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HIGHLIGHTS

e The controlled release of IL-4 and dexamethasone by a dual-wavelength photosensitive nano-in-micro scaffold (biphasic calcium

phosphate loaded with goad nanocage, BCP-GNC) enables the regulation of specific immune cells and immune responses.

e BCP-GNC regulates innate and adaptive immune responses in two stages (directing the M2 polarization of macrophages and inhibit-

ing the maturation of dendritic cells) to promote osteoinduction.

ABSTRACT The immune response of a biomaterial determines its osteoinduc-

tive effect. Although the mechanisms by which some immune cells promote

regeneration have been revealed, the biomaterial-induced immune response is
a dynamic process involving multiple cells. Currently, it is challenging to accu-
rately regulate the innate and adaptive immune responses to promote osteoin-
duction in biomaterials. Herein, we investigated the roles of macrophages and
dendritic cells (DCs) during the osteoinduction of biphasic calcium phosphate
(BCP) scaffolds. We found that osteoinductive BCP directed M2 macrophage
polarization and inhibited DC maturation, resulting in low T cell response and
efficient osteogenesis. Accordingly, a dual-targeting nano-in-micro scaffold (BCP
loaded with gold nanocage, BCP-GNC) was designed to regulate the immune
responses of macrophages and DCs. Through a dual-wavelength photosensitive
switch, BCP-GNC releases interleukin-4 in the early stage of osteoinduction to
target M2 macrophages and then releases dexamethasone in the later stage to

target immature DCs, creating a desirable inflammatory environment for osteo-

genesis. This study demonstrates that biomaterials developed to have specific
regulatory capacities for immune cells can be used to control the early inflam-

matory responses of implanted materials and induce osteogenesis.
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1 Introduction

Osteoimmunomodulation is an important concept in the
development and evaluation of bone biomaterials. An ideal
bone biomaterial should be able to control the osteoimmune
responses, resulting in the optimal inflammatory environ-
ment for stem cell recruitment and angiogenesis during bone
regeneration. Therefore, osteoimmunomodulation provides
a valuable strategy for the development of advanced bone
biomaterials [1-4]. For example, T cells and natural killer
cells can enhance the function of osteoclasts by releasing
receptor activator of nuclear factor-x B ligand (RANKL),
thereby promoting inflammatory bone resorption [5, 6].
M2-polarized macrophage and regulatory T (Treg) cell sub-
sets release anti-inflammatory cytokines and growth factors
to reduce inflammation and promote the function of osteo-
blasts [3, 7]. Therefore, developing an in-depth understand-
ing of the mechanism of osteoimmunomodulation during
bone regeneration is of great significance for the develop-
ment of advanced bone biomaterials.

The immune response of a biomaterial includes an early
innate immune response and subsequent adaptive immune
response. Macrophages are recruited into the implant region
and participate in early innate immune response. To regulate
the variable microenvironment after the implantation of a
foreign body and subsequent injury repair, macrophages are
transformed into a classical M1 or M2 polarization phenotype
in a series of signal transductions, which are, respectively,
mediated by inflammation and tissue homeostasis [4, 8].
This variable macrophage polarization is an important fac-
tor in tissue regeneration, with M2-type polarization being a
favorable response to tissue regeneration [9, 10]. The surface
shape [11, 12], nano-modification [13] and drug release [14]
of biomaterials have been reported to regulate macrophage
polarization and make the microenvironment more conducive
to tissue regeneration. Dendritic cells (DCs), which are the
most potent antigen-presenting cells, serve as bridges con-
necting innate and adaptive immunity by integrating and
processing innate immune signals and relaying them to T
cells [15, 16]. Therefore, the long-term immune response of
a biomaterial is mainly determined by DCs and their ability
to initiate and regulate the adaptive immune response. Spe-
cifically, the danger signals or foreign body immunogenic-
ity caused by the implanted material induce DC maturation,
resulting in the increased expression of DC costimulatory
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molecules (CD40, CD83 and CD86) and major histocom-
patibility complex class II (MHC II) [17]. The interaction of
mature DCs (mDCs) with T cells activates the longer-term
adaptive immune response. However, how biomaterials regu-
late DC maturation and the effects of adaptive immunity on
bone induction remain unclear. In summary, macrophages
and DCs play important roles in the osteoinductive processes
of biomaterials by affecting multiple physiological stages,
including the innate immune response, adaptive immune
response and regeneration. Therefore, understanding the
specific roles of macrophages and DCs in the osteogenic
process and considering these roles in material development
will improve our ability to control the early inflammatory
response during bone regeneration.

Many materials for controlled drug release have been
developed with a focus on controlling the immune responses
involved in damage repair and anti-infection activity [14,
18-20]. Photosensitive delivery systems can stimulate ben-
eficial photochemical reactions or release active molecules,
thereby affecting the metabolism of osteoblasts [21-23]. This
strategy has broad prospects in bone regeneration. Near-infra-
red (NIR) light can penetrate through tissue to depths reaching
centimeters [24]. Moreover, controlling the transmission power
of the NIR light can further improve its penetration depth [25].
This technique has valuable applications in, for example, the
switching of implanted devices, photodynamic therapy, pre-
operative imaging and diagnostic imaging [24-26]. However,
it remains challenging to accurately regulate the two stages
of immune response (innate and adaptive) to promote the
osteoinduction of biomaterials. In this study, we first assessed
the essential roles of macrophages and DCs during biphasic
calcium phosphate (BCP)-induced ectopic bone formation.
We found that the osteoinductive capacity of BCP depends on
the M2 macrophages and immature DCs (imDCs) within the
implanted environment. Based on these findings, we designed
a dual-targeting nano-in-micro scaffold to control the activa-
tion of macrophages and DCs via the controlled release of cell-
specific regulators [interleukin-4 (IL-4) for macrophages and
dexamethasone (DXMS) for DCs] through dual-wavelength
excited gold nanocages (GNCs). The resulting BCP-GNC scaf-
fold promotes the local enrichment of M2 macrophages and
imDCs, which is beneficial for controlling local inflammation
during new bone formation. The findings provide insights into
osteoimmunomodulation during biomaterial-induced bone for-
mation. This study is the first to develop an advanced bone
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biomaterial with specific immune cell targeting to regulate the
early inflammatory response during osteogenesis.

2 Experimental Section
2.1 Ethical Approval and Mice Model

The treatment of experimental mice was carried out in strict
accordance with the policy of Ethics Committee for Animal
Research, Shandong First Medical University & Shandong
Academy of Medical Sciences, China; as well as Wuhan
University, China. The Ethics Committee for Animal Use
approved it under protocol number 69/2017. CD11c-DTR,
mice were C57BL/6 background and purchased from Jack-
son Laboratories. Mice were maintained in specific patho-
gen-free condition. The female C57BL/6 mice (6—8 weeks)
were purchased from Vitalriver (Beijing, China). Mice
implanted with biomaterials were tested by flow cytometry
at 2 weeks and histological staining was performed at 4
days, 7 days, 4 weeks and 8 weeks.

2.2 Depletion of DCs or Macrophages in vivo

For depletion of DCs in vivo, an injection (i.t.) of diphthe-
ria toxin (DT, 100 ng per mice, Sigma, USA) was managed
in CD11c-DTR mice or WT mice. Clodronate liposomes
were prepared according to the method [27]. Briefly, 1%
of the clodronate was encapsulated in the liposomes and
4 mL clodronate—liposome suspension contained 20 mg
clodronate. In this study, for depletion of macrophages, an
injection (i.v.) with of clodronate liposomes per mice (i.e.,
50 mg kg™!) or control liposomes loaded equivalent PBS.

2.3 Preparation of Single Cell Suspensions

Muscle was finely minced in RPMI-1640 containing colla-
genase type II (2 mg mL~!, Thermo Fisher Scientific Inc.,
USA) and type IV (1 mg mL™!). They were incubated for
1 h (37 °C 5% CO,). The remaining cell slurry was fil-
tered through a 70 pm cell strainer and was centrifuged at
2500 rpm 4 °C 5 min. Discard the supernatant and resuspend
the cells.
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2.4 Flow Cytometry

Cells were incubated with antibodies 4 °C 20 min. Cells
were examined by Aria II Flow Cytometer (BD Bioscience,
USA). Cells were gated as follows: DCs (F4/80~ CD11c* IA/
IE™), macrophages (CD11b* F4/80") and M1 macrophages
(CD11b* F4/80* CD206~ MHC I1"&") M2 macrophages
(CD11b* F4/80" CD206" MHC II'¥). Intracellular cytokine
staining: 2 uL. mL~! Cell Activation Cocktail (with Brefel-
din A) (Cat: 423,303, Biolegend, USA) was used to incu-
bate cells at 37 °C in a CO, incubator for 6 h. Then, the
Fixation/Permeabilization Solution Kit (Cat: 554,714, BD
Biosciences, USA) was used to stimulus cells. After cell fix-
ation and permeabilization (fixation/permeabilization solu-
tion, 100 uL/10° cells, 4 °C, 30 min), the BD Perm/Wash™
Buffer is used to wash the cells and to dilute the IFN-y anti-
body for staining (4 °C, 30 min). Antibodies: The follow-
ing were purchased from BioLegend: anti-IA/IE (1:3200,
Clone: M5/114.15.2, Cat: 107,630), anti-CD206 (1:200,
Clone: C068C2, Cat: 141,705), anti-Ki67 (1:200, Clone:
16A8, Cat: 652,403), anti-IFN-y (1:100, Clone: XMG1.2,
Cat: 505,805). The following were purchased from eBiosci-
ence: anti-CD11b (1:200, Clone: M1/70, Cat: 47-0112-82),
anti-CD11c (1:200, Clone: N418, Cat: 45-0114-82), anti-
F4/80 (1:200, Clone: BMS, Cat: 17-4801-82).

2.5 Histological Staining

The samples were used for the preparation of paraffin sections
and those samples were immersed in 10% EDTA solution that
was changed each day for 3 weeks in total for suitable decalci-
fication. The gradient was then dehydrated with different con-
centrations of alcohol and embedding in paraffin. We performed
haematoxylin—eosin (H&E), Masson, immunohistochemical
(IHC) and immunofluorescent (IF) staining according to the
protocol of the manufacturer (MXB biotechnologies, China).
The primary antibodies were listed as: CD11c (1:200 for IF
and 1:350 for IHC, Cat: 97,585, CST, USA), F4/80 (1:250,
Cat: 70,076, CST, USA), Collal(1:100, Cat: SA2005, Boster,
China), Runx?2 (1:200, Cat: ab76956, Abcam, USA), CD146
(1:100, Cat: A13927, ABclonal, USA), CDS83 (1:100, Cat:
A2040, ABclonal, USA), CD40 (1:100, Cat: A0218, ABclonal,
USA), iNOS (1:100, Sant Cruz, USA.), Argl (1:150, Cat:
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A11925, ABclonal, USA), CD3 (1:100, Cat: PBO112, Boster,
China). For IF staining, the anti-mouse, goat and rabbit sec-
ondary antibodies with red and green fluorescent markers were
bought from Abbkine (USA), respectively. The DAPI dye
(Zhongshan Biotechnology, Ltd, China) stained nucleus of cells
in tissue and cells. For the IHC staining, the 3,3-diaminobenzi-
dine tetrahydrochloride (Zhongshan Biotechnology, Ltd, China)
was used to visualized color development. The images of all
stained sections were captured with an Olympus DP72 micro-
scope (Olympus Corporation, Japanese). For the calculation
method of osteogenic area and positive cells expression cells
in the images, we selected five random repetitions around the
biomaterials, finally analyzed the number of osteogenic areas
or positive cells with these five repetitions.

2.6 Cell Culture and Osteogenic Induction

RAW264.7 and DC2.4 cells were routinely cultured in
DMEM (10% fetal bovine serum) at 37 °C with 5% CO,.
Osteogenic inducing medium was composed of a-MEM,
10% FBS, 100 U mL! penicillin, 100 pg/mL streptomycin,
p-glycerophosphate (10 mM), L-ascorbic acid (50 pg mL™1)
and dexamethasone (10 nM). 1 x 10° cells of RAW264.7 or
DC2.4 were cultured with 2.5 mg scaffolds for 24 h and then
the relevant tests were performed.

2.7 Alizarin Red (AR) S Staining

It was carried out to evaluate the mineralization level of extra-
cellular matrix. PBS were used to washed twice, fixed in 4%
formaldehyde for 10 min at 26 °C, then stained with 0.1%
Alizarin red S staining solution (1 h 37 °C pH=4.2) and stop
the reaction with distilled water three times. Finally, the images
were taken by microstructures under optical microscope.

2.8 RNA Extraction and RT-qPCR

In the light of the protocol of the manufacturer, extracted
total RNA with Trizol reagent (TriPure Isolation Reagent,
Roche Applied Science, Germany). The concentration of
the total RNA was measured by Nanodrop2000 equip-
ment (Thermo Fisher Scientific Inc., USA). The synthe-
sized cDNA and RT-qPCR using PrimeScript RT-PCR Kit
(TaKaRa, Japan) with reference to the protocol of TaKaRa.
The primer sequences of target genes are shown in Table S1.

© The authors

2.9 Characterization and Synthesis of GNCs

As described in our previous study, GNCs were then syn-
thesized utilizing a modified galvanic replacement reaction
system [28, 29]. By measuring the ultraviolet (UV)-visible
absorption spectrum of the sample extracted from these solu-
tions, the degree of substitution can be lightly monitored until
the absorption peaks are approximately 690 and 808 nm. The
surface of GNCs was conjugated with thermally responsive
1-tetradecanol, whose conformation can be changed under the
temperature variations. The different localized surface plas-
mon resonance (LSPR) peaks increase the surface tempera-
ture of the 690 or 808 nm GNCs. When heated above the low
critical solution temperature (LCST) of 1-tetradecanol, the
pores on the GNCs were exposed, causing the drug to release
from the interiors [30, 31]. The 690 and 808 nm GNCs were
maintained at 4 °C Then, the IL-4 (Cat: 214-14-50, Pepro-
Tech, USA) or DXMS (Cat: 1042-1G, Biovision, USA) was
loaded into the GNCs through the phase change method (IL-
4: 690 nm GNCs; DXMS: 808 nm GNCs) [28]. The GNCs
carrying IL-4 or DXMS were then obtained through centrifu-
gation. The GNCs were preserved in 4 °C for further use.
Scanning electron microscope (SEM, Hitachi, Japan) was
used to show the morphology of GNCs. The hydrodynamic
diameters and the zeta potentials of both groups were exam-
ined by dynamic light scattering at room temperature. The
UV-visible absorption spectra were recorded by a dual beam
spectrophotometer (TU-1901, China) with the wavelength
range from 400 to 900 nm at room temperature.

2.10 Far-red and NIR Triggered Drug Release

To detect the drug release of 690 and 808 nm GNCs, we
use fluorescein methylene blue (MB) as a model drug to
load into GNCs. 690 nm far-red or 808 nm NIR controlled
release of load model fluorescein MB. 1 mL 690 or 808 nm
GNCs was exposed to irradiation for 4 min, 4 times repeat-
edly. The power density of irradiation was 1.0 W cm™2. The
fluorescein MB released was detected with a fluorescence
spectrometer to accurately monitor the release kinetics.
Before the two kinds of GNCs were irradiated together
with 690 nm far-red and 808 nm NIR, we used Rhodamine
B as another model drug to load into 808 nm GNCs. 1 mL
690 or 808 nm GNCs was exposed to irradiation for 15 min.

The power density of irradiation was 1.0 W cm ™.

https://doi.org/10.1007/s40820-020-00540-z
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2.11 Photothermal Behavior of GNCs

A concentration of 20 ug mL~! 690 or 808 nm GNCs was
measured under the wavelength of 690 and 808 nm, in which
the different power is 1.0, 2.0 and 3.0 W cm~2. In addition,
PBS was used as a control. In vivo, the hind limbs of mice
were shaved; 0.1 mL suspension of 690 or 808 nm GNCs
was injected into the deep part of the gastrocnemius muscle
of mouse, which was consistent with the depth of biomateri-
als’ implantation. The 690 and 808 nm diode laser system
(BWT Beijing Ltd, Beijing, China) were used to irradiated
(1.0 W cm™2 power density) on the surface of injected site.
At the same time, the FLIR A65sc Test Kit (FLIR Systems,
Inc. USA) was used for thermal imaging recording and tem-
perature detection.

2.12 In Vitro Cytotoxicity Experiments

RAW264.7 were employed to investigate the biocompat-
ibility of the BCP-GNCs. Cells were co-cultured with the
GNC:s solutions in different concentrations (0, 5, 10, 20,
50 and 100 pg mL~") for about 72 h. Then, cell counting
kit (CCK)-8 was added and the samples were kept 1.5 h in
the incubator. Cell viability was assessed by measuring the
absorbance at 450 nm using a micro-plate reader (Spectra
Max M2, MDC, USA).

2.13 Characterization and Synthesis of BCP-GNCs

The ceramics were synthesized by the wet chemical pre-
cipitation method [32]. The BCP ceramics were made with
a HA/beta-tricalcium phosphate (f-TCP) ratio of 60/40
through sintering at a temperature of 1100 °C. The 690 nm
GNCs loaded with IL-4 and 808 nm GNCs loaded with
DXMS were incubated with BCP for 12 h at 4 °C. Finally,
air-dry at room temperature to obtain BCP-GNCs. Each
2.5 mg of BCP is combined with 600 ng 690 nm GNCs and
600 ng 808 nm GNCs. Scanning electron microscope (SEM,
SU7000, Hitachi, Japan) was used to show the morphology
of BCP and BCP-GNCs.

2.14 Model of Skeletal Muscle Implant Material in vivo

Mice were anesthetized by intraperitoneal injection of 1%
sodium pentobarbital and then disinfected in the surgical field.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

The epidermis and muscle were cut out from the outside of
the soleus muscle of the hind leg of the mouse and the wound
was unified by 1 cm; 2.5 mg of materials (BCP, g-TCP or
BCP-GNCs) was implanted in the middle third of the gastroc-
nemius muscle bundle and the wound was sutured. In the mice
implanted with BCP-GNCs, 690 nm light was used to stimu-
late the release of IL-4 at 1, 2 and 3 days after implantation;
808 nm light was used to stimulate the release of DXMS at 4,
5 and 6 days after implantation. Light was irradiated on the
surface of mice at the surgical site, centered on the implanted
BCP-GNCs, with an area of 1 cm?, a power of 1.0 W and each
time of 3 min. The 690 and 808 nm diode laser system were
used for the above solutions. When taking the material, the
model mice were first euthanized by carbon dioxide treatment
and then the middle third of the soleus muscle was taken for
tissue embedding or single cell preparation.

2.15 Statistical Analysis

All experiments in vitro were repeated three times and there
were at least three replicates in each group. In all animal exper-
iments, female mice aged 6—8 weeks were randomly selected
as the corresponding treatment group. Each group consisted
of 5-6 mice and performed 2—3 independent experiments. The
data were expressed as the mean + standard deviation. The
semi-quantification data were tested by Bartlett’s and Kolmog-
orov—Smirnov tests for homogeneity and normal distribution.
Significant differences among each group were evaluated by
One-way ANOVA and a post hoc ¢ test. P <0.05 were con-
sidered as statistical significance. All statistical analyses were
done through the GraphPad Prism software 7.0 (GraphPad,
San Diego, CA, USA).

3 Results and Discussion

3.1 Mesenchymal Stem Cell (MSC) Recruitment
and Osteoblast Differentiation in New Bone
Formation with BCP

Calcium phosphate (CaP) materials are similar in com-
position to the inorganic component of bone. Due to their
great bioactivity, biocompatibility and osteoconductivity,
CaP materials including hydroxyapatite (HA), alpha- and
beta-tricalcium phosphate (a-TCP and -TCP, respec-
tively) and BCP are clinically used as graft materials in
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bone bioengineering [33]. However, these materials lack
osteoinductivity unless osteogenic agents are added to
the graft material before implantation [34, 35]. Among
these CaP materials, f-TCP is composed of a single f-TCP
phase, whereas BCP comprises HA and g-TCP in a 60/40
ratio. In BCP, HA is the more stable phase, while g-TCP
is the more soluble phase [36, 37]. Due to the diphasic
composition of BCP, we speculated that it would exhibit
better stability as a scaffold compared to f-TCP while also
providing sufficient degradation to provide space for the
growth of cells and proteins [36, 38]. Therefore, we expect
BCP to show more active bone regeneration than -TCP
alone. Other factors, including surface topography, poros-
ity and particle size, may also affect the performance of
bone graft materials and were considered in this study
[39, 40].

Currently, ideal bone induction biomaterials are consid-
ered to exhibit three key characteristics [41]. First, they
should be able to recruit MSCs. Second, they should be
able to convert undifferentiated MSCs into mature osteo-
blasts. Finally, they should be able to induce endogenous
heterotopic bone formation in tissues other than bone. In
this study, we compared the ectopic bone formation abili-
ties of BCP and B-TCP in mouse skeletal muscle at four
and eight weeks after implantation (Fig. 1a). X-ray dif-
fraction (XRD) analysis confirmed that the two materials
were indeed BCP and -TCP (Fig. S1). Whether implanted
in vivo or cultured in vitro, both BCP and B-TCP were par-
ticles. The scanning electron microscopy (SEM) images
show that BCP and B-TCP possessed interlaced micro-
structured surfaces (1-2 pm) with epitaxial polygonal
surface structures and crater-like holes (Figs. 1b and S2).
To investigate the abilities of the two scaffolds to promote
ectopic bone formation, we implanted BCP and S-TCP into
mouse skeletal muscle without loading cytokines. Four
weeks after implantation, Masson staining and hematoxy-
lin and eosin (H&E) staining revealed significant new bone
formation in the BCP-implanted area. In contrast, no obvi-
ous new bone was found around the -TCP-implanted area,
even at eight weeks after implantation (Figs. 1c, d and S3).
In this study, the osteogenic area of BCP ceramic was the
centers of the pores of BCP rather than the pore walls, as
is typically the case [42]. This may be related to the sur-
face porosity and degradation of the BCP synthesized in
this study. Figure S2 shows that our BCP ceramic had low
porosity and shallow pores. These shallow pores required
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further degradation to form deeper pores that facilitate the
penetration and growth of cells and molecules. Therefore,
the new bone was formed in the centers of the pores. In
addition, histological staining indicated that the new bone
was immature bone or osteoid. This may be related to the
porosity, particle size and/or surface topography of BCP,
which all play key roles in its osteoinduction [40].

Although Masson staining and H&E staining indicated
that the new bone area was immature bone or osteoid, the
markers of MSCs and osteoblasts were detected by immuno-
histochemistry (IHC) staining. The key factors determining
the osteoinductive effects of biomaterials are the recruitment
and osteogenic differentiation of host MSCs [41]. When the
tissue is pathologically damaged, resident MSCs, many from
the bone marrow, will be recruited to the injured area and
then differentiate into osteoblasts for bone regeneration. In
this process, osteoinductive biomaterials provide spaces for
MSC growth and absorb endogenous growth factors to pro-
mote the recruitment and osteogenic differentiation of MSCs
[41]. Here, IHC staining demonstrated that the recruited cells
obviously expressed CD146 (the surface markers for MSCs)
along with Runx2 and Collal (markers for osteoblasts) in the
implant area at 4-8 weeks after implantation in the BCP group
(Figs. 1c, e and f). In summary, compared to f-TCP, BCP had
a stronger ability to promote the osteogenic differentiation of
MSC:s, consistent with our previous findings [43].

Increasing evidence [2—4, 44] suggests that the immune
microenvironment can affect the behavior of MSCs. Osteo-
immunomodulation theory suggests that the interactions
between immune cells and MSCs affect new bone forma-
tion. In addition, immune response occurs before the bone
formation process, indicating that immune cells are involved
in the regulation of biomaterials. Therefore, investigating
the immunomodulatory effects of osteoinductive materi-
als is a promising direction to uncover the mechanism of
biomaterial-induced bone formation.

3.2 BCP-Induced MSC Osteogenic Differentiation
by Promoting M2 Macrophage Polarization

Macrophages, which are the most important innate immune
cells, are regulated by damage signals or foreign body immu-
nogens. In addition to playing an important role in the initial
natural immune response, macrophages also play a key regu-
latory role in the tissue repair phase. Moreover, the type of

https://doi.org/10.1007/s40820-020-00540-z
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Fig. 1 a Schematic diagram of BCP and S-TCP implantation and new bone formation. b Scheme, morphology and nanostructure of BCP and
P-TCP observed by SEM. ¢ Masson staining and IHC staining (CD146, Runx2 and Collal: MSC and osteoblast markers, red arrow) of implant
area of BCP and f-TCP in vivo after 4 weeks (4 W) and 8 weeks (8 W) (the red dash line shows the new bone formation area; NB, new bone; M,
material. Scale bar =100 pm). d—f Semiquantification of new bone area and positively stained cells in (d). n=5, ****P <(0.0001

macrophage polarization during the innate immune response
determines the roles of the macrophages in tissue repair
[8-10], indicating that macrophage polarization during the
innate immune response is critical for the regulation of osteo-
genesis. Recent studies have shown that macrophages undergo
two major types of polarization: M1 polarization promotes
inflammation, while M2 polarization induces tissue regen-
eration [8—10]. M1 macrophages can release inflammatory
factors, including tumor necrosis factor @ (TNF-a), IL-6 and
IL-14, which contribute to tissue inflammation and osteoclast

SHANGHAI JIAO TONG UNIVERSITY PRESS

formation and are unhelpful for bone formation. In contrast,
M2 macrophages can produce transforming growth factor
(TGF-p), IL-10 and arginase-1 (Argl), which are involved in
tissue repair and can promote osteogenesis. To explore the role
of macrophages in the process of biomaterial osteoinduction,
macrophage polarization and MSC osteogenic differentiation
were detected after BCP and f-TCP scaffolds were implanted
into mouse skeletal muscle (Fig. 2a). Two weeks after implan-
tation, the total macrophages (F4/80+and CD11b+) around
the two scaffolds, as determined by flow cytometry (FCM),
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were not significantly different. However, the proportion of M1
macrophages (CD206~ and MHC I1"'#") in the BCP group was
significantly lower than in the -TCP group, while the propor-
tion of M2 macrophages (CD206+and MHC II') was two
times higher (Fig. 2b, ¢). The FCM gating strategy used in this
study is shown in Fig. S4. IHC staining of the scaffolds and
surrounding areas also indicated that the total macrophages
(F4/80+) did not differ significantly between the groups at
four weeks after implantation. The expression of M2 mac-
rophage marker (Argl +) was two times higher in the BCP
group than in the S-TCP group, while the expression of M1
macrophage marker (iNOS +) was mostly attenuated (Fig. 2d,
e). The immunofluorescence staining of macrophages co-cul-
tured with BCP or #-TCP in vitro confirmed the above find-
ings (Fig. 2f, g). Under BCP stimulation, higher expressions
of M2 polarization-related mRNA (Argl and IL-10) and lower
expressions of M1 polarization-related mRNA (TNF-a and
iNOS) were found compared to f-TCP (Fig. 2h). These results
confirm that compared to f-TCP, BCP had a better ability to
promote the M2 polarization of macrophages and inhibit M1
polarization, which inhibits inflammation and promotes bone
formation, consistent with our previous study [43]. Chen and
colleagues also found that compared to f-TCP, BCP upregu-
lated the expression of M2 macrophage marker CD206 in vitro
and increased the number of Argl +M?2 macrophages in vivo
[42]. These and our results both suggest that BCP can promote
the M2 polarization of macrophages to a greater extent than
P-TCP. The development of M1 macrophages and long-term
inflammation could lead to abnormal tissue repair. However,
the initial inflammatory and M1 macrophages may also pro-
mote the recruitment of MSCs and vascular progenitor cells
during tissue regeneration. This program is activated by C—C
motif chemokine ligand 2 (CCL2), CXC chemokine ligand 8
(CXCLB) and stromal cell-derived factor 1 (SDF-1), which are
secreted by activated M1 macrophages [45].

To further investigate whether BCP can promote MSC dif-
ferentiation into osteoblasts through M2 macrophages, we co-
cultured macrophages with BCP or #-TCP for 24 h and then
collected the supernatants for incubation with MSCs. MSCs
with the leachate alone were used as a control. After 14 days
of incubation, the cells were stained with alizarin red and the
osteogenic differentiation of the MSCs was assessed based on
the morphologies of the deeply stained mineralized nodules.
The mRNA expressions of the osteogenic genes alkaline phos-
phatase (ALP), osteocalcin (OCN), runt-related transcription
factor 2 (Runx2) and osterix (Osx) were detected by real-time
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quantitative polymerase chain reaction (RT-qPCR). Based on
the alizarin red staining results, the BCP+RAW?264.7 group
had more mineralized nodules than other groups, while no
difference in mineralized nodules was observed between the
BCP and S-TCP control groups that were not co-cultured with
RAW?264.7 cells (Fig. 2i, j). The RT-qPCR analysis showed
high levels of mRNA expression in the osteogenic genes ALP,
OCN, Runx2 and Osx in the BCP+RAW264.7 group (Fig.
S5). These findings further demonstrate that BCP promoted
the M2 polarization of macrophages, which in turn promoted
MSC osteogenesis. This may be due to the secretion of some
anti-inflammatory factors and growth factors (e.g., IL-10 and
TGF-f) from M2 macrophages, which positively affect stem
cell recruitment and differentiation [46]. In conclusion, the
results of both in vivo and in vitro studies demonstrated that
BCP can activate M2 macrophage polarization, thereby pro-
moting the osteogenic differentiation and mineralization of
MSCs and subsequently enhancing new bone formation.

3.3 BCP Reduced T Cell Proliferation and Activation
by Inhibiting DC Maturation

In addition to innate immunity, adaptive immunity is also
important in tissue regeneration. Although initially viewed
as having a secondary role in tissue regeneration, the adap-
tive immune response was recently reported to play a cru-
cial role in tissue repair and regeneration, particularly with
respect to T cell activity [47-49]. One possible explana-
tion for this is that the adaptive immune response overlaps
temporally and spatially with MSC recruitment and differ-
entiation, which generally occur in the timeframe of one
week to months after biomaterials implantation and are
co-located in the damaged area [50]. This spatial and tem-
poral overlap ensures the interaction of adaptive immune
cells (especially T cells) with stem cells. Researchers in
the fields of regenerative medicine and materials science
believe that an excessive and prolonged adaptive immune
response (excessive T cell activation and proliferation) is
detrimental to tissue regeneration and reduces the biocom-
patibility of biomaterials, leading to failed regeneration or
foreign body rejection [50]. Notably, as a bridge between
innate and adaptive immunity, DCs play a dominant role
in adaptive immune response. When a biomaterial con-
tacts blood or interstitial fluid, proteins and other macro-
molecules directly adsorb onto the biomaterial surface.

https://doi.org/10.1007/s40820-020-00540-z
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These proteins may be foreign substances or autoantigens.
Regardless of the source, they can directly activate DCs
or be processed and expressed by DCs, thereby triggering
an adaptive immune response [50]. These stimuli include
the deposition of complement 3 (C3) on the biomaterial
surface and the release of soluble danger signals during the
death of necrotic cells caused by injury (e.g., DNA, RNA
and HMGBJ1) [51]. To explore the role of DCs in the adap-
tive immune response of implanted biomaterials, DC matu-
ration along with T cell proliferation and activation were
evaluated after BCP and f-TCP were implanted into mouse
skeletal muscle (Fig. 3a). At two weeks after implantation,
FCM analysis showed that the BCP-implanted area con-
tained three times fewer DCs (CD11c + and IA/IE +) than
the p-TCP-implanted area and the degree of DCs matura-
tion (CD86) was significantly lower in the BCP group than
in the -TCP group (Fig. 3b, c).

The IHC staining of the scaffolds and surrounding areas
indicated fewer mDCs (CD11c+, CD83 + and CD40 +)
around BCP compared to around S-TCP at four weeks after
implantation (Fig. 3d, e). This finding is consistent with
the immunofluorescence staining results of DC2.4 cells co-
cultured with BCP and g-TCP in vitro (Fig. 3f, g). Under
BCP stimulation, the expressions of mDC-related mRNA
(MHC II, CD86, CD40 and IL-12) were restrained com-
pared to S-TCP (Fig. 3h). These results confirm that BCP
inhibits DC maturation both in vivo and in vitro. DCs can
be regulated by the physicochemical properties of bioma-
terials through an immune recognition/sensing mechanism
involving multiple toll-like receptor (TLR)/myeloid differ-
entiation factor 88 (MyD88)-dependent signaling pathways
(particularly TLR2, TLR4 and TLR6). The interaction of
TLRs with biomaterials can induce the expression of mDC
markers and pro-inflammatory factors (e.g., IL-1p, IL-6,
TNF-a and IL-12), which gives DCs the ability to activate
T cells [52].

To further investigate whether BCP affects T cell
responses through DC maturation, we used the two scaffolds
to stimulate co-cultured systems of DCs and T cells for 24 h.
We then collected the mixed cells to label T cells (CD3 +)
along with their proliferation marker (Ki67) and activation
marker (IFN-y). FCM was used to detect the differences
in T cell proliferation and activation. T cells with scaffold
supernatant alone (no DCs) were used as the control. The
results show that T cells without DCs exhibited lower pro-
liferation ability and activation status, with no difference
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observed between the two biomaterials. In the presence of
DCs, the p-TCP group showed stronger T cell proliferation
and activation than the BCP group (Fig. 3i-1). IHC staining
after 4 weeks (4 W) implantation revealed fewer CD3+ T
cells around BCP than around f-TCP (Fig. S6). These results
indicate that BCP reduced the proliferation and activation
of T cells by inhibiting the maturation of DCs. Thus, BCP
controlled the microenvironment to induce a low-intensity
adaptive immune response and provide a mild immune
microenvironment for new bone formation. These findings
are in agreement with reports that T cell subsets inhibit bone
regeneration during the fracture healing process. For exam-

ple, in Ragl™'~

mice (mouse models without functional T
cells or B cells), fracture healing accelerated [49] and effec-
tor memory CD8 + T cells secrete IFN-y and TNF-a to delay
bone formation and lengthen the fracture healing process
[47]. In conclusion, imDCs play a key role in BCP oste-
oinduction by inhibiting T cell proliferation and activation
to provide an adaptive immune environment that facilitates

osteogenesis.

3.4 Design and Characterization of the Dual-targeting
Nano-in-micro Scaffold (BCP-GNC)

Based on the above results, we designed a nanosystem for
controlled drug release that targets macrophages and DCs
to improve the osteoinductive effect of biomaterials by
modifying the innate immune and adaptive immune envi-
ronment. The designed system features dual-wavelength
photosensitive drug release to both promote macrophage
M2 polarization and inhibit DC maturation. We selected
IL-4 (a classic inducer of M2 macrophage polarization)
[14] to be released in the innate immune phase and DXMS
(an effective inducer of imDCs or tolerogenic DCs) [53]
for release in the later stage to inhibit DC maturation and
T cell activation. As shown in Fig. 4a, the dual-wavelength
photosensitive GNCs (690 nm GNCs and 808 nm GNCs)
were synthesized via current displacement reaction using
a silver nano-copper template. IL-4 was then loaded in the
690 nm GNCs, while DXMS was loaded into the 808 nm
GNCs. Finally, the two drug-loaded GNCs were assembled
with the BCP scaffold to create the dual-targeting nano-in-
micro scaffold (i.e., BCP-GNC). The transmission electron
microscopy images of the GNCs in Fig. 4b show the porous
and hollow nanostructures of both GNCs. Dynamic light

https://doi.org/10.1007/s40820-020-00540-z
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scattering (DLS) measurements indicated that the hydrody-
namic diameters of the 690 and 808 nm GNCs were approxi-
mately 135 nm. The surface zeta potential of the 690 nm
GNCs was more negative than that of the 808 nm GNCs
(Fig. 4c). GNCs have shown good biocompatibility, which
is a fundamental criteria for a drug delivery platform [54].
When used in vivo, the GNCs will remain in the body for a
certain time before and after the drug is released. The bio-
compatibility of the GNCs in this study was evaluated by
CCK-8 assay. Cell viability was not significantly affected
when the GNC concentration was lower than 20 pg mL™";
however, at concentrations at or above 50 pg mL~!, cell
death reached approximately 40% (Fig. S7). The ultra-
violet—visible (UV—-Vis) absorption spectra confirmed
the characteristic peaks of the GNCs at 690 and 808 nm
(Fig. 4d), indicating that the GNCs should release the two
drugs independently at the two wavelengths. To verify the
photothermal effect of the dual-wavelength photosensi-
tive GNCs, the temperature was controlled by varying the
powers of the 690 nm (far-red) and 808 nm (NIR) sources
from 1 to 3 W cm™2. The temperature of the 690 nm GNCs
under 690 nm far-red excitation increased from 25 to 48 °C
(Fig. 4e), while that of the 808 nm GNCs under 808 nm
NIR excitation increased from 25 to 58 °C (Fig. 4f). The
drug loading efficiencies in the 690 and 808 nm GNCs were
approximately 9.12% and 10.25%, respectively, while the
encapsulation efficiencies were approximately 73.59% and
70.82%, respectively. The photo-controlled release curves of
the two drug-loaded GNCs are similar to the photothermal
curves (Fig. 4g, h), demonstrating the desired photosensitive
drug release. To demonstrate the dual drug-release of 690
and 808 nm GNCs, we irradiated the two kinds of GNCs
together with 690 nm far-red for 15 min first and then with
808 nm NIR for 15 min later. The photo-controlled release
curves shown that 690 nm far-red light only has a significant
controlled release effect on 690 nm GNC:s in the first 15 min
and has a weak effect on 808 nm GNCs. However, 808 nm
NIR obviously stimulated the drug release of 808 nm GNCs
in the last 15 min (Fig. S8). To realize the sequential release
of IL-4 from the 690 nm GNCs followed by the release of
DXMS from the 808 nm GNCs, we clarified whether the
photothermal effect of the 808 nm GNCs could be activated
under 690 nm far-red irradiation in vivo. As expected, the
temperature of the 808 nm GNCs irradiated with 690 nm
far-red light only reached 34.4 °C, much lower than that of
the control groups (43.0 °C for the 690 nm GNCs irradiated
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with 690 nm far-red light and 42.1 °C for the 808 nm GNCs
irradiated with 808 nm NIR light; Figs. 41, j). Thus, 690 nm
far-red irradiation had little effect on the 808 nm GNCs. In
Fig. 4i, the experiments were done in mouse. The 690 or
808 nm GNCs was implanted in the muscle. Hair removal
was performed on the body surface corresponding to the
implantation area of GNCs to avoid the interference of hair
on the thermal imager. Although animal experiments in mice
are close to practical applications, there are still differences
in external temperature, surface temperature and deep tissue
temperature in mouse. Therefore, the experiments performed
at a constant 37 °C would be expected to be realized in the
future. Finally, the two successfully validated GNCs were
assembled with the BCP scaffold. The SEM images of BCP-
GNC demonstrate the successful loading of the GNCs onto
the BCP scaffold (Fig. 4k). After immersion in simulated
body fluid (SBF) for 7 d, the stability of BCP-GNC was
again confirmed by SEM. The results indicate that a large
amount of GNCs remained on the surface or inside of BCP
after immersion in SBF (Fig. S9). Thus, BCP-GNC was suc-
cessfully constructed for subsequent studies. A photograph
of BCP before loading with GNCs is also shown in Fig. S10.

3.5 Controlled Release of IL-4 and DXMS Improves
New Bone Formation by Promoting M2
Macrophages and imDCs

In order to visually detect the dual controlled release effect
of 690 and 808 nm GNC, we used two fluorescein alterna-
tive drugs in the initial experiment. Although this method
can dynamically monitor the dual release of drugs through
the wavelength range of fluorescence, fluorescein alterna-
tive drugs are not actual therapeutic drugs and may have
deviations in accuracy. Therefore, we further explored the
biological effects of IL-4 and DXMS in vitro and in vivo.
To validate the effects of BCP-GNC on macrophages and
DCs, we investigated macrophage polarization under IL-4
stimulation and DC maturation under DXMS stimulation.
The IL-4 was released from the BCP-GNC by 690 nm far-
red and the DXMS was released by 808 nm NIR (Fig. 5a).
In vitro studies revealed that IL-4-released BCP-GNC
favors the M2 polarization of macrophages (red-Argl) over
the M1 polarization (green-iNOS). DXMS-released BCP-
GNC decreased the expressions of mDC markers (CD83
and CDA40; Fig. 5b—d). This confirmed that IL-4 and DXMS
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can successfully induce M2 macrophage polarization and
reduce the maturation of dendritic cells in the BCP-stimu-
lated immune cell environment.

We then used the ectopic bone formation model to inves-
tigate the effects of BCP-GNC on immune regulation and
osteogenesis in vivo. Before application, we evaluated the
biosafety of photothermal treatment since excessive tem-
peratures may cause irreversible damage to tissues. First,
we recorded the extreme temperatures generated by irra-
diation at different powers (1.0 and 2.0 W cm™2). At the
power of 1 W cm™2, the maximum temperatures induced by
690 nm far-red and 808 nm NIR irradiation were approxi-
mately 42.0 and 43.1 °C, respectively; at 2.0 W cm~2, the
corresponding maximum temperatures were approximately
46.2 and 50.3 °C, respectively. According to the recom-
mended temperature for conventional photothermal therapy,
the overall temperature of the tissue should be maintained
between 42 and 45 °C. If the temperature exceeds 45 °C, the
nearby normal tissue and drugs will be damaged through
heat transfer, causing side effects and inhibiting the thera-
peutic effect [55]. In particular, IL-4, which was loaded in
the 690 nm GNCs in this study, is likely to lose activity
at high temperature. Thus, we selected 1.0 W cm™2 as the
in vivo irradiation power to control the maximum tempera-
ture of the 690 nm GNCs to around 42 °C, although the
activity of IL-4 may decrease slightly at this temperature.
To achieve the immune regulation and osteogenesis effects
of BCP-GNC:s in vivo after implantation, BCP-GNCs were
set to release IL-4 (targeting macrophages) during the
innate immune response phase (0-3 days after implanta-
tion) followed by DXMS (targeting DCs) during the DC-
activate T cells phase (4-7 days after implantation) [50].
After the BCP-GNCs implanted into the mouse, the time
course of irradiations were executed following the flow-
chart (Fig. 5e). In vitro experiments (Fig. 4g, h), 690 and
808 nm GNC have reached the limit of drug release after
12 min irradiation. Continuing irradiation for a period of
time did not significantly increase their drug release. In
Fig. 5e, 690 nm far-red and 808 nm NIR were performed 4
times in vivo. To ensure sufficient drug release for 4 times,
we determined that the time of each irradiation is 3 min
in vivo. At 4 weeks after implantation, IHC staining showed
stronger expressions of total macrophage marker (CD68),
M2 macrophage marker (Argl), MSC marker (CD146) and
osteoblast markers (Runx2 and Collal) around BCP-GNC
as well as lower expressions of M1 macrophage marker
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(INOS), DC activation markers (CD83 and CD40) and T
cell marker (CD3; Figs. 5f—k and S11-S13). Considering
that the release times of IL-4 and DXMS by BCP-GNCs
were much earlier than 4 weeks, we performed the polariza-
tion of macrophages after the release of IL-4 (at day 4) and
the maturation of DCs after the release of DXMS (at day 7).
The THC staining for macrophages showed that Argl was
high expression in BCP-GNC group at day 4 (Fig. S14).
For DCs, CD40 was low expression in BCP-GNC group at
day 7 (Fig. S15). These results benefit to clarify the effect
of dual drug release (IL-4 and DXMS) on M2 macrophages
and imDCs. Moreover, H&E and Masson staining showed
more new bone formation in the BCP-GNCs group than
the BCP-Con group (Fig. 51, m). In conclusion, there is an
important effect of osteoimmunomodulation on osteoinduc-
tion during biomaterials implantation. BCP-GNC improved
the local immune microenvironment through the controlled
release of two drugs, resulting in stronger M2 polarization
and weaker DC maturation to promote new bone formation.

3.6 Impairing New Bone Formation by Macrophage
Depletion and Promoting DC Depletion

To further confirm the important roles of macrophages and
DCs in the osteoinduction of biomaterials, we depleted
mice mononuclear/macrophages and DCs through clo-
dronate liposome injection and the use of CD11¢c-DTR mice
models, respectively. To deplete early macrophages, which
play an important role in the early-stage innate immune
response, clodronate liposomes were injected two days (—2
d) prior to the implantation of BCP and lasted until one
day (1 d) after implantation (Fig. 6a). The H&E and Mas-
son staining of tissues surrounding BCP at four weeks after
implantation revealed that the depletion of macrophages
inhibited the heterotopic ossification ability of BCP. IHC
staining showed that the expressions of M2 macrophage
marker (Argl) and osteoblast markers (Runx2 and Collal)
were significantly attenuated in the macrophage depletion
group than PBS group (Fig. 6b—g). This was supported by
previous reports that macrophage depletion inhibited the
recruitment of MSCs and reduced MSC-mediated tissue
regeneration [46]. In summary, the lack of macrophages
during immune response can impair biomaterial-mediated
osteogenesis. It is worth noting that clodronate liposomes
deplete all phagocytes, including monocytes, neutrophils
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and mast cells, in addition to macrophages. These phago-
cytes also participate in the early inflammation responses of
biomaterials. In addition, the effect of clodronate on osteo-
clasts may directly affect the bone regeneration of bioma-
terials. Although this scheme for depleting macrophages
in vivo may create unpredictable interfering effects, the
validity of studying macrophages using this scheme is
widely recognized [56-58].

To deplete DCs during the important stage of DC-active
T cells (days 4-7), DT was injected into CD11c-DTR mice
on the third day after BCP implantation (Fig. 6h). At four
weeks after implantation, the H&E and Masson staining of
tissues surrounding BCP revealed that the depletion of DCs
promoted heterotopic ossification. IHC staining showed
that the expressions of T cell markers (CD3) and osteoblast
markers (Runx2 and Collal) were significantly enhanced
in the DC-depleted group than PBS group (Fig. 6i—n).
Previous studies found that the depletion of DCs impeded
T cell activation and adaptive immune response, which
reduced inflammation and provided a facilitative micro-
environment for bone regeneration [59]. Another study
found that imDC induced the differentiation of native T
cells into Treg cells, which secreted large amounts of TGF-
t to accelerate tissue regeneration [60, 61]. In summary, the
lack of macrophages during immune response impaired
biomaterial-mediated osteogenesis, whereas the lack of
DCs promoted it.
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Notably, the immune response after the implantation
of a biological material includes both innate and adaptive
immune responses but may not be limited to the responses
of macrophages and DCs. Evidence suggests that the infil-
tration of neutrophils and monocytes around biomaterials
occurs in the early stage after implantation and can be regu-
lated by biomaterials to induce MSC recruitment, angiogen-
esis and bone regeneration [62].

4 Conclusions

This study elucidated the immunological mechanism by
which BCP promotes new bone formation. We first dem-
onstrated the dual role of BCP in osteoinduction; BCP both
promotes M2 macrophage polarization and inhibits DC
maturation, leading to enhanced MSC osteogenic differentia-
tion and the inhibition of T cell activation. Considering the
important roles of macrophages and DCs in the osteoinduc-
tive process of biomaterials in multiple physiological stages
(during the innate immune response, adaptive immune
response and bone regeneration), we designed BCP-GNC,
a dual-targeting nano-in-micro scaffold, to modulate mac-
rophages and DCs. BCP-GNC improved the local immune
microenvironment through the controlled release of IL-4 and
DXMS. BCP-GNC enhanced M2 polarization by releasing
IL-4 in the early stage after implantation and inhibited DC
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maturation by releasing DXMS in the later stage, thereby
promoting new bone formation (Fig. 7). The findings pro-
vide a new immunological approach to biomaterial-mediated
bone regeneration along with a strategy to overcome chal-
lenges in bone tissue engineering by precisely regulating
innate and adaptive immune responses.
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