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Novel insights into nanomaterials for
immunomodulatory bone regeneration

Ya Cui,? Hairui Li,® Yaxin Li® and Lixia Mao & *@

Bone defect repair caused by trauma, congenital malformation, tumors, infection or systemic diseases
remains the focus of attention in regeneration medicine. Recent advances in osteoimmunology indicate
that immune cells and correlative cytokines modulate the delicate balance between osteoblasts and
osteoclasts and induce a favorable microenvironment for bone regeneration. With superior attributes
that imitate the three-dimensional architecture of natural bone, excellent fabricability, mechanical and
biological properties, nanomaterials (NMs) are becoming attractive in the field of bone tissue
engineering. Particularly, it could be an effective strategy for immunomodulatory bone regeneration by
engineering NMs involved in composition nature, nanoarchitectural morphology, surface chemistry,
topography and biological molecules, whose mechanisms potentially refer to regulating the phenotype
of high-plastic immune cells and inducing cytokine secretion to accelerate osteogenesis. Despite these
prominent achievements, the employment of NMs is poorly translated into clinical trials due to the lack
of knowledge about the interaction between NMs and the immune system. For this reason, we sketch
out the hierarchical structure of bone and its natural healing process, followed by discussion about the
effects of immune cells on bone regeneration. Novel horizons focusing on recent progressions in the
architectural and physicochemical performances of NMs and their impacts on the body defence
mechanism are also emphasized, hoping to provide novel insights for the fabrication of bone graft
materials in tissue engineering.

1. Introduction

In recent years, bone damage caused by trauma, congenital
malformation, tumors, infection or systemic diseases has
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brought enormous detriments to society. Although small bone
trauma commonly heals by itself, critical bone defects need
interventional therapies to achieve fracture healing." Conven-
tionally, autologous bone grafts as the “gold standard” in clinics
are limited by supply and commonly cause injury in the donor's
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extraction site. Furthermore, allografts require a complex
implantation technique and are possibly rejected due to host-to-
graft immune reactions.”> Currently, increasing studies are
focused on novel advances in tissue engineering strategies
applied in bone regeneration. Bone tissue engineering
combines functional cells and growth factors with material
scaffolds, playing crucial roles in restoring the injured areas of
the skeletal system. Indeed, it is of great importance for the
scientific community to design and develop updated materials
to offer a favorable three-dimensional microenvironment for
the adhesion and proliferation of various cells during the bone
healing process.®* Despite much encouraging achievements,
scaffold materials designed for bone regeneration are poorly
translated into clinic trials potentially due to ambiguous inter-
action with the body defence system.

As an interdisciplinary research field, osteoimmunology
mainly concentrates on the interplay between the skeletal and
immune systems, providing a heuristic concept to explore
effective therapies for bone defect repair and regeneration.
Except most discussions relating to bone and innate immune
response, the effects of adaptive immune reactions on the
osteoimmunomodulation of homeostasis and diseases have
also attracted the attention of researchers in recent times.**
Additionally, mesenchymal stem cells (MSCs) belong to multi-
potent stromal cells that possess the capability of tri-lineage
differentiation into several different cell types, including
adipocytes, osteoblasts or chondrocytes. Extensive studies have
demonstrated that the therapeutic role of MSCs mainly depends
on their immunomodulatory plasticity. MSCs can promote
tissue repair via producing abundant cytokines and growth
factors in response to local inflammatory microenvironment.
Such plasticity in MSC immunomodulatory function is one of
the intense subjects in regenerative medicine.® Nevertheless,
the interaction among immune cells, bone cells and stem cells
in bone physiological microenvironment and their spatio-
temporal coupling for successful bone regeneration are still
not clear, which may impede clinical application of stem cell
therapy in bone tissue engineering. Encouragingly, engineered
materials with a specific nanoarchitecture hold great promise
for the development of stem cell-based bone regeneration due
to their positive effects on facilitating osteogenic differentiation
and modulating immune response.”

It is inspiring that these restrictions could be addressed
through the burgeoning field of nanomedicine as NMs them-
selves possess immune-activating or immunosuppressive
effects and promote targeted co-delivery of biological mole-
cules, and mimic the hierarchical structure of natural bone
tissue.®* According to definition of the US Food and Drug
Administration (FDA), nanotechnology is in the light of size as
well as function, using the range of 1 to 100 nm, on the
condition that the physical, chemical or biological effects of the
material in question are attributed to its dimensions.? Over the
last few decades, research efforts on the engineering of nano-
scale materials for emerging therapies of tumors and autoim-
mune diseases have made unprecedented progress. Recently,
researchers have focused on collaboration between nanotech-
nology and osteoimmunology for the therapy of pathological
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bone loss caused by osteoporosis, periodontitis and rheumatoid
arthritis, inspired by NMs applied in cancer immunotherapy.*

In this review we discuss how the biochemical and
biophysical attributes of NMs affect their effects on immune
reactions, inflammation, and bone remolding under physio-
logical and pathological conditions, respectively. We also review
the crucial role of advanced nanotechnology in relation to its
applications in the research and development of immuno-
modulatory bone tissue engineering materials. In particular, we
highlight how precise manipulation of cells or bioactive mole-
cules at the nanoscale may be conducive to our increasing
understanding and targeting of immune reactions for bone
regeneration. The field of nanotechnology is vast; therefore we
mainly concentrate on examples of chosen studies that
emphasize the wide range of immunological applications of
NMs in bone-related disease and regenerative therapy.

2. Bone structure and its natural
healing process

Bone tissues as a type of widely existing load-bearing organ in
vertebrates were endowed with a unique biological adaptive
architecture, biomechanics and biology under the long-term
evolution of nature, which exhibit high strength, stiffness and
fracture toughness as well as play a crucial role in supporting
the body and movement.'* In particular, the hierarchical
architecture ranging from macro- (cortical and cancellous
bone), microscopic (haversian system, osteon, and trabecular
bone), submicroscopic (lamellar bone), nano- (collagen and
mineral particles) to sub-nano levels (minerals and organic
proteins) gives the specific heterogeneity and anisotropy of
natural bone. Among them, collagen nanofibers and hydroxy-
apatite (HA) nanocrystals are the foundation of sophisticated
bone structures."”** To some extent, bone can be regarded as
a network skeleton connected by collagen microfibers deposited
with flake or needle bone mineral nanocrystals. The multi-
leveled structure of natural bone gives specific surficial/
interfacial cues to direct bone regeneration through modu-
lating the balance between bone growth and bone resorption in
the participation of osteoblasts, osteoclasts and growth factors.
Furthermore, three-dimensional modeling composed of the
skeleton system in return can resist tough mechanical stress
produced by motion and possess favorable flexibility.**
Fracture healing after injury is a spontaneous and compli-
cated physiological process, which involves a series of osteoin-
ductive and osteoconductive reactions, such as ossification of
cartilage, induction of intracellular and extracellular molecular
signal pathways, and time and space optimization. In partic-
ular, bone healing refers to a multi-cell coupled cascade
response, during which inflammatory cells, vascular cells, bone
progenitor cells, osteoblasts and osteoclasts play a leading
role.”® After extravasated blood forms a hematoma, platelets,
macrophages and inflammatory cells (e.g. granulocytes and
lymphocytes) penetrate into the hematoma and secrete cyto-
kines and growth factors to facilitate fibrin thrombosis and
coagulation. Subsequently, capillaries extend into blood clots,
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macrophages degenerate and gradually form granulation
tissue. Chondrocytes derived from MSCs proliferate, synthesize
a cartilage matrix and gradually replace cellulose/granulation
tissue. As the most active period of the osteogenic effect, it is
characterized by the activity of osteoblasts and the formation of
a bone mineralized matrix, forming woven bone with certain
strength. Among them, osteogenic cells mainly come from
periosteum, bone marrow, the circulatory system, blood vessels
and surrounding tissues. In the final stage of fracture healing,
the hard callus is reconstructed into the original cortical bone
or trabecular bone.'**® Taken together, this reconstruction is
a coupling process of bone absorption and bone formation in
the participation of osteoblasts and osteoclasts (Fig. 1).

3. The role of the immune system in
bone regeneration

3.1 The immune reaction, inflammation and bone
regeneration

The immune system comprises a sophisticated network of cells
and lymphoid organs that act in harmony to protect the host
from a universe of pathogenic microorganisms.” The innate
immune system commonly involves every aspect of the host's
immune defense mechanisms, which are encoded in their
mature functional recognition molecules via the germline genes
of the host. When the immune system recognizes microbial,
toxic, or allergenic structures, the innate immunity acts as the
first defensive system that immediately and non-specifically
reacts against invading microbes. In contrast, the antigen-
specific receptors in the adaptive immune system are gener-
ally expressed on the surfaces of T and B lymphocytes and
exhibit complicated specificity for their target antigens. Unlike
the innate mechanisms of host defense, adaptive immunity
generally spends more time constituting an immune reaction
that is systemic, continuous, and highly specific.”® In fact,
although the innate and adaptive immunity are depicted as
independent arms of the host defensive response, the cooper-
ativity between them is crucial for an integrated, completely
effective immune reaction.

Furthermore, the immune system also plays crucial roles in
inflammatory reactions that occur when natural bone is
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damaged by microbes, toxins, heat, or any other substances.
Broadly defined, inflammation is a normal physiological
reaction that protects tissues from infection or injury, which
can be divided into two categories including infectious
pathogen-associated molecular patterns (PAMPs) and nonin-
fectious damage-associated molecular patterns (DAMPs).**
These danger signals can induce acute inflammation that
activate the immune system to remove damaging pathogens,
promote bone repair, and restore its normal functions via up-
regulation of anti-inflammatory mediators.”* Typically, an
acute inflammatory phase consists of recruitment of mono-
cytes from circulation and activation of inflammatory media-
tors to eliminate outside pathogenic agents, among which the
release of anti-inflammatory factors, down-regulation of pro-
inflammatory factors, and liquidation of apoptotic cells
(through phagocytes) promote the recession of inflamma-
tion.”® However, in many cases, chronic inflammation will
arise if the inflammation is non-resolving for some reasons. In
general, chronic inflammation may induce the release of pro-
inflammatory mediators, infiltration of monocytes and even-
tually issue in local tissue damage. The persistent inflamma-
tory reaction that includes over-expressed inflammatory
mediators, damaged tissues, and necrotic monocytes will
become an inflammatory trigger and result in an adaptive
immune reaction. Moreover, the host's own immune system
will destruct host tissues and organs as infectious pathogens
escape from host immunity surveillance and become tolero-
genic, the consequences of which can lead to some bone-
related inflammatory diseases, including osteoporosis, peri-
odontitis and rheumatoid arthritis that eventually cause
pathological bone loss.**

3.2 The main factors of immune system modulating bone
regeneration

The immune system greatly affects osteogenesis and osteo-
clastogenesis during the bone remolding process in both posi-
tive and negative fashions. Therefore, it is an attractive
approach to achieve successful bone regeneration via control-
ling the immune components of the fracture healing process. In
this section, we highlight various immune cells that have an
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Fig. 2 Crosstalk among immune cells and its role in bone regeneration. During the bone formation and healing process, various immune cells
participate in the balance between osteoblastogenesis and osteoclastogenesis through the secretion of cytokines that can be utilized as

bioactive molecules for osteoimmunomodulation.

essential influence on bone tissue repair and regeneration. In
many cases, these immune cells are based on cytokines or
growth factors as media for osteoimmunomodulation (Fig. 2).

3.2.1 Neutrophils. Neutrophils are a thoroughly crucial
part of the innate immune system and are the first cells
recruited to inflammatory sites after damage and are answer-
able for wound detection and eliminating fomites.”® The
prominent leukocyte population in human blood can release
neutrophil extracellular traps (NETs) and induce phagocytosis,
and subsequently control infection in the local area. It is worth
noting that increasing evidence suggests that they are capable
of phagocytosing debris whereas restricting NET production,
which may play an essential role in damaged tissue repair and
regeneration. Recent advances in tissue engineering have
demonstrated that neutrophils can modulate macrophage
recruitment and polarization, trigger the migration of macro-
phages to injury sites, and promote cardiac repair of acute
myocardial infarction mice. Meanwhile, Hoemann et al
prepared chitosan-glycerol phosphate/blood implants in order
to facilitate trabecular bone regeneration of drilled defects
through the recruitment of arginase-1' macrophages in
a specific neutrophil-dependent mechanism. It was found that
neutrophils could also polarize into the N2 phenotype under
suitable interleukin (IL)-8 concentration, subsequently evoking
bone marrow stromal cell (BMSC) recruitment and ectopic
endochondral ossification through the SDF-1/CXCR4 axis and
its downstream PI3K/AKT pathway and p-catenin-mediated
migration.”® Despite these extraordinary advantages, neutro-
phils may release NETS to exert apparent paradoxical effects and
aggravate tissue damage during inappropriate chronic inflam-
mation, and therefore the function of neutrophils in bone
repair and regeneration remains abstruse.

3.2.2 Monocytes and macrophages. Similarly,
phages are one of the major constituent parts of the innate

macro-

© 2022 The Author(s). Published by the Royal Society of Chemistry

immune system. In general, inflammatory macrophages are
derived from monocyte precursors circulating in the blood-
stream and established during foetal development.”” Highly
plastic macrophages show the phenomenon of polarization to
either the M1 or M2 type in terms of microenvironmental
cues.”® In general, bone healing after injury includes the
inflammatory phase, the repair phase, and the remodeling
phase, and among them the initial inflammatory phase plays
a significant role in eventual healing. M1 cells are considered to
link with the initial stage of bone remolding because of the high
expression of several surface markers (e.g. CD86, CD80, iNOS,
and CCR?7) in the acute inflammatory stage. In contrast, M2
cells act during the late phases of bone remolding, leading to
the rapid progress of the active healing process. For instance, in
the pathology of several chronic inflammatory diseases,
macrophages will polarize into a pro-inflammatory M1 pheno-
type, resulting in an increasing of pro-inflammatory mediators
and a reduction of anti-inflammatory and regulatory cytokines
(e.g. TL-4, IL-10, IL-13, and TGF-B).>°

To date, although macrophages promote bone repair in
terms of their attractive potential in recruiting various cells (e.g.
osteoprogenitors, vascular progenitor cells, MSCs, etc.) into the
fracture area, the exact mechanism is still unclear. Most
researchers agree that the ratio of M1/M2 modulates the
outcomes of bone repair after scaffold implantation, during
which the M1 macrophage is conducive to the premier acute
inflammatory stage that sweeps away the debris of the bone
defect area, while the M2 macrophage secretes growth factors
and facilitates MSC-mediated bone regeneration in the later
stages of bone remolding.*® Overall, the orientation of macro-
phage polarization and the quantity of macrophages may be
effective predictors for successful bone remodeling and fracture
healing.

Nanoscale Adv., 2022, 4, 334-352 | 337
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3.2.3 Dendritic cells. Indeed, antigen presenting cells
(APCs) play a remarkable role in linking both innate and
adaptive immune reactions, which make them particularly
attractive targets for immunomodulation.® For instance, Smith
et al. concluded that nanotechnology interacting with the
immune system mainly relied on APC-mediated immune
response, and some pathways lead to reduced action or
apoptosis of APCs in nanoscale immunosuppression.***> In
particular, dendritic cells (DCs) are the major APCs that can
identify various tissue injury by-products and release numerous
inflammatory factors in acute inflammation to accelerate tissue
healing.*® For instance, it has been shown that EP3 signaling in
DCs promoted liver repair through eliciting IL-13-mediated
remolding of macrophage phenotypes from the pro-
inflammatory to pro-reparative. Furthermore, tolerogenic DCs
are promising candidates for remolding and healing after
myocardial infarction vie modulating the regulatory T cell
(Tregs) and macrophage polarization.** The potential interac-
tion between DCs with biomaterials is also critical for bone
repair and regeneration. In terms of mechanisms, DCs most
likely act as a bridge between innate and adaptive immunity
during bone defect healing in order to activate naive T cells and
control macrophage homeostasis.*® In addition, immature DCs
have the potential of switching into osteoclasts after stimula-
tion with RANKL and M-CSF and play an important role in
resorbing bone because they are derived from the same myeloid
precursor and the functions of both cell types are highly
dependent on RANKL.*® Although their precise role during bone
regeneration remains not fully understood, studies show that
they have an essential influence on the fracture healing process.

3.2.4 T cells. Increasing data indicates that T cells play
a crucial role in bone repair and regeneration. Although
potential mechanisms have been revealed, the precise effects of
various T cell types and subsets as well as their level of accu-
mulation at fracture sites are poorly understood. Generally
noting, af3 T cells can be divided into both pro- and anti-
regenerative sub-populations, while tissue resident yd T cells
have been recognized as being pro-regenerative.’”

T cells contain a diverse range of subsets and produce
multiple growth factors and cytokines, which play different
roles in bone repair and regeneration. Both “helper” (CD4) and
“cytotoxic” (CD8) T cells have been reported to inhibit bone
regeneration and delay fracture healing. In contrast, Tregs have
demonstrated the ability to promote fracture healing via
modulating both the innate and adaptive immune response.
They play a significant role in the maintenance of self-tolerance
and controlling excessive inflammation after injury to some
extent. For instance, Nagai and coworker fabricated a hydrogel-
formulated prolyl hydroxylase inhibitor, which facilitated the
regeneration of alveolar bone loss after being injected into the
periodontal pockets of experimental mice. The potential
mechanisms were associated with elevated CXCR4-dependent
accumulation of Treg cells, decreased secretion of pro-
inflammatory factors and increased expression of osteogenic
genes.*® Concomitantly, Treg cells have the ability to switch an
initial  undesirable and  anti-regenerative = immune
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microenvironment caused by an increased CD8" effector T cell
level into a pro-regenerative microenvironment facilitating
successful bone fracture healing.*®

Additionally, yd T cells also play an essential role in the
modulation of bone physiology. For example, oral barrier
homeostasis is vital for safeguarding tissue integrity and pre-
venting periodontitis, and it is shown that yd T cells promote
the wound healing through the secretion of reparative cytokine
amphiregulin.** More recent evidence indicates that IL-17-
producing yd T cells promote bone regeneration and accel-
erate fracture healing, given that IL-17A elicits the proliferation
and osteoblastic differentiation of injury-associated MSCs.
Furthermore, Vy6' v3 T cells proliferate in the musculoskeletal
tissue following a drill-hole bone defect and act as the key
producer of IL-17A in fracture healing. Overall, it is IL17A—/—
rather than IL17F—/— mice that exhibits impaired bone regen-
eration.” Despite the encouraging headway in understanding
the functions of T cells for bone repair and regeneration, precise
mechanisms by which various T cell types and subsets regulate
the immune reaction to fracture are poorly verified.

3.2.5 Bcells. There is little obtained evidence on the effects
of B cells on fracture healing. To some extent, B cells are derived
from the bone marrow and it would be expected that there
would be several correlations between B cells and bone tissue.
For example, IgM" B cells possess the potential to promote bone
formation and accelerate bone healing through the secretion of
osteoprotegerin and IL-10. In addition, it is shown that the
depletion of the adaptive immune response represents a prom-
ising strategy to facilitate bone regeneration, giving that mice
deficient in both T and B cells display elevated fracture heal-
ing.** Nevertheless, we would argue that there is still much to be
explored with respect to the effects of B cells on the repair and
regeneration of natural bone tissue (Fig. 3).

4. Mechanisms of nhanomaterials for
osteoimmunomodulation

NMs possess a specific intrinsic effect on the host immune
system after implanted into the body, which highly depend on
their physicochemical properties. The surface chemistry,
topography, grafted molecules that NMs take, the nano-
architectural morphology, the hydrophobicity, the degrad-
ability, the biocompatibility, and the composition nature of
NMs are critical parameters to be considered. The potential
mechanisms by which engineered NMs effectively promote
bone formation and bone healing through regulating immune
cells, bone cells, cytokines and growth factors are discussed in
detail below.

4.1 Chemical properties of nanomaterials

The surface chemistry of NMs has been reported to have
a significant influence on the immune system, in particular
phagocytes. It is of great importance for bone tissue repair to
achieve surface modification of NMs through employing
hydrophilic functional groups, surface charge, and bio-
minerals.*® As one of the crucial chemical attributes required for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanisms of NM coupling immune signaling and osteogenesis in the bone homeostasis process. The physicochemical performances
and bionic attributes of NMs play a crucial role in the crosstalk among immune cells, stem cells and bone cells during bone remolding.

NMs, hydrophilicity can be acquired by several methods such as
hydrolysis or plasma modification. Simultaneously, surface
charges are closely associated with the material hydrophilicity
and absorption of biomolecules, which play an essential role in
osteogenesis and osteoclastogenesis. Various NMs modified
with either cations or anions can effectively induce bone
formation and inhibit bone resorption.** Recent advances in
biomineralization on the surface of NMs have shown that this
strategy significantly facilitates osteogenesis, which is achieved
through sputter coating, thermal spraying, or utilization of
a simulated body fluid.** Although different surface modifica-
tion strategies have been introduced to promote bone defect
healing, the updated knowledge of bone regeneration via
immune regulation through the surface attributes of NMs has
been highlighted in recent time.

Previous studies have indicated that the hydrophilic surface
of NMs facilitates less macrophage and foreign body giant cell
formation and enhances the osseointegration of implants
compared to the hydrophobic surface.*® For instance, recent
studies have shown that surface-modified hydrophilic titanium
(Ti) disks facilitate the production of osteogenic cytokines and
influence the activity of macrophages. The hydrophilic surface
was successfully fabricated through rinsed Ti disks under N,
and stored it in an isotonic saline solution at pH 4-6. The
expression level of TGF-B/BMP signaling was elevated followed
by the fostering of osteoblasts on these hydrophilic substrates.
Furthermore, the hydrophilic Ti surface significantly promoted
the polarization of macrophages toward the healing-associated
M2 type via enhancing the secretion of an anti-inflammatory
factor IL-10 as well as inhibiting the secretion of pro-
inflammatory factors such as IL-1B, IL-6, and IL-8.*

© 2022 The Author(s). Published by the Royal Society of Chemistry

Additionally, adsorbed proteins on the surface of gold nano-
particles were decreased and the material hydrophilicity was
increased following the surface modification of polyethylene
glycol, which weaken the excessive activation and phagocytosis
role of macrophages, subsequently accelerating tissue repair.*®
Therefore, surface-modified hydrophilic NMs can induce
a favorable immune microenvironment to promote bone tissue
repair and accelerate fracture healing.

The surface charge of materials has also an essential influ-
ence on the osteoimmune microenvironment. Recently, Brod-
beck et al.* prepared acrylamide materials with the anionic
functional group of poly(acrylic acid), which effectively
promoted the expression of an anti-inflammatory factor IL-10
and reduced the expression of a pro-inflammatory factor IL-8.
Concurrently, the substrate with the cationic functional group
of poly(dimethylaminopropylacrylamide) inhibited the secre-
tion of IL-1RA and IL-10 that are crucial for mature osteoblasts.
The above results demonstrated that the anionic substrate
effectively increased osteogenesis compared to cationic
substrates, given that anionic surfaces could inhibit the
production of pro-inflammatory cytokines and induce a favor-
able bone repair microenvironment.

In the last decade, synthetic substitutes of bone grafts with
biomineralization attributes have shown great application
prospects in the regeneration of large bone defects. Meanwhile,
novel fields about the osteoimmunology of minerals have also
given fundamental knowledge to better understand bone tissue
engineering.*® Increasing studies have demonstrated that the
surface modification of materials with calcium phosphate
nanocrystals can inhibit the secretion of pro-inflammatory
factors (e.g TNF-a, IL-1B) and enhance the adhesion of

Nanoscale Adv., 2022, 4, 334-352 | 339
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osteoblasts. In another case, Jin et al.** prepared biomimicking
hierarchical intrafibrillarly mineralized collagens (HIMCs) and
proved that these biomineralized scaffolds not only mimicked
the hierarchical structure and surface chemistry of bone tissue,
also recruited host MSCs and accelerated endogenous bone
regeneration by affecting macrophage polarization and intra-
cellular communication through macrophage-derived extracel-
lular vesicles. Taken together, the above studies reveal that the
biomineralization attributes of nanoscale materials seem to
directly promote bone regeneration via controlling the immune
reaction.

4.2 Physical properties of nanomaterials

In addition to surface chemical properties, the physical prop-
erties of NMs such as topography, roughness, porosity, and pore
size can also influence bone formation and related cellular
function. The surface topography of NMs can modulate cellular
reactions through transforming the cell shape and elasticity.”> It
has been reported that the function, phenotype and polariza-
tion of macrophages are influenced via varying the material
topography. For instance, Huang et al.>® successfully fabricated
a Cu-containing nano-topographical bio-ceramic surface
(Micro-Ti surface) in order to investigate the effect of Cu**
release or surface topography on macrophage-mediated osteo-
genic and bactericidal activities. Although Cu®" added directly
into the culture medium or released from Cu-containing nano-
substrates polarized macrophages to a pro-inflammatory M1
phenotype, the nano-topographical substrate played an anti-
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inflammatory role to some extent via up-regulating the integ-
rin and TLR signaling. Furthermore, the Cu-Hier-Ti surface
created a favorable immune microenvironment for the prolif-
eration and differentiation of osteoblasts and intensify macro-
phage ability to engulf and kill bacteria compared to a Cu-free
micro-topographical surface. Recently, nanoscaled roughness
has also been shown to influence the adhesion, proliferation
and differentiation of osteoblasts via modulating immune
response. In a case, Ma et al.>* prepared UV-irradiation TiO,
surfaces with different roughness (6-12 nm) in order to inves-
tigate the effects of different nanoroughness groups on
osteoimmunomodulation. The results showed that these
materials with higher roughness implanted in rats induced
a pro-inflammatory immune response in the implant. Although
recent studies were focused on the influence of different topo-
graphical characteristics on osteogenesis, their effects on the
behavior of immune cells are still poorly understood and ne