-1p in M1 macrophages and upregulated IL-10
and TGF-f3 in M2 macrophages.
Ti BMP-2pp — Invitro  Precluded Ti particle-induced M1 macrophage 363
& invivo polarization by deactivating the NF-xB signaling
and encouraged M2 macrophage differentiation.
CSzp IL-4 — Invitro  Promoted M2 macrophage polarization and 364
coated Ti & invivo osteogenesis of BMMSCs.
PEG RGD Photopolymerizing acrylate-PEG-YRGDS  Invitro  Attenuated the gene expressions of TNF-a and 92
and the base macromer mixture. IL-1p in macrophages seeded onto the PEG.
PEEK DOPA4/BMP-2p Coating through immersing PEEK in the Invitro  Caused a synergistic effect with Foxp* iTreg cells 365
PBS solution of Azide-DOPA4 or BMP2p. & invivo to promote osteogenesis.
SPEEK A-485 Coating with A-485-loaded MBG Invitro  Attenuated immune responses, implant fibrous 366
nanoparticles through placing SPEEK in & invivo encapsulation, and osteoclastogenesis, and
the coating solution and freeze-drying. promoted osteogenesis.
PPB LL-37 Grafting through immersing PPB discs Invitro  Induced osteogenic differentiation of MSCs and 367
into LL-37 peptide solution. & invivo was conducive to the M2 macrophage
polarization.
B-TCP S1P Coating through immersing the scaffold Downregulated inflammatory-related genes and 368

in S1P and calcium chloride solutions,

respectively.

upregulated osteogenic-related genes (OPN, OCN
and RUNX2), thereby promoting osteogenesis.

Abbreviations: Ti; titanium, GL13K; an antimicrobial peptide, CPTES; 3-(chloropropyl)-triethoxysilane, TNF-o; tumor necrosis factor-alpha, IL;
interleukin, TGF-f; transforming growth factor-beta, BMP-2; bone morphogenetic protein 2, NF-kB; nuclear factor kappa B, CSZP; calcium-
strontium-zinc-phosphate, BMMSCs; bone marrow-derived mesenchymal stem cells, PEG; polyethylene glycol, PEEK; polyetheretherketone,
A-485; a potent and selective catalytic inhibitor of p300/CBP, MBG; mesoporous bioactive glass, iTreg; induced regulatory T cell, SPEEK;
sulfonated PEEK, PPB; baicalin-loaded core-sheath-structured fibrous scaffold, p-TCP; f-tricalcium phosphate, S1P; sphingosine 1-phosphate.

ings enhanced biocompatibility by preventing corrosion-
induced particle release and reducing inflammation.>** Ti Nb
nitride coating also reduced metal ion release and improved
compatibility with osteoblast-like cells.>®> Coatings like Ti Si
nitride and Ti Zr nitride could also improve fretting corrosion
resistance in orthopedic applications.”® Overall, CoCrMo
degradation at the bone lesion site, driven by local inflam-
mation, leads to corrosion products that enhance macrophage
inflammatory functions. The strategies discussed aim to inter-
rupt this cycle, preventing inflammation-mediated implant
failure and promoting better osseointegration.

4.2.1.3. Ti and Ti alloy. Ti alloys such as Ti-6Al-4V (TC4)
have been incorporated into manufacturing bone implants,
given their good mechanical strength and biocompatibility;
however, their corrosion products (i.e., particles and ions) were
shown to be absorbed into the peri-implant tissues and trigger
macrophage-mediated inflammatory responses that not only
result in bone resorption but also accelerate implant corrosion
and failure.”**% A study on peri-implant gingival tissues from
patients with failed Ti dental implants found that Ti particles
influenced macrophage polarization, leading to increased lym-
phocyte and macrophage infiltration. This was associated with
elevated IL-1p, IL-8, and IL-18 levels, which contributed to local
inflammation and impacted osteoblast and osteoclast activity,
explaining implant osseointegration failure.”®

Interestingly, several novel Ti alloys have been invented
with exceptional corrosive resistance and immunomodulatory
effects. The Ti-24Nb-4Zr-8Sn (Ti2448) alloy has gained atten-
tion for its low elastic modulus, high strength, excellent cor-

This journal is © The Royal Society of Chemistry 2025

rosion resistance, and strong osseointegration. Liu et al.
studied its corrosion behavior and immunomodulation under
oxidative stress, finding that Ti2448 showed better corrosion
resistance than the TC4 alloy due to the formation of protec-
tive Ti dioxide and Nb pentoxide films. Additionally, Ti2448
reduced intercellular ROS levels, promoted macrophage M2
polarization, and increased the expression of pro-healing
factors like IL-10 and BMP-2, compared to TC4.>'° Kurtz et al.
reported the invention of Ti-29Nb-21Zr alloy with improved
corrosive resistance under inflammatory conditions compared
to conventional TC4 alloy.>'"*'> Accordingly, fabricating Ti
alloys with high corrosive resistance might be suitable for
attenuating FBR and avoiding orthopedic implant failure.
Gudima et al. analyzed the transcriptome of pro-inflamma-
tory and pro-healing macrophages on polished and porous Ti
surfaces. Pro-healing macrophages exhibited a stronger
response, likely due to overlap between Ti-induced and IFN-
y-driven inflammation. Ti surfaces downregulated acute
inflammatory chemokines but promoted chronic inflam-
mation and osteoclastogenesis by upregulating proteins like
CHI3L1, CHIT1, CSF1, TNFSF14, and MMPs. No significant
differences were found between macrophages on polished
versus porous Ti.>"? This suggests that Ti’s intrinsic properties
primarily drive macrophage programming, though surface
characteristics like roughness and hydrophilicity also influence
immune responses, particularly vie Wnt signaling. Blocking
wnt secretion reduced inflammatory cytokines on smooth and
rough Ti and lowered IL-4 and IL-10 on rough-hydrophilic
Ti.?'**'® CD4" and CD8" T cells responded differently to Ti

Biomater. Sci,, 2025, 13, 2836-2870 | 2851
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Fig. 7 Cell survival and polarization of RAW264.7 macrophages cultured on pitting and pitting-free 316L stainless steel implants for 24 hours. (A)
Representation of CD86, CD206, and ROS fluorescence images; (B) confocal laser scanning microscopy images of corrosion morphology and
CD86/CD206 co-staining; (C) CCK-8 assay measurement of cell survival and ELISA measurement of TNF-a and IL-6 expression. * p < 0.05, ** p <
0.01, and *** p < 0.001. Reproduced under terms of the CC-BY-NC 4.0 license.2®* Copyright 2024, The Authors, published by Elsevier.

surfaces, affecting macrophage polarization and MSC recruit-
ment. Notably, CD4" T cell absence impaired pro-healing
responses to rough-hydrophilic Ti, increasing inflammation
and reducing bone formation.?'®*'” These findings highlight

2852 | Bjomater. Sci., 2025, 13, 2836-2870

the importance of tuning Ti surface attributes to optimize
immune responses.

4.2.2. Biodegradable metallic implants. Biodegradable
metals, e.g., Mg, Fe, and Zn, are gaining more consideration as

This journal is © The Royal Society of Chemistry 2025
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advantageous candidates to the classic metallic materials for
bone implants due to their propensity to break down over time
to avoid removal surgery.’’® These metals and their degra-
dation products have shown considerable effects in regulating
local immune responses and bone healing processes.

4.2.2.1. Mg-based implants. Mg-based alloys are promising
biodegradable orthopedic materials due to their bone-like
mechanical properties, but their rapid corrosion limits clinical
use. Rahman et al. emphasized that alloying and surface treat-
ments can help regulate degradation.”"® Released Mg>* fosters
a pro-osteogenic immune environment, initially triggering
inflammation but later promoting macrophage polarization
for healing.**>** This immunoregulatory effect is linked to
PI3K/Akt activation, ROS reduction, and NF-kB/MAPK
suppression.?**72%°

Degrading Mg and the AZ31 Mg-based alloy improved the
viability of LPS-primed pro-inflammatory macrophages;
however, they regulated cells’ ROS-reactive nitrogen species
(RNS)  balance.®®  Mg-based materials  upregulated
M2 macrophages, increased anti-inflammatory factors (IL-4,
IL-6, and IL-10), decreased pro-inflammatory factors (TNF-a
and IL-1p), and elevated the OSM and BMP-6 osteogenic
factors expression.'®??*?*¢ Consistently, incorporating Mg into
a Ti-based alloy (Ti-0.625Mg) demonstrated promising results
in modulating macrophage polarization. Macrophages on Ti-
0.625Mg initially exhibited M1 polarization on day 1 due to an
elevated environmental pH (~8.03) but shifted to M2 polariz-
ation by day 5 as Mg ions accumulated within cells. Compared
to pure Ti, Ti-0.625Mg induced more M1 and fewer
M2 macrophages on day 1 but reversed this trend by day 5
(Fig. 8). In vivo studies further confirmed its superior anti-
inflammatory response, enhanced osteogenesis, and reduced
fibrous encapsulation.>”” Incorporating Mg into fibrinogen
scaffolds also improved mechanical properties, upregulated
M2 macrophages, and decreased inflammatory mediators
(IFN-induced protein 10 (IP-10) and IL-1p) production in vitro
and in vivo.**®

It is worth mentioning that prolonged Mg>" exposure over 3
days might overactivate NF-xB signaling in macrophages,
promote osteoclastic-like cells, and slow bone maturation by
inhibiting hydroxyapatite precipitation.**° Additionally, exces-
sive degradation particles from high-purity Mg implants drive
macrophages toward the M1 phenotype, releasing pro-inflam-
matory cytokines that impair BMMSC osteogenic differen-
tiation.**® Therefore, the concentration, exposure duration,
and elimination rate of Mg>* must be carefully regulated to
prevent adverse effects on implant osseointegration and bone
regeneration.

Of note, the rapid degradation of Mg-based implants com-
promises their biomechanical integrity in clinical applications
and generates gas bubbles that may induce local inflam-
mation. In contrast, Mg alloys with a slower corrosion rate do
not produce noticeable bubbles, as the released hydrogen gas
gradually diffuses into surrounding tissues.'®**° Zhang et al.
demonstrated that their Mg-2Zn alloy, which has a lower
degradation rate and superior mechanical strength compared

This journal is © The Royal Society of Chemistry 2025
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to high-purity Mg, enhances skull bone repair by promoting
M2 macrophage polarization and supporting BMMSC osteo-
genesis.”®" Implementing surface coatings, such as biocera-
mics or polymeric materials, is a further strategy to regulate
the Mg-based implant degradation rate.”** A Mg-based alloy
coated with hydroxyapatite and bioactive glass exhibited a con-
trolled degradation rate, preventing bubble formation and
improving implant stability.”*® In a nutshell, Mg alloys and
Mg-incorporated materials with controlled degradation rates
show great potential as bone implants due to their osteoimmu-
noregulatory effects.

4.2.2.2. Fe-based implants. Fe and Fe-based alloys are prom-
ising for orthopedic applications due to their excellent
mechanical properties, including high yield strength, elastic
modulus, and ductility. However, their slow corrosion rate and
corrosion products present challenges that need to be
addressed.”** Researchers have developed porous and degrad-
able Fe-based bone implants to overcome their slow
biodegradation.”**>*” Putra et al. created 3D-printed porous
Fe matrix composites with silicate-based bioceramic particles,
achieving a biodegradation rate 2.6 times higher than that of
pure Fe with the same geometry.”®” Fe plays a significant role
in immune regulation, but limited research exists on the
immune response to Fe-based bone implants and their cor-
rosion products.”*®**® Wegener et al. developed a cylindrical
sponge-like Fe-based implant placed in the proximal tibia of
Merino sheep. After 12 months, bone regeneration and miner-
alization occurred within the implant pores and at the bone-
implant interface. Despite the presence of degraded alloy par-
ticles, no inflammatory response was observed in blood or
histological analyses.”*>*** Meanwhile, Fe accumulation could
affect immune responses by fostering macrophage M1 polariz-
ation and thereby provoking local inflammation.>*%**!
Accordingly, the fate of the interaction of Fe-based implant
degradation products with immune cells, particularly macro-
phages, remains an open question that needs to be answered
before further advances in designing Fe-based bone tissue
scaffolds.

4.2.2.3. Zn-based implants. Zn-based alloys are promising
biodegradable orthopedic implants due to their strength, duct-

ility, controlled degradation, and Zn** release. Zn*"
(11.25-45 pM)  promotes bone remodeling and
242-245

M2 macrophage polarization. Ji et al. found that Zn-
2Cu-0.5Zr alloy accelerated osteoporotic fracture healing by
enhancing M2 polarization and BMMSC differentiation via
Wnt/-catenin signaling.”*® Qiang et al. developed a calcium
phosphate-coated Zn-0.8Mn-0.1Li alloy, which improved M2
polarization, reduced inflammation, and enhanced BMP-2
expression. The coated alloy outperformed the uncoated
version, emphasizing the benefits of calcium phosphate coat-
ings in immune modulation and bone healing.>*’">>!

The surface area and topographical cues of porous
materials regulate macrophage behavior, while pore geometry
influences degradation rates. Zn alloy degradation increases
with scaffold porosity but decreases with larger pore sizes.
Therefore, carefully designing biodegradable Zn-based porous

Biomater. Sci,, 2025, 13, 2836-2870 | 2853
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Fig. 8 Macrophage polarization on Ti alloys. (a) Immunofluorescent staining images representing iINOS and Argl expression as M1 and
M2 macrophage markers in Ti and Ti—0.625Mg groups on days 1, 3, and 5; (b) flow cytometry analysis of macrophage CD206 (M2 marker) and CD89
(M1 marker) expression in Ti and Ti—-0.625Mg groups on days 1 and 5; (c) the CD206/CD86 expression ratio by macrophages in Ti and Ti-0.625Mg
groups on days 1 and 5. *p < 0.05, **p < 0.01. Reproduced under terms of the CC-BY 4.0 license.??” Copyright 2022, The Authors, published by

Science.

scaffolds can optimize immune responses and enhance bone
healing.>®® Li et al. developed high-strength binary Zn-0.8Li
alloy scaffolds with 90% porosity to control degradation and
minimize Zn toxicity. They also designed gyroid (G) and body-
centered cubic (BCC) pore structures to study the impact of
pore geometry on scaffold degradation and bone repair. The
simultaneous Zn** and Li* release enhanced macrophage M2
polarization indicated by CD206, IL-4, IL-10, and Argl
expression upregulation, as well as TNF-a, iNOS, and IL-1p
expression downregulation. The alloy nanoscale wavy-like
roughness enabled macrophage activation during early attach-

2854 | Biomater: Sci,, 2025,13, 2836-2870

ment. After one month, the G scaffold maintained uniform
degradation and promoted anti-inflammatory macrophage
polarization, leading to enhanced osteogenesis via JAK/STAT
signaling, indicated by notable improvements in osteogenic
markers like alkaline phosphatase (ALP) and osteocalcin
(OCN), collagen deposition, and the formation of new bone,
whereas the BCC scaffold accumulated degradation products,
limiting tissue ingrowth (Fig. 9).>>* These findings highlight
the significant immunomodulatory attributes of Zn-based
implants, which may be improved by creating porous struc-
tures with suitable surface topographies.

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Zn-based alloy scaffolds-mediated macrophage polarization and osteogenesis. (A) Qualitative representation and quantitative analysis of
iNOS and CD163 (i.e., M1 and M2 macrophage markers, respectively) immunohistochemistry staining of rat femur histological sections at 3 days and
1 month; (B) qualitative representation and quantitative analysis of ALP (osteoblastic lineage cell marker) and OCN (mature osteoblast marker) stain-
ing images in rat femur histological sections at 1 month. The scale bar = 100 pm. * p < 0.05, ** p < 0.01, and *** p < 0.005. Reproduced under terms
of the CC-BY 4.0 license.?>® Copyright 2024, The Authors, published by Nature.

4.2.3. Polymeric implant materials

4.2.3.1. Natural polymers. Natural polymers are highly bio-
compatible, biodegradable, and rich in bioactive sites, making
them ideal for tissue scaffolding. Certain natural polymers,
such as collagen, hyaluronic acid, and chitosan, have demon-
strated immunomodulatory effects, making them valuable in
bone regenerative biomaterials.>>*>3>
4.2.3.1.1.Collagen

Mineralized collagen (MC) is a promising tissue-engineer-
ing scaffold, as its nanostructure may regulate macrophage
polarization, supporting bone regeneration. Implanting intrafi-
brillarly-MC (IMC), mimicking the surface chemistry and hier-
archical topography of natural bone, in critical-sized rat mand-

This journal is © The Royal Society of Chemistry 2025

ible defects induced macrophage M2 polarization, formed
more neobone, and enhanced the MSC recruitment compared
to extrafibrillarly-MC (EMC) without a bone-like hierarchical
nanostructure (Fig. 10). Small extracellular vesicles (i.e., nano-
scale membranous particles (<200 nm) like exosomes contain-
ing biomolecules, e.g., proteins and nucleic acids, that enable
extracellular communication) derived from IMC-treated macro-
phages promoted BMMSC osteogenic differentiation by upre-
gulating key osteoblastic markers (BMP-2, bone gamma-car-
boxyglutamate protein (BGLAP), osterix (OSX), and COL1) and
enhancing calcium nodule formation via the BMP-2/Smad5
pathway. IMC exhibited significantly higher water absorption
than EMC, likely due to the absence of hydroxyapatite clusters,
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Fig. 10 Encouraging endogenous bone healing and MSC recruitment with IMC in vivo. (a) Scanning electron microscopy (SEM) and energy disper-
sive X-ray spectroscopy (EDS) mapping of IMC and EMC. Arrows demonstrate apatite clusters; (b) schematic representation of rat mandible defect
and scaffold implantation; (c) micro-CT and H&E staining images of the neobone generation two weeks after EMC and IMC implantation. NB: new
bone, IB: immature bone; (d) semi-quantification of the neobone area; (e) flow cytometry examination of cell counts one week after EMC and IMC
implantation; (f) flow cytometry examination of CD90" cell counts in the EMC and IMC groups. ** p < 0.01 and * p < 0.05 compared to EMC.
Reproduced under terms of the CC-BY 4.0 license.2°¢ Copyright 2020, The Authors, published by Nature.

as well as superior durability under cyclic loads, making it a
promising scaffold for bone regeneration.”>>**” Sun et al. also
confirmed that IMC triggered macrophage M2 polarization,
upregulated IL-10 and Argl expression, and improved bone
regeneration, while M1-like macrophages were upregulated on
EMC, accompanied by the upregulation of iNOS and IL-6.>°®
Incorporating MC as a coating material also benefits metallic
implant osseointegration. Coating Ti implants with MC could
instill macrophage M2 polarization by stimulating the integ-
rin-related cascade and subsequently accelerate the MSC osteo-
genic differentiation.>*®
4.2.3.1.2.Hyaluronic acid

Hyaluronic acid, a highly hydrophilic polysaccharide, is
widely used in tissue engineering due to its chemical versati-

2856 | Biomater. Sci, 2025, 13, 2836-2870

lity. Its incorporation into bone regeneration strategies and
osteoinductive scaffolds has shown promising results.>®°
Notably, hyaluronic acid regulates immune responses to
implanted biomaterials by interacting with immune cells via
CD44 receptors and TLRs, with its effects being dependent on
molecular weight (MW).>***> High MW hyaluronic acid
reduces inflammation by activating CD44 receptors; it
enhances macrophage-mediated clearance of apoptotic cells, a
function associated with anti-inflammatory macrophages. This
is while low MW hyaluronic acid may trigger inflammatory
responses via TLR activation.”®®**®* Consistently, culture of
macrophages with low MW hyaluronic acid (<5 kDa) was
shown to upregulate pro-inflammatory genes (NOS2, TNF,
IL-12b, and CD80) and heightened NO and TNF-a release,
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while high MW hyaluronic acid (>800 kDa) upregulated pro-
resolving genes transcription (Argl, macrophage mannose
receptor-1 (MRC-1), and IL-10). In addition, macrophages
treated with low MW hyaluronic acid and the TLR ligand (LPS)
displayed a sustained and increased expression of inflamma-
tory genes and mediators.”®> Some other investigations also
recruited 2D culture of macrophages and demonstrated that
high MW hyaluronic acid (>1000 kDa) promotes M2 polariz-
ation and inflammation resolution while low MW hyaluronic
acid (<60 kDa) induces M1 polarization.>***%”

Notably, the high MW hyaluronan might improve the
immunosuppressive impact of Tregs. Bollyky et al. revealed
that the high MW hyaluronan (1.5 x 10° kDa), in contrast to
low MW hyaluronan (3 kDa), induces the transcription factor
FOXP3 expression on human CD4'CD25" Tregs and improves
their capacity to limit the multiplication of responder cells.
The effect was exclusively observed in activated CD4'CD25"
Tregs and was linked to the expression of CD44 isomers that
exhibit a stronger affinity for high MW hyaluronan. Further,
high MW hyaluronan directly suppressed effector T cells at
higher concentrations.>*® Overall, the MW of hyaluronic acid
serves as contextual signals for macrophages, Tregs, and T
cells.
4.2.3.1.3.Chitosan

Chitosan, an osteoinductive and biocompatible polysac-
charide derived from chitin, is widely used in bone implant
research. Its immunomodulatory properties, along with those
of its derivative chitooligosaccharide, support bone regener-
ation by influencing macrophage polarization.?**2”> For
instance, chitosan-graft-polycaprolactone copolymers co-cul-
tured with BMDMs attenuated pro-inflammatory cytokines
secretion (IL-12 and IL-23) and increased M2 macrophage
marker expression (Arg1). The observed effect was attributed to
the chitosan, and the co-polymer with 50% w/w chitosan
caused a four-fold higher increase in Argl expression than the
co-polymer with 78% w/w chitosan.>’> In vivo experiments
using mice implanted subcutaneously with the chitosan-graft-
polycaprolactone scaffold also showed reduced pro-inflamma-
tory cytokines and macrophages in the surrounding tissues by
up to 65% with increasing chitosan content.>”> Another study
demonstrated that the low concentration (4 mg ml™") and suit-
able polymerization degree of chitooligosaccharides polarize
RAW 264.7 macrophages toward anti-inflammatory phenotypes
and strengthen osteogenic and angiogenic processes in favor
of bone regeneration without employing any inductive
agent.””!

Notably, the chitosan degree of acetylation affects its immu-
nomodulatory effects. A chitosan scaffold with 5% acetylation
promoted an anti-inflammatory response by increasing
CD206-positive macrophages, elevating anti-inflammatory
cytokines, and reducing pro-inflammatory cytokines. In con-
trast, a 15% acetylation scaffold induced a pro-inflammatory
response by upregulating CCR7+ macrophages and increasing
pro-inflammatory cytokine levels.>’* Similar findings demon-
strated that decreasing the degree of acetylation contributes to
the improvement of macrophage migration and adhesion to
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the chitosan surfaces and their polarization toward anti-
inflammatory phenotypes in vitro and in vivo.>’> These data
underscore the importance of chitosan and its derivative
content and degree of acetylation in developed immunomodu-
latory bone tissue scaffolds.

4.2.3.1.4.Alginate

Alginates are highly adaptable materials with tunable pro-
perties. The influence of alginate-based biomaterials on
macrophage phenotype and function has become a key factor
in their design. Engineered alginate-based biomaterials
through tuning their stiffness, topography, and hydrophilicity
can facilitate macrophages’ transition from the pro-inflamma-
tory M1 phenotype to the anti-inflammatory M2 phenotype,
ensuring an efficient resolution of the FBR and promoting
bone regeneration.”’® By modifying parameters such as
polymer structure, crosslinking type, and processing tech-
niques, alginates can be engineered into various porous struc-
tures, including hydrogels, fibers, and beads, with sizes
ranging from the nano- to macro-scale. Higher crosslinker con-
centrations lead to increased stiffness, reduced pore size, and
altered scaffold morphology, influencing macrophage polariz-
ation and bone regeneration.””®*’® Additionally, incorporating
materials like graphene oxide and polyvinyl alcohol enhances
hydrophilicity, further optimizing alginate-based scaffolds for
orthopedic applications.>”*?8°

4.2.3.2. Synthetic polymers. Unlike naturally occurring poly-
mers, synthetic polymers are created by artificial approaches.
This allows for consistent quality between batches, cost-
effective production, and easily adjustable physical and chemi-
cal characteristics. The subsequent discussion focuses on the
immunomodulatory impacts of commonly used synthetic poly-
mers in orthopedics.
4.2.3.2.1.Polyethylene glycol (PEG)

The remarkable tunability and reproducibility of PEG-based
hydrogels have made them among the most popular synthetic
biomaterials.”®' Known as “blank slates”, they resist protein
adsorption and elicit minimal physiological responses due to
their water-binding capacity and high chain mobility.?*>>%
Consequently, they are widely used in bone scaffolding and as
coatings for implantable biomaterials to mitigate excessive
inflammation and FBR.>*"?% PEG hydrogels possess intrinsic
regenerative properties, as they can regulate local immune
responses and influence the phenotypic changes of BMDMs.
Lynn et al. cultured macrophages on PEG hydrogel disks with
and without LPS stimulation. In the absence of LPS, there was
an initial spike in IL-1f and TNF-a expression within 4 hours,
followed by a decrease in pro-inflammatory gene expression
and an increase in the IL-10/IL-12f ratio by 96 hours. With
LPS, there was a more pronounced early upregulation of pro-
inflammatory genes, followed by an increase in the
M2 macrophage marker Argl. These results suggest that PEG
hydrogels promote a shift from an inflammatory to a pro-
healing macrophage phenotype, which supports bone regener-
ation.?®® Of note, PEG hydrogel stiffness contributes to regulat-
ing immune reactions. Softer hydrogels (130 kPa) reduce
macrophage activation and lessen the severity of FBR by lower-
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ing pro-inflammatory cytokine levels (TNF-a, IL-1p, IL-6), while
stiffer hydrogels (240 and 840 kPa) provoke stronger inflamma-
tory responses.*®” This might explain the contradicting results
by Lynn et al. demonstrating that PEG hydrogels instill robust
inflammatory reactions and a thick layer of macrophages at
the material interface. They found that RGD modification of
PEG hydrogels could attenuate the inflammatory reactions and
FBR.”” The RGD cell adhesion ligand modulates the inter-
action of inflammatory cells with implants, particularly macro-
phages, by engaging integrin signaling, which helps reduce
the production of inflammatory cytokines.*$%2%°

Concerns about the immunogenicity of PEG have risen due
to reports of high anti-PEG antibody levels in clinical
studies.”**** Isaac et al investigated this by immunizing
mice against PEG and examining bone healing with BMP-2-
loaded PEG hydrogels. PEG sensitization enhanced bone for-
mation but led to abnormal porous bone structures and
increased immune cell recruitment compared to non-sensi-
tized mice. Notably, even non-immunized animals implanted
with the hydrogel developed anti-PEG antibodies. These find-
ings suggest that immune reactions against PEG could impact
the effectiveness of PEG-based or PEG-coated bone implants,
highlighting the need for further research.>®® PEG has also
been shown to induce macrophage fusion in vitro, leading to
the formation of osteoclast-like cells with bone resorptive
activity. This suggests that PEG may enhance the osteoclasto-
genic function of macrophages, promoting cell fusion com-
pared to spontaneous fusion without PEG.>**
4.2.3.2.2.Polymethylmethacrylate (PMMA)

PMMA is known as a biocompatible, bioinert, and hydro-
phobic rigid thermoplastic polymer that offers exceptional
mechanical fixation of implants; however, it might also affect
macrophage activity at the bone-implant interface. PMMA has
been shown to induce inflammatory macrophages, leading to
low-grade surface and high-grade lacunar osteolysis, which can
cause implant loosening.”*>*°® PMMA particles are taken up
by macrophages and provoke strong inflammatory responses,
increasing bone resorption by mature osteoclasts.**” Immune-
based strategies have been introduced to improve cement
osseointegration and address the inflammatory issues with
PMMA. One such solution is incorporating enoxaparin into
PMMA bone cement, which has been shown to induce macro-
phage M2 polarization and provide anti-inflammatory
immune regulation. Fan et al. found that incorporating enoxa-
parin into PMMA cement significantly downregulated the
TLR4/NF-kB signaling pathway in macrophages, promoting
their M2 polarization, evidenced by decreased expression of
CD86, TNF-a, IL-6, and iNOS, and increased expression of
CD206, 11-10, and Argl in LPS-treated cells.”*® Modifying
PMMA cement with MC has also been suggested to reduce
FBR. This modification enhances the cement’s hydrophilicity
and provides an elastic modulus that complements the bone’s
mechanical performance under dynamic stress. Yang et al.
implanted PMMA-MC and PMMA into a goat disc degener-
ation model. The MC helped reduce macrophage proliferation
and fusion and significantly decreased the expression of fibro-
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blast-stimulating growth factors like IGF-1, bFGF, and TGF-.
After three months, histological analysis showed that
PMMA-MC was directly in contact with new bone, while PMMA
was surrounded by fibrous tissue.>” Moreover, mixing PMMA
with bisphosphonates, such as etidronate, reduces bone
resorption caused by PMMA particles. The mixed cement par-
ticles, when added to a co-culture of monocytes and UMR106
cells, led to significantly fewer lacunar pits and reduced
numbers of tartrate-resistant acid phosphatase (TRAP)-positive
cells, which are markers of osteoclast differentiation.*’°
Various other strategies, such as modifying PMMA with boro-
silicate glass, calcium phosphate, and carbon nanotubes, have
been introduced to enhance its osseointegration and provide
osteogenic activity.>°1 %4

4.2.3.2.3.Polyetheretherketone (PEEK)

PEEK is a popular orthopedic implant material due to its
excellent biocompatibility, chemical stability, radiolucent pro-
perties, and elastic modulus similar to human bone.**’
However, as a bioinert material, smooth-surfaced PEEK faces
challenges like fibrous encapsulation and poor osseointegra-
tion, leading to potential implant failure.’***%” Creating
porous PEEK has been shown to reduce fibrous responses and
improve mechanical interlocking with bone, leading to better
osteogenic differentiation and implant fixation.*®” The porous
structure also enhances macrophage attachment, promoting
their adhesion, diffusion, and polarization, which helps regu-
late the local immune microenvironment.?*®?° PEEK with a
flat surface induced intense M1-mediated inflammation in a
mouse air pouch model, while sulfonated PEEK (SP) with a 3D
porous surface structure reduced cell infiltration, shifted
macrophage M2 polarization, and decreased fibrous layer
thickness compared to smooth PEEK (Fig. 11).>*° Porous PEEK
scaffolds with a larger pore size (400 pm) promote better
macrophage M2 polarization and enhance cytokine secretion
related to osteogenesis and angiogenesis. They also exhibit
superior biomechanical properties, osseointegration, and
osteogenesis compared to scaffolds with smaller pores
(200 pm).?*°

Another strategy to improve PEEK bioactivity is increasing
surface hydrophilicity. Fukuda et al. prepared phosphate-modi-
fied PEEK with improved surface hydrophilicity but without
surface topography or roughness alteration. The rough and
hydrophilic PEEK considerably limited the phenotypic shift of
LPS-stimulated RAW264.7 macrophages to an inflammatory
phenotype, indicated by decreased TNF-o and increased IL-10
expression levels, and improved BMMSC proliferation, ALP
activity, and bone-like nodule generation compared to rough
and hydrophobic bare PEEK.*™' These data demonstrate the
significance of the physicochemical properties of engineered
PEEK in tuning local immune responses.

Chemical PEEK surface modification, for example, with in-
organic ions, has also shown encouraging results. Calcium
ion-modified PEEK was fabricated by Toita et al. through
coating with poly(norepinephrine) and soaking in calcium
hydroxide aqueous solution. LPS-primed RAW264.7 macro-
phages cultured on the modified PEEK were shifted towards

This journal is © The Royal Society of Chemistry 2025
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the M2 phenotype indicated by lower TNF-a and IL-1a but
higher IL-10 production than those cultured on pristine PEEK.
The calcium ion-modified PEEK consistently induced the pro-
liferation and osteoblastic differentiation of pre-osteoblasts
and human MSCs.*'? Liu et al. fabricated Zn-coated PEEK by
incorporating a layer of Zn ions on sulfonated PEEK through a
customized magnetron sputtering technique. The Zn-coated
SPEEK instilled macrophage anti-inflammatory polarization
and provoked osteogenic cytokine secretion. The osteogenic
differentiation of BMMSCs was then improved, which led to
better PEEK osseointegration.?’® PEEK modification by Sr, Cu,
and Ag ions has also been reported to regulate local immune
responses.'’

Various coatings can enhance PEEK’s surface properties to
reduce inflammation and fibrous encapsulation while improv-
ing osseointegration. Ti dioxide coatings, applied via arc ion
plating (AIP) or nanogranular structuring with polydopamine,
have been shown to suppress inflammation, promote osteo-
blast adhesion, and improve implant-bone integration.>**?'?
Plasma-sprayed Ti coatings also enhanced macrophage M2
polarization and reduced fibrous encapsulation, leading to
better osseointegration and bone repair.’'®*'” Additionally,
hydroxyapatite coatings have demonstrated anti-inflammatory
effects and improved osseointegration, though hydroxyapatite-
PEEK blends may provide more stable anti-inflammatory
benefits and superior mechanical properties.***>?° This is

This journal is © The Royal Society of Chemistry 2025

probably due to the lack of chemical bonding between
hydroxyapatite and PEEK, as well as the mechanical wear of
the hydroxyapatite coating that weakens the anti-inflammatory
function of the implant."****

Eventually, PEEK surface modification with functional
groups can enhance implant osseointegration. Carboxyl-func-
tionalized PEEK regulates integrin signaling, reduces macro-
phage inflammation, and promotes tissue repair by lowering
TNF-a, IL-1f8, and IL-6 expression. In contrast, amine-functio-
nalized PEEK reduced MSC osteogenic differentiation but
exhibited superior and bone binding.
Combining different functional groups may optimize PEEK

mineralization

implants by reducing inflammation while enhancing bone
integration.>**7%?
4.2.3.2.4.0ther synthetic polymers

The synthesis of PLA-based scaffolds has shown significant
promise in osteoimmunomodulation. PLA may influence local
inflammation, as its degradation has been found to promote
excessive M2 polarization in macrophages through STAT6
phosphorylation.**

modulatory agents such as chitosan and polydopamine can
1.325

Functionalizing PLA with immuno-
further enhance its osteoimmunomodulatory potentia
Additionally, PLA membranes engineered with bone-mimick-
ing surface topographies using the soft lithography technique
have demonstrated the ability to sequentially activate M1 and
M2 macrophages, as previously discussed.® Furthermore,
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PLA scaffolds can serve as a delivery platform for osteoimmu-
nomodulatory applications. An injectable PLA porous micro-
sphere has been developed, capable of forming calcium phos-
phate crystals on its surface through melatonin binding, fol-
lowed by bionanomimetic mineralization. The controlled
release of melatonin and calcium phosphate crystals facilitates
macrophage M2 polarization, macrophage reprogramming,
and enhanced osteogenesis.**®

Polycaprolactone (PCL) and PCL-based scaffolds, approved
by the FDA, are widely used in tissue engineering. However,
due to their lack of bioactive agents, PCL alone is rarely
employed for bone tissue engineering. The incorporation of a
mineral phase into PCL might enhance its mechanical
strength and bioactivity for orthopedic applications. Despite
these benefits, this approach may disrupt macrophage
responses and result in bone healing failure. Macrophage co-
culture assays have shown that phagocytosis of the
B-tricalcium phosphate (3-TCP)-integrated PCL scaffold degra-
dation products induces oxidative stress and promotes inflam-
matory M1 polarization in macrophages.'®’ However, PCL/
PEG/hydroxyapatite bioactive scaffolds have been shown to
influence macrophage polarization based on their pore size.
Scaffolds with 582.1 + 27.2 pm pores significantly reduced the
FBR, promoted M2 macrophage infiltration, and enhanced
new bone formation.?*” These data highlight the importance
of considering both chemical composition and physico-
chemical properties when designing osteoimmunomodulatory
bone implants. As another approach to improve PCL scaffold
bioactivity, loading telmisartan into PCL/polyvinylpyrrolidone
(PVP) electrospun scaffold enabled higher M2 macrophage
upregulation and better bone regeneration.*>®

4.2.4 Bioceramics

4.2.4.1 Calcium phosphate (CP). Calcium phosphates (CPs)
are the most extensively studied category of bioceramics incor-
porated into bone substitute materials. Numerous studies
suggest that osteoimmunomodulation plays a key role in CPs’
mechanism of action in facilitating bone regeneration. Chen
et al. demonstrated that f-TCP powder extracts induce macro-
phage polarization toward the M2 phenotype through the
calcium-sensing receptor pathway. This process was associated
with upregulating BMP-2 and anti-inflammatory genes (IL-10
and IL-1ra) and downregulating pro-inflammatory genes (IL-1p
and IL-6) that eventually provoked osteogenic differentiation of
BMMSCs.**® Additional research has yielded comparable
results, showing that biphasic calcium phosphate (BCP)
induces macrophage polarization toward the M2 phenotype by
upregulating integrin avf expression, thereby enhancing the
production of anti-inflammatory cytokines along with key
growth factors like VEGF, BMP-2, and TGF-p1.>**?3! Shi et al.
consistently demonstrated that CP coating on polycaprolactone
scaffolds promotes implant osteointegration through
M2 macrophage polarization in vitro and in vivo.**” This collec-
tive upregulation is favorable for bone regeneration by support-
ing MSC recruitment and facilitating osteoblastic differen-
tiation. Conflicting evidence also exists regarding BCP’s role in
promoting the expression of pro-inflammatory cytokines (IL-6,
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MCP-1, and TNF-a) in macrophages. However, this upregula-
tion has not been linked to the suppression of MSC osteogenic
differentiation, possibly due to the dose-dependent nature of
inflammatory cytokine effects.>*%3%3

4.2.4.2 Bioactive glasses (BGs). Bioactive glasses (BGs) are
widely recognized for their biocompatibility and bioactivity,
making them valuable materials for bone tissue engineering
scaffolds and implant coatings. Extensive research has focused
on their interactions with regenerative cells involved in bone
repair, with growing insights into their immunomodulatory
properties.*** Gémez-Cerezo et al. synthesized a mesoporous
BG (MBG-75S), which supported macrophage proliferation
without promoting polarization toward the pro-inflammatory
M1 phenotype. This in vitro observation suggests that
MBG-75S may trigger the necessary innate immune response
in vivo without causing excessive inflammation.**® Montes-
Casado et al. studied the in vitro interaction of MBG nano-
particles (MBGNs) with immune cells involved in both innate
and adaptive immunity, including DCs, T cells, and B cells.
Their findings indicated that MBGNSs were non-cytotoxic, had
no impact on cell viability or proliferation, and did not signifi-
cantly alter the intracellular production or secretion of key pro-
and anti-inflammatory cytokines (TNF-a, IFN-y, IL-2, IL-6,
IL-10) in activated immune cells.>*® However, when exposed to
LPS, 45S5 BG notably decreased the secretion of pro-inflamma-
tory cytokines IL-6 and TNF-a in macrophages.®*”

Unlike other inorganic biomaterials, BGs offer greater com-
positional flexibility, allowing the incorporation of bioactive
ions to modulate inflammation.****3*° For instance, MBGNs
doped with Ce have been shown to suppress pro-inflammatory
cytokines (TNF-a, IL-1f, and IL-6) in macrophages due to Ce’s
antioxidant properties.**® Similarly, doping 58S BG with Zn
and Cu significantly suppressed the expression of pro-inflam-
matory genes.>*' Additionally, surface functionalization with
anti-inflammatory molecules has emerged as a strategy to
further minimize inflammatory responses, enhancing BGs’
potential for bone regeneration.’*>

5. Conclusion

The successful osseointegration of implants and bone regener-
ation largely depends on the interaction between implant
materials and immune cells at bone defect sites. While various
immune cells are involved in tissue regeneration and inflam-
matory responses to implants, significant research has focused
on designing bone implants that encourage macrophages to
adopt a pro-healing M2 phenotype (Fig. 12). Beyond using
bone implants as delivery platforms for osteoimmunomodula-
tory therapies, it is essential to carefully adjust their properties
to influence local immune responses positively. This review
examined how the chemical composition and physicochemical
characteristics of bone implants affect their interactions with
immune cells. Irregularly shaped and rougher particles
released from bone implants could induce stronger inflam-
mation. Conflicting data on material stiffness highlights the

This journal is © The Royal Society of Chemistry 2025
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Implant material-mediated osteoimmunomodulation. Impaired healing due to chronic inflammation induced by M1 macrophages, resulting

in MSC apoptosis and osteoclast activation. Engineered bone implants promote macrophage M2 polarization and resolve inflammation, facilitating

vascularization and new bone generation processes.

need for standardized investigations. Rough micro/nano topo-
graphies likely promote pro-healing macrophage polarization,
and specific surface architectures, such as nanowires and
nanotubes, could enhance immunomodulatory bone implants.
Surface hydrophilicity helps regulate inflammation but may
reduce protein adsorption if excessive. Similarly, positively
charged surfaces support tissue regeneration by enhancing
protein adsorption and immune cell interactions, though
excessive charge can hinder cell proliferation. Regarding the
chemical composition, non-biodegradable metallic implants
like stainless steel, CoCrMo, and Ti alloys provide strong
mechanical properties but are prone to corrosion, potentially
triggering inflammation. Coatings and additive manufacturing
offer solutions to mitigate these effects. Biodegradable metals
such as Mg and Zn show promise in promoting pro-healing
immune responses but degrade too rapidly. Natural polymers
like MC and hyaluronic acid help reduce inflammation, while
chitosan could enhance immunomodulatory scaffolds regard-
ing its content and degree of acetylation. Synthetic polymers,
including optimized PEEK and PEG, exhibit anti-inflammatory
properties and support bone regeneration; however, PEG
immunogenicity has raised concerns and PMMA induces
inflammation. Eventually, bioceramics, particularly -TCP and

This journal is © The Royal Society of Chemistry 2025

antioxidant-doped bioactive glasses, are promising for immu-
nomodulatory bone implants. Optimizing bone implants
based on these factors is crucial for developing advanced bio-
materials with enhanced osteoimmunomodulatory potential.
However, despite extensive preclinical research, the successful
clinical translation of immunomodulatory bone biomaterials
remains limited, likely due to an incomplete understanding of
their interactions with the immune system.

To advance the clinical translation of immunomodulatory
bone biomaterials, comprehensive investigations are required
to elucidate how exactly immune cells interact with these
materials, as well as their immunomodulatory payloads or
coatings. These studies should provide a detailed understand-
ing of the immune mechanisms involved in biomaterial inter-
actions, including the specific molecular pathways and signal-
ing mechanisms through which immune cells contribute to
implant osseointegration, as well as bone formation/resorp-
tion. Furthermore, while current research primarily focuses on
macrophage interactions, other key immune players have
received less attention. A more in-depth analysis of these over-
looked components may offer a more accurate prediction of
immune responses to biomaterials, ultimately leading to the
development of more effective osteoimmunomodulatory strat-
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5bm00357a

Open Access Article. Published on 24 April 2025. Downloaded on 2/28/2026 7:49:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

egies. Standardizing scaffold design methods could also help
with better interpreting immune responses, as design vari-
ations often lead to inconsistent outcomes, making it challen-
ging to compare study results and impede the effective trans-
lation of research findings into clinical practice.

Furthermore, considering multiple inherent or adopted
characteristics simultaneously would allow for a more holistic
interpretation of experimental data. Comprehensive research
that integrates various contributing factors and employs con-
sistent models is essential for advancing the development of
clinically viable bone biomaterials. Standard examinations
comparing immune responses to different implant materials
under the same conditions are also needed to identify optimal
materials for implant fabrication. For instance, research by
Olivares-Navarrete et al. showed that 316L SS and PEEK
implants elicited stronger inflammatory responses, character-
ized by high neutrophil and T cell infiltration, compared to Ti
or TC4 alloy.**® Finally, the development of advanced bioma-
terials incorporating nanomaterials and bioactive molecules to
precisely target and modulate immune responses, along with
conducting more translational research using improved
animal models that closely mimic human immune responses,
can significantly enhance osteoimmunomodulatory and regen-
erative capabilities.
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