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ABSTRACT: The host immune response to bone bio-
materials is vital in determining scaffold fates and bone
regeneration outcomes. The nanometer-scale interface of
biomaterials, which independently controls physical inputs
to cells, regulates osteogenic differentiation of stem cells
and local immune response. Herein, we fabricated
biomimetic hierarchical intrafibrillarly mineralized collagen
(HIMC) with a bone-like staggered nanointerface and
investigated its immunomodulatory properties and mesen-
chymal stem cell (MSC) recruitment during endogenous
bone regeneration. The acquired HIMC potently induced
neo-bone formation by promoting CD68+CD163+ M2
macrophage polarization and CD146+STRO-1+ host MSC
recruitment in critical-sized bone defects. Mechanistically,
HIMC facilitated M2 macrophage polarization and
interleukin (IL)-4 secretion to promote MSC osteogenic
differentiation. An anti-IL4 neutralizing antibody significantly reduced M2 macrophage-mediated osteogenic differ-
entiation of MSCs. Moreover, HIMC-loaded-IL-4 implantation into critical-sized mandible defects dramatically enhanced
bone regeneration and CD68+CD163+ M2 macrophage polarization. The depletion of monocyte/macrophages by
clodronate liposomes significantly impaired bone regeneration by HIMC, but did not affect MSC recruitment. Thus, in
emulating natural design, the hierarchical nanointerface possesses the capacity to recruit host MSCs and promote
endogenous bone regeneration by immunomodulation of macrophage polarization through IL-4.
KEYWORDS: biomimetic nanointerface, osteoimmunomodulation, macrophage, mesenchymal stem cells, interleukin-4,
endogenous bone regeneration

Biomaterials have been developed in response to an
inadequate supply of organs and tissues in massive bone
defects secondary to traumatic, congenital, and post-

oncologic deformities.1,2 Successful biomaterial-mediated bone
regeneration depends on complex biomaterial−host interac-
tions involving the immune response and stem cell recruitment

and differentiation.3 After biomaterial implantation, the host
reactions initiate with innate immune system activation. The
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Figure 1. Physiochemical properties of mineralized collagen. (A) Scheme, gross morphology, and nanostructure of scaffolds. HIMC showed a
bone-like staggered nanotopography with distinct D-periods (white open arrowheads). Pointers: HA clusters. Black open arrowheads:
Unmineralized collagen. (B) Young’s modulus of NEMC and HIMC by AFM. Arrows: HA; white open arrowheads: D-periods. The different
lowercase letters indicate a significant difference between the two groups. (C) Micro-FTIR spectra and mappings of NEMC and HIMC. The
color scale indicates the spectral intensity.
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Figure 2. Endogenous bone regeneration by HIMC. (A) Schematic diagram of a bone defect and implantation. (B) Representative micro-CT
images of NEMC and HIMC post-implantation for 2 and 10 weeks. (C) BV and BV/TV analyses at 2 and 10 weeks. (D) H&E staining of the
engineered bone in rat mandibles at 2 weeks and 10 weeks. NB: Neo-bone (asterisks); S: scaffold (arrows); V: vessel (green circles). (E)
Semiquantification of de novo bone area in (D). (F) Representative immunohistochemistry staining of CD146, STRO-1, Runx2, and BMP2 in
defect areas. The HIMC group showed more CD146+STRO-1+cells and increased expression levels of Runx2 and BMP2 in the defect area at 2
and 10 weeks. (G) Semiquantification of positively stained cells in (F). (H) Representative immunohistochemical images of macrophage
polarization in defect areas. At each time point, an increased expression level of MCP-1 and an enhanced number of CD68+CD163+ M2
macrophages were observed in the HIMC group, whereas CD68+iNOS+ M1 macrophages were dominant in the NEMC group. (I)
Semiquantification of positively stained cells in (H). *: P < 0.05 versus NEMC, **: P < 0.01 versus NEMC, and NS: not significant.
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innate immune cell subsets are certified as key players in
biomaterial remodeling and a potential target for immune-
mediated bone regeneration.4−6

Among various innate immune cells, macrophages are one of
the most vital effectors in biomaterial-related immune reactions.
After in vivo implantation of biomaterials, macrophages are the
earliest cells recruited to the implant area. Also, the long-term
immune reactions to biomaterials are primarily determined by
macrophages.7 Adapting to variable microenvironments, macro-
phages tactically shift to the classically activated M1 phenotype,
or alternatively, the M2 phenotype, to mediate inflammation
and maintain tissue homeostasis, respectively.8,9 M1 macro-
phages intensify inflammation by producing cytokines such as
inducible nitric oxide synthase (iNOS) and tumor necrosis
factor (TNF)-α, whereas M2 macrophages facilitate tissue
healing by producing anti-inflammatory cytokines such as
arginase-1 (Arg-1) and interleukin (IL)-10.10 It has been
reported that the shift to a different macrophage polarization
may influence the outcomes of tissue regeneration after scaffold
implantation.11 A switch to M2 macrophage polarization is
judged to be a favorable adaptation.12 Furthermore, macro-
phages are essential for effective mineralization of osteoblasts
and in vivo bone formation by secreting osteoinductive factors,
such as transforming growth factor β and bone morphogenetic
protein 2 (BMP2).13,14 Given the importance of macrophages in
material-related immune response and bone formation, the
response of macrophages to biomaterial scaffolds has been
widely studied, in an attempt to resolve their osteoimmunomo-
dulatory properties.15

The role of biomaterial scaffolds, such as bone grafts, has
shifted from a biologically passive structural role to one in which
material properties, such as the surface topography and
chemistry, orchestrate bone regeneration by regulating stem
cells and the local microenvironment. This strategy relies on the
development of a target-specific biomaterial scaffolding system
that can mimic natural bone hierarchy and surface nano-
topography, to offer an appropriate microenvironment for
recruitment and differentiation of host cells. Surface nano-
topography of biomaterials, which potently manipulates physical
inputs to host cells, modulates osteogenic stem cell differ-
entiation and the local immune response, thereby determining
bone regenerative outcomes.16 Recently, we successfully
fabricated hierarchical intrafibrillarly mineralized collagen
(HIMC) by mimicking the surface chemistry and hierarchical
nanotopography of natural bone, using a biomimetic bottom-up
mineralization approach.17−22 This biomimetic hierarchical
nanointerface determines the mechanical properties of the
mineralized collagen19 and fate of stem cells20 and regenerates
neo-bone with a similar micro- and nanostructure to that of
natural bone.21,22 While the bone-like nanointerface has potent
osteoinductive properties, the underlying molecular mecha-
nisms that promote bone formation are not fully understood.
This study was aimed to investigate the mechanisms of
endogenous bone regeneration, with a focus on how the bone-
like nanointerface affects the local microenvironment. To this
end, we examined macrophage polarization induced by the
biomimetic hierarchical nanointerface and its association with
native osteo-related MSC recruitment.

RESULTS AND DISCUSSION
Biomimetic Hierarchical Nanointerface Assembly and

Characterization. The extracellular matrix (ECM) of native
bone consists mainly of collagen fibrils with nanohydroxyapa-

tites (nHAs) embedded in collagenous gap zones, resulting in
hierarchical intrafibrillar mineralization with a staggered
pattern.23 As such, mimicking the natural ECM is considered
as a promising strategy for developing ideal bone substitutes to
orchestrate the bone regeneration process, by regulating the
local microenvironment and promoting cellular interactions
with the ECM. Herein, emulating natural design, HIMC was
produced using a modified bottom-up approach with two steps
involving poly(acrylic acid)-calcium (PAA-Ca) precursor
preparation and hierarchical nanostructure assembly. The self-
assembly of tropocollagen molecules into fibrils and the
hierarchical arrangement of PAA-Ca in collagenous gap regions
occur simultaneously. In scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images, HIMC
showed a bone-like staggered nanotopography with nHAs
deposited mainly in the collagenous gap regions, leading to
obvious D-periodic banding patterns. The absence of PAA in the
mineralization solution resulted in hydroxyapatite (HA) cluster
formation, arranged randomly around the collagen fibrils; in
turn, this created extrafibrillarly mineralized collagen without a
bone-like hierarchical nanostructure (NEMC) (Figure
1A).17−19,21 This finding was further confirmed by atomic
force microscopy (AFM) results. The parallel-aligned HIMC
fibrils showed distinct D-periodic banding patterns and a higher
Young’s modulus from 5.76 to 10.89 GPa, whereas NEMC
fibrils were distributed irregularly with a lower modulus from
1.31 to 5.184 GPa (Figure 1B). It has been shown that
appropriate pore size and swelling ratio of a three-dimensional
(3-D) scaffold play important roles in cell attachment and
growth, and tissue formation.24 Under the same lyophilizing
condition, the acquired 3-DHIMC andNEMC showed a similar
porosity with interconnected pores of 154.2 ± 19.6 μm (Figure
S1). However, the water absorption capability of HIMC (26.43
± 3.93%) was much higher than that of NEMC (13.89 ±
2.49%), which was probably due to the fact that HA clusters on
the collagen surface in NEMC prohibited water absorption.
Furthermore, HIMC exhibited a better resistance toward cyclic
loads mimicking physiological conditions (Figure S2), whereas
NEMC collapsed when an uniaxial compression loads on.21

The chemical components and spatial mineral/matrix
distribution in mineralized collagen at the micron level were
measured by using a micro-Fourier transform infrared spectros-
copy (FTIR) (Figure 1C). Both HIMC and NEMC displayed
typical collagen (1577−1727 cm−1) and phosphate (900−1200
cm−1) peaks, an indication of similar chemical constituents. The
FTIR mappings showed a coincident spatial distribution of the
amide I and phosphate groups in HIMC, demonstrating that the
minerals deposited inside the collagen fibrils. In contrast, the
two chemical groups were distributed differently in NEMC,
which might indicate that the minerals were outside the fibrils
without a close chemical correlation to collagen. These findings
are consistent with SEM and TEM results. Furthermore, the
higher mineral/matrix ratio of HIMC indicated a higher level of
mineralization, which contributes to a higher Young’s modulus
for HIMC.

Increasing MSC Recruitment in Endogenous Bone
Regeneration by HIMC. To understand how the bone-like
hierarchy affects the local microenvironment and contributes to
endogenous bone regeneration, HIMC and NEMC scaffolds,
without xenogenous stem cells or cytokines loading, were
implanted into rat mandible defects (Figure 2A). Two weeks
after HIMC implantation, obvious neo-bone formation was
detected in the defect area, and at 10 weeks post-implantation,
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the neo-bone volume (BV) was increased dramatically. On the
contrary, limited neo-bone was regenerated in the defect margin
in the NEMC group at both 2 and 10 weeks (Figure 2B). In the
control group without implants, the defect area showed only a

slight change at the 2 and 10 week time points, indicating a
reliable animal defect model (Figure S3). Quantitative data
showed that the BV and ratio of BV to tissue volume (BV/TV)
in the HIMC group were significantly higher than those in the

Figure 3. Macrophage polarization in vitro. (A) Schematic diagram of biomaterial-mediated macrophage polarization. (B) Immunofluorescent
staining of macrophages with CD68 (green), CD163 or iNOS (red), and nuclei (blue) after 3 days seeded on NEMC and HIMC. The HIMC
group showedmoreCD68+CD163+M2macrophages, whereas CD 68+iNOS+M1macrophages were detected in theNEMCgroup. Scale bar = 5
μm. (C) Relative mRNA expressions of macrophage polarization-related genes at 3 and 7 days. M2 macrophage polarization-related anti-
inflammatory genes (IL-10, Arg-1) were significantly upregulated in the HIMC group at each time point. However, the M1macrophage-related
pro-inflammatory gene (IL-1β) expression level was much lower in the HIMC group. *: P < 0.05 versusNEMC, **: P < 0.01 versusNEMC. (D)
Flow cytometry showing an enhanced expression of the M2 macrophage marker CD163 and a decreased expression of the M1 macrophage
marker TNF-α in theHIMC+THP-1 group on day 3. (E)Morphology and nanostructure ofmacrophages seeded onNEMC andHIMCby SEM
and TEM. Red arrows: Vacuoles; yellow arrow: lysosome; blue arrow: primary lysosome; and green arrow: undegraded scaffolds. Scale bar = 10
μm for SEM and 1 μm for TEM.
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NEMC group at both time points (Figure 2 C). Consistent with
the radiographic results, hematoxylin and eosin (H &E) staining
revealed a large amount of fibrous bone with blood vessels in the
defect center of the HIMC group, whereas little neo-bone
formed in the defect margin in the NEMC and control groups
(Figure 2D,E).
Homing host stem cells to defect areas is a key factor for

successful bone regeneration. When bone tissue sustains
pathological injury, MSCs are the main stem cells mobilized
from the bone marrow and recruited to the lesion site, and then
differentiate into osteoblasts for bone repair.25,26 It has been
shown that osteoinductive biomaterials could adsorb endoge-
nous growth factors from blood circulation, which could in turn
promote MSC recruitment to regenerate new bone.27 Here,
immunohistochemistry staining demonstrated that the recruited
cells expressed both CD146 and STRO-1 (the surface markers
for MSCs) in the defect area at 2 weeks and lasted for 10 weeks
(Figure 2F,G). The number of CD146+STRO-1+ cells in the
HIMC group was significantly higher than that in the NEMC
group at both time points. Meanwhile, a large number of runt-
related transcription factor 2- (Runx2-, the principal osteogenic
transcription factor) and BMP2- (an inducer of osteogenic
differentiation) positive cells were observed in the defect area at
2 weeks and increased obviously at 10 weeks in the HIMC
group. Taken together, HIMC, compared with NEMC, is
capable of recruiting moreMSCs to promote osteogenesis in the
defect area, which is similar to our previous findings.28

Promoting M2 Macrophage Polarization in Endoge-
nous Bone Regeneration by HIMC. Growing evidence
suggests that the local microenvironment may influence host-
cell behavior and the pathological disease process. Uncontrolled
inflammation status, such as persistent macrophage activation,
plays a pivotal role in the pathogenesis of chronic inflammatory
diseases, which may also influence the immune-regulated
osteogenesis process and induce the development of bone
metabolism-related diseases such as osteoarthritis.29,30 Whether
the biomaterial scaffolds are capable of modulating the host
immune response to provide an appropriate microenvironment
for osteogenesis becomes vital in determining the quality and
efficiency of endogenous bone regeneration. Macrophages, a
major constituent of the innate immune system, act as a critical
role in the material-induced immune response; additionally,
their flexibility allows them to shift to different phenotypes
under specific microenvironments.29,31 After implantation of
HIMC as a bone graft, monocyte chemoattractant protein-1
(MCP-1) expression was enhanced at 2 weeks and lasted to 10
weeks, indicating immune cell recruitment to the defect area of
HIMC during the bone regeneration process (Figure 2H,I).
Moreover, large numbers of CD68+ (94.5 ± 3.7) and CD163+

M2 macrophages (67.6 ± 4.7) were observed in the HIMC
group at 2 weeks, whereas the number of iNOS+ M1
macrophages was very low (19.3 ± 1.1). Interestingly, while
the number of positively stained macrophages decreased at 10
weeks, CD163+ M2 macrophages remained dominant in the
HIMC group. On the contrary, iNOS+M1macrophages (44.3±
2.6) were the main positively stained cells and remained
activated from 2 to 10 weeks in the NEMC group. In the control
group without implants, no positive staining of M1 (i.e., iNOS)
or M2 (i.e., CD163) macrophage-related markers but some
positive staining of pan-macrophage marker CD68 was
identified in the defect area at either time point (Figure S4).
This result indicates that macrophage polarization happens
when macrophages interact with scaffolds and there are almost

no polarized macrophages upon arrival. Previous research has
demonstrated the involvement of M1/M2 macrophage
phenotypes in the early inflammatory response and late
wound healing process.32 A M1/M2 ratio variation can
modulate the severity of several chronic diseases.30,33,34

Consistent with previous studies, our data demonstrate that
HIMC implantation into the defect area provokes M2
macrophage polarization, which may help to alleviate inflam-
mation status and contribute to the bone regeneration process.

HIMC Inducing M2 Macrophage Polarization in Vitro.
To further explore whether and how HIMC induces M2
macrophage polarization, we seeded human THP-1 monocytes
on HIMC and NEMC and analyzed the phenotypes of THP-1-
derived macrophages (Figure 3A). CD163, Arg-1, and IL-10
were defined as M2 macrophage markers, and iNOS, IL-1β and
TNF-α were used as M1 macrophage markers. Using these
markers, immunofluorescent staining, real time-polymerase
chain reaction (PCR), and flow cytometry were applied to
characterize macrophage polarization induced by the two
mineralized collagen types. Immunofluorescent staining showed
that after 3 days of culture, CD68+CD163+ M2 macrophages
were observed on HIMC, whereas the macrophages on NEMC
expressed M1 macrophage markers CD68 and iNOS (Figure
3B). Real-time PCR analysis revealed that the HIMC group
macrophages expressed much higher levels of the M2-macro-
phage-related genes Arg-1 and IL-10 and lower levels of M1-
macrophage-related gene IL-1β on days 3 and 7, compared to
the NEMC group (Figure 3C). To further confirm the
phenotypes of differentiated macrophages, we performed flow
cytometry analysis, which showed an upregulated expression
level of the M2-macrophage marker CD163, of 36.7%, in the
HIMC group compared to 25.6% in the NEMC group, but a
down-regulated expression level of the M1-macrophage marker
TNF-α, of 6.5%, in the HIMC group compared to 14.4% in the
NEMC group (Figure 3D). In summary, these results indicate
that HIMC steers macrophage polarization toward the M2
phenotype.
Physical cues in the ECM microenvironment may directly

regulate M1/M2 macrophage polarization. To understand how
the biomimetic hierarchical nanointerface regulates macrophage
polarization, SEM and TEM were applied to compare the
morphology and ultrastructure of macrophages between NEMC
and HIMC (Figure 3E). SEM showed that macrophages seeded
on NEMC commonly adhered to the HA clusters; however, in
the HIMC group, the macrophages were spread along the
collagen fibrils. It has been reported that HA steers the
polarization of macrophages to the M1 direction,35 whereas
the degradation of collagen is closely linked to the M2
phenotype.36 Nanoparticles are normally taken up through
endosomal or lysosomal vesicles; the intracellular location and
translocation of nanoparticles are directly related to the function
and status of the cells.37 TEM images showed numerous
lysosomes in the NEMC group; a few electron-dense particles
appeared to be isolated, without vacuole encapsulation within
the cytoplasm. In contrast, pieces of material were observed
outside the membrane of macrophages seeded on HIMC;
several vacuoles and lysosomes appeared to be fused to one
another, indicating an apparent larger vacuole formation after
vesicle fusion. The acidic lysosome has a degradative capacity
due to its internal abundant hydrolases enclosed by the organelle
membrane. When the membrane is impaired, the lysosome
would release lots of hydrolases and exogenous materials, which
might in turn harm the neighboring organells.38 Thus, we
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deduced that the electron-dense materials in the NEMC-group
macrophages may be the undegraded HA released by the
damaged lysosome, which may be associated with the further

release of inflammatory cytokines. On the contrary, several
vacuoles and lysosomes appeared to fuse in macrophages seeded
on the HIMC, indicating a strong capacity to turn over

Figure 4. Association between macrophage polarization and MSC osteogenesis. (A) Schematic illustration. (B) Relative mRNA expressions of
Runx2 and BMP2 inMSCs stimulated by different conditionedmedia for 7 and 14 days. Blank:MSCs cultured with unconditionedmedium. $$:
P < 0.01, $$$: P < 0.001 versus blank; **: P < 0.01, ***: P < 0.001 versusNEMC; ##: P < 0.01, ###: P < 0.001 versusHIMC; &&: P < 0.01, &&&:
P < 0.001 versus NEMC+THP-1. (C) Western blot results of Runx2 expressions in MSCs on days 7 and 14. *: P < 0.05, **: P < 0.01 versus
NEMC; #: P < 0.05, ##: P < 0.01 versus HIMC; &: P < 0.05, &&: P < 0.01 versus NEMC + THP-1. (D) ARS staining of MSCs on day 21 and
semiquantification of mineralized nodules. *: P < 0.05.
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mineralized collagen by an intracellular pathway. Furthermore,
the degraded HIMC readily excluded from the cell by
exocytosis. Micron-size particles of HA also elicit a significant
dose-dependent pro-inflammatory macrophage response. These
results suggest that the micron-size HA clusters (4.39 ± 0.54
μm) of NEMC may be the origin of the M1 polarization

induction, whereas M2 macrophages represent the principal cell
type in charge of collagen turnover of HIMC, with a similar
hierarchical nanointerface to that of natural bone. Our findings
support a notion that M2 macrophage polarization significantly
strengthens the ability of ECM turnover in an intracellular
pathway.36 It would be intriguing to investigate whether HIMC-

Figure 5. Osteogenic differentiation ofMSCs by IL-4 stimulation. (A) Schematic illustration. (B) Immunofluorescent staining of CD68 (green),
IL-4 (red), and nuclei (blue) after macrophages seeded on the NEMC or HIMC for 3 days. Scale bar = 5 μm. (C) Secretion of macrophage-
associated cytokine IL-4 at 7 days. (D) Western blot results of Runx2 and BMP2 expressions in MSCs stimulated by IL-4 for 7 and 14 days. (E)
ARS staining of MSCs with or without IL-4 and semiquantification of mineralized nodules. (F) Western blot results of Runx2 and BMP2
expressions in MSCs treated by an IL-4 neutralizing antibody (Nab) for 7 days. *: P < 0.05, **: P < 0.01, ***: P < 0.001, NS: not significant.
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mediated-M2-polarized macrophages exert dual effects on
material degradation and ECM synthesis in future.
Promoting MSC Differentiation by M2-Polarized

Macrophages. To further investigate how the bone-like
hierarchical nanointerface promotes endogenous neo-bone
formation and whether it is influenced by macrophage
polarization, THP-1 cells were seeded onto NEMC (NEMC +
THP-1) and HIMC (HIMC + THP-1) for 7 days, and the
supernatants were collected and added to cultured human bone
marrow MSCs to determine their effects on MSC osteogenic
differentiation. The supernatants from the scaffolds only
(NEMC, HIMC) were also added to cultured MSCs as controls
(Figure 4A). The MSCs cultured with the conditioned medium
from the HIMC + THP-1 group exhibited a highly branched,
elongated morphology. Cells in the NEMC and HIMC groups

were spindle-shaped with few branching points (Figure S5). The
highly branchedmorphology appears to be an intracellular signal
that simulates osteogenic differentiation of MSCs.39 This was
confirmed by mRNA expression and the protein levels of Runx2
and BMP2.
After incubation with the supernatant from the HIMC +

THP-1 group without osteogenic induction, the MSCs ex-
pressed the highest levels of Runx2 at days 7 and 14, whereas no
marked change in Runx2 was detected in the MSCs cultured
with the conditioned media from the other groups at both time
points. Similar results were found in the BMP2 gene expression
levels of the HIMC + THP-1 group. Compared to the NEMC
and HIMC groups, the BMP2 gene expression in the NEMC +
THP-1 group was slightly higher, but still much lower than that
of the HIMC + THP-1 group at both time points (Figure 4B). A

Figure 6. Endogenous bone regeneration byHIMC loaded with IL-4. (A) Schematic illustration. (B) Representative micro-CT images of HIMC
andHIMC loadedwith IL-4 post-implantation for 2 weeks and the BV and BV/TVof different groups. (C)H&E staining of the engineered bone
at 2 weeks. S: scaffold (arrows); NB: new bone (asterisks). A semiquantitative analysis showed IL-4 promoted neo-bone formation on the
HIMC scaffold. (D) Representative immunohistochemical images of macrophage polarization in defect areas. At 2 weeks, an increased
expression of MCP-1 and enhanced numbers of CD68+CD163+ M2 macrophages were observed in the HIMC + IL-4 group compared with the
HIMC group. (E) Semiquantification of positively stained cells in (D). (F) Representative immunohistochemistry staining of CD146, STRO-1,
Runx2, and BMP2 in defect areas. (G) Semiquantification of positively stained cells in (F). There were no statistical differences in CD146+ or
STRO-1+ between the two groups, whereas the HIMC + IL-4 group showed enhanced expressions of Runx2 and BMP2 at 2 weeks. *: P < 0.05
versus HIMC.
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similar trend was found in the protein expressions. Western blot
revealed that the Runx2 expression in theHIMC+THP-1 group
was significantly enhanced compared with that in the other three
groups at both time points (Figure 4C). These findings are
consistent with the results of previous similar studies, specifically

that biomaterials could facilitate macrophage polarization toM2
phenotype, which in turn promotes MSC osteogenesis by
upregulation of BMP2 expression.40 In addition, alizarin red S
(ARS) showed that the size and quantity of the mineral nodules
generated by MSCs in the HIMC + THP-1 group were much

Figure 7. Monocyte/macrophage depletion impairs bone regeneration by HIMC. (A) Schematic illustration. (B) Representative micro-CT
images of HIMC post-transplantation in rat mandible defects at 2 weeks and the BV of different groups. (C) H&E and Masson stainings of the
engineered bone in rat mandibles at 2 weeks. S: scaffold (arrows); NB: new bone (asterisks). Semiquantitative analyses revealed clodronate
injection impaired neo-bone formation and scaffold degradation of HIMC. (D) Representative immunohistochemical images of macrophage
polarization in defect areas. CD68+ macrophages dramatically reduced in the HIMC +Clodronate group and the expression of M2macrophage
marker CD163 were significantly downregulated as well. (E) Representative immunohistochemistry staining of CD146, STRO-1, Runx2, and
BMP2 in defect areas. Semiquantification of positively stained cells showed that there were no statistical differences in CD146+ or STRO-1+

between the two groups, whereas the HIMC + Clodronate group exhibited decreased expression levels of Runx2 and BMP2 at 2 weeks. *: P <
0.05, **: P < 0.01.
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larger than the NEMC + THP-1 group (Figure 4D). Taken
together, both the in vivo and in vitro findings demonstrate that
M2 macrophage polarization induced by HIMC interacts with
MSCs to promote osteogenic differentiation and mineralization
of MSCs for new bone regeneration.
MSC Osteogenesis and Bone Regeneration by IL-4

Stimulation. To investigate how biomimetic hierarchical
nanointerface-mediated M2-polarized macrophages promote
MSC osteogenesis, IL-4, one of the most important cytokines
secreted by M2 macrophages, was tested by immunofluor-
escence and enzyme-linked immunosorbent assay (ELISA)
(Figure 5A). Immunofluorescence staining revealed that the
macrophage marker CD68 co-expressed with IL-4 in the HIMC
group, whereas few IL-4+ cells were shown in the NEMC group
(Figure 5B). ELISA results demonstrated that more than 2-fold
of IL-4 was expressed in the supernatants in the HIMC +THP-1
group (148.43 ± 12.88 pg/mL) compared with the NEMC +
THP-1 (67.16 ± 7.87 pg/mL) and THP-1 (72.66 ± 8.09 pg/
mL) groups. Little IL-4 could be detected in both theHIMC and
NEMC groups (Figure 5C). To explore whether IL-4
contributes to MSC osteogenesis, we then added IL-4 to the
cultured MSCs, and the protein levels of bone-related genes and
the mineralization potential of the MSCs were tested. Western
blot showed that Runx2 and BMP2 expressions in MSCs
increased significantly after IL-4 incubation for 7 and 14 days
(Figure 5D). After incubation for 21 days, the mineralization
potential of MSCs was enhanced, for increased calcium
deposition and mineralized nodule formation, as shown by
ARS (Figure 5E). To further confirm the positive contribution
of IL-4 to MSC osteogenesis, we used an anti-human IL-4
neutralizing antibody to inhibit the IL-4 activities in the
supernatants. Western blot demonstrated that the elevated
expressions of Runx2 and BMP2 in the supernatants from the
HIMC + THP-1 group were blocked by the IL-4 neutralizing
antibody (Figure 5F). IL-10, another important anti-inflamma-
tory cytokine secreted by M2 macrophages, was also examined.
Although HIMC could also promote IL-10 secretion in
macrophages, no obvious positive effect of IL-10 on MSC
osteogenesis was observed (Figure S6). Thus, the enhancement
ofMSC osteogenesis wasmainly due to increased IL-4 secretion,
which is an activator of M2 macrophage polarization and can
also be secreted by activated M2 macrophages to mediate anti-
inflammatory and regulatory processes.41 Similarly, a previous
study showed that IL-4 is capable of converting polarized M1
into an M2 phenotype, which would enhance osteogenesis of
preosteoblastic MC3T3 cells by co-culture.42

To examine how IL-4 exerts biological effects in vivo, an
HIMC scaffold loaded with IL-4 (HIMC + IL-4) was implanted
into critical-sized defects in rat mandibles (Figure 6A). After
implantation for 2 weeks, more neo-bone was regenerated in the
defect area in the HIMC + IL-4 group. Quantitative data
revealed that the BV and BV/TV of the defect area were
dramatically enhanced in the HIMC + IL-4 group compared to
the HIMC group at 2 weeks (Figure 6B). H&E staining showed
that IL-4 promoted neo-bone formation on the HIMC scaffold,
evident by the semiquantitative analysis (Figure 6C).
Furthermore, M1/M2macrophage infiltration was also detected
by immunohistochemistry at 2 weeks (Figure 6D). In theHIMC
+ IL-4 group, with increased expression of MCP-1 (109.3 ±
5.5), more CD68+ macrophages (95.2 ± 5.1) infiltrated the
defect area. The number of CD163+ M2 macrophages (59.1 ±
4.6) increased dramatically in the HIMC + IL-4 group, whereas
the number of iNOS+ M1 macrophages (4.2 ± 0.9) decreased

(Figure 6E). Meanwhile, immunohistochemistry results showed
an increase in the number of Runx2-positive (75.1 ± 4.1) and
BMP2-positive (62.3± 4.2) cells in the defect area at 2 weeks in
the HIMC + IL-4 group. However, the numbers of CD146+ and
STRO-1+ cells were similar between the two groups, indicating
that IL-4 might not facilitate MSC recruitment (Figure 6F,G).
This finding was further confirmed by a transwell migration
assay (Figure S7). Consistent with in vitro studies, our data
demonstrated that IL-4 further enhances bone regeneration in
HIMC implantation, by promoting M2 macrophage polar-
ization and MSC osteogenic differentiation.

Impairing Bone Formation byMonocyte/Macrophage
Depletion. To deeply confirm the vital function of the host
immune reactions to biomaterials in bone regeneration
outcomes, we depleted monocyte/macrophages by injection
of clodronate liposomes in rats.43 After implantation ofHIMC in
rat mandible defects for 2 weeks (Figure 7A), the neo-bone
volume decreased by more than 2-fold in the group treated with
clodronate liposomes (HIMC+Clodronate) compared with the
group treated with phosphate buffered saline (PBS, HIMC +
PBS) (Figure 7B,C). Similarly, a previous study showed that the
ectopic bone formation stimulated by tricalcium phosphate was
blocked by monocyte/macrophage depletion.44 Interestingly,
from H&E and Masson stainings, more remnant scaffold was
observed in the HIMC + Clodronate group, due to clodronate
liposome inhibition of osteoclastogenesis.44 The osteoclasts
degraded the mineralized collagen in the manner which involves
internalization into intracellular vesicles, providing space for
osteoblasts to get in and constructing neo-bone matrix.45 From
immunohistochemical staining, CD68+ macrophages in the
HIMC + Clodronate group (22.5 ± 3.1) dramatically reduced
about 71% of the HIMC + PBS group (76.8± 5.9), verifying the
validity of monocyte/macrophage depletion. The expression of
M2macrophagemarker CD163 was significantly downregulated
as well in the HIMC + Clodronate group, while there was no
difference in the iNOS+ M1 macrophage number between the
HIMC + Clodronate group and HIMC + PBS group (Figure
7D). Furthermore, the numbers of CD146+ and STRO-1+ cells
were similar between the two groups, confirming that macro-
phage did not influence MSC recruitment. However, macro-
phage depletion greatly impaired MSC osteogenesis, evident by
the expression levels of Runx2 and BMP2 (Figure 7E). Taken
together, the lack of macrophages stemming from the host
immune response would impair biomaterial-mediated bone
regeneration.
It should be noted that the local immune response after

biomaterial implantation may not be restricted to macrophage
activation. A previous study has showed that silicified collagen
scaffolds induce bone regeneration and angiogenesis via
monocyte immunomodulation.46 The present work demon-
strates that the biomimetic hierarchical nanointerface encour-
ages host M2 macrophage polarization and promotes MSC
recruitment and osteogenic differentiation, thus providing
insight into biomaterial-guided endogenous bone regeneration.
Future research will focus on other immune cells, such as
neutrophils, in the innate response and T cells in the adaptive
response and their contributions to hierarchical nanointerface-
guided neo-bone regeneration.

CONCLUSIONS
The molecular mechanisms by which a bone-like hierarchical
nanointerface promotes bone regeneration and repair were
elucidated in the present study. We showed that HIMC has a
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dual role in endogenous bone regeneration, by promoting both
MSC recruitment and M2 macrophage polarization, which
subsequently enhances MSC osteogenic differentiation and
ultimately enhances bone formation (Scheme 1). The macro-
phages were spread along the collagen fibril of HIMC, with the
fusing vacuoles and lysosomes, indicating a strong capacity of
M2macrophage to turn over HIMC by an intracellular pathway.
On the contrary, macrophages adhered to the micron-size HA
clusters of NEMC, which might trigger an inflammatory
response of macrophages. We further revealed that HIMC
intrinsically promotes M2 macrophage polarization with IL-4
secretion, which strongly enhances MSC osteogenesis and bone
regeneration. These enhancing effects could be blocked by
monocyte/macrophage depletion. Taken together, M2 macro-
phage polarization provoked by the biomimetic hierarchical
nanointerface makes important contributions to endogenous
bone regeneration, and IL-4, a key cytokine of M2 macrophage
polarization, has a critical role during this process. These
findings could give important inspiration for developing
biomimetic materials for tissue regeneration in an osteoimmu-
nomodulation perspective.

METHODS
Preparation and Characterization of Scaffolds. HIMC was

achieved through a modified, biomimetic bottom-up method.21 In
brief, tropocollagen solution (Corning) was continually dropped into a
dialysis flask (3500 Da) in the rate of 1 mL/min for 7 days. The flask
was soaked in a mineralization solution containing 136.9 mMNaCl, 2.7
mM KCl, 8.3 mM Na2HPO4, 1.25 mM K2HPO4·3H2O, 0.25 mM
poly(acrylic acid) , 3.08 mM Na3N, and 0.2 g/mL of white Portland
cement (Lehigh Cement Co.). Without poly(acrylic acid) in the
solution, NEMC formed. Themineralization process was performed for
7 days at room temperature in a moisture chamber to reduce
volatilization. To prepare 3-D scaffolds, the fibrillized collagen was
collected by centrifugation and stirred until formation of a just-castable
suspension. Then, the suspension was poured into the cavities of 48-
well polystyrene culture plates, frozen for 24 h at −30 °C, and
lyophilized to create 3-D sponge-like scaffolds with a similar porosity for
the animal experiment.

SEM (Hitachi S-4800) and TEM (JEOL JEM-1011) were applied to
observe the micro and nanotopography of scaffolds. For TEM
examination, mineralized collagen was embedded in epoxy resin,
sectioned with an ultramicrotome (Leica), and collected on copper
grids. For water absorption test, 3-D scaffolds were weighted at dry
condition (Wdry) and after soaked in PBS for 24 h (Wwet). The swelling
ratio (SR, %) of the 3-D scaffolds was calculated using the equation
below:

= − ×W W WSR (%) ( )/ 100wet dry dry

Micro-Fourier Transform Infrared Spectroscopy. To test the
chemical components and spatial mineral/matrix distribution in
different scaffolds, a LUMOS stand-alone FTIR (Bruker, USA) was
used as before.21 Briefly, mineralized collagen was collected on MirrIR
slides and scanned at a resolution of 1 cm−1. Spectra were acquired with
an aperture size of 100 μm × 100 μm. The absorbance peaks at 1577−
1727 cm−1 (collagen) and 900−1200 cm−1 (mineral) were plotted as
color-coded maps to achieve the spatial mineral/matrix distribution.

Atomic Force Microscopy. The nanostructure and nanomechanics
of mineralized collagen were analyzed by AFM (Dimension Icon,
Bruker, USA) using a relative comparison method under ambient
conditions (room temperature).21 The samples were assembled onto
freshly cleaved mica, and three scans were performed in each sample.
The obtained property maps with 512× 512 pixels were analyzed using
a NanoScope 14.12 software. For every map, five regions of interest
were randomly chosen, and the median value represented the value in
that region of interest.

Animal Models. Critical-sized defects47 with 5 mm diameter were
prepared in adult Sprague−Dawley rat mandibles to assess the bone
regeneration potential of mineralized collagen. The procedures were
authorized by the Animal Use and Care Committee of Peking
University (LA2014218). The 3-DHIMC (N = 6) and NEMC (N = 6)
scaffolds were sterilized by ethylene oxide, immersed in α-MEM
(Gibco, USA) containing 1% penicillin/streptomycin overnight at 4 °C,
and implanted into defects in the absence of seed cells and cytokines.
The control group (N = 6) was without any implants. All of the rats
were sacrificed after implantation for 2 or 10 weeks, and the mandibles
were removed and fixed in 10% formalin.

For bone regeneration of HIMC with IL-4, the sterilized HIMC
scaffolds (N = 6) were immersed in α-MEM containing 1% penicillin
and IL-4 (500 ng/mL, Pepro Tech) overnight at 4 °C and implanted

Scheme 1. Potential Molecular Mechanism of How M2 Macrophage Polarization Activated by a Biomimetic Hierarchical
Nanointerface Contributes to Endogenous Bone Regeneration
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into defects. All of the rats were sacrificed after implantation for 2
weeks, and the mandibles were fixed in 10% formalin.
For bone regeneration of HIMC in the absence of macrophages, rats

were separated into two groups: one group (HIMC + Clodronate) was
intraperitoneally injected with clodronate liposomes (50 mg/kg,
Netherlands) to deplete monocytes/macrophages; the other group
(HIMC + PBS) received liposome-encapsulated PBS. All of the rats
received injections every day prior to 3 days of HIMC implantation.
After implantation, injections were performed every 2 days until all the
rats were sacrificed at 2 weeks.
Micro-CT Analysis. To analyze neo-bone formation, the fixed

mandibles were scanned by a Skyscan 1174 micro-CT system (Bruker,
Belgium) at a resolution of 20 μm. The acquired axial images were
imported into a NRecon and CTvox software for 3-D reconstruction.
BV and BV/TV calculations were performed by a CTAn software (gray
value >1000).
H&E, Masson, and Immunohistochemical Stainings. After

micro-CT scanning, the samples were decalcified in 10% ethyl-
enediaminetetraacetic acid for 4 weeks, dehydrated in ethanol, and
embedded in paraffin. Consecutive 4 μm-thick horizontal sections were
obtained from the defect area and then stained with H&E andMasson’s
trichrome for new bone and remnant scaffold assessment.
Immunohistochemistry was carried out using a two-step detection

kit (Zhongshan Golden Bridge Biotechnology, China) as before.28

Briefly, specimens were immersed in antigen retrieval solution for 20
min, blocked for 30 min with 5% bovine serum albumin (BSA), and
subsequently incubated with primary antibodies against rat CD146
(Abcam) and Stro-1 (eBioscience) for stem cell surface markers, Runx2
and BMP2 (Abcam) for osteogenesis markers, monocyte chemo-
attractant protein-1 (MCP-1, Abcam) for a mononuclear phagocyte
recruitment marker, CD68 (Serotec) for a pan-macrophage marker,
CD163 (Santa Cruz) for a M2 marker, and iNOS (Abcam) for a M1
marker at 1:100 dilution overnight at 4 °C. After rinsing thoroughly in
PBS, the horseradish peroxidase-conjugated secondary antibodies
(Zhongshan Golden Bridge Biotechnology) were dropped onto slides.
Each group is composed of more than three slides, and each slide was
observed using a Zeiss light microscopy at the defect area including the
scaffolds (N > 3).
Macrophage Response to HIMC in Vitro. Cell Culture. Human

THP-1 monocytes were induced to differentiate into macrophages by
phorbol myristate acetate treatment for 24 h at 37 °C. The 6-well plates
or coverslips of 25 mm diameter with HIMC (HIMC) or NEMC
(NEMC) films were sterilized using 75% ethanol for 2 h and then under
ultraviolet light for 2 h before use. After THP-1 derived macrophage
adherence, cells were cultured for 3 and 7 days for detection of
macrophage polarization.
Immunofluorescence Staining. Briefly, macrophages on the

different-coated coverslip were fixed in 4% paraformaldehyde,
permeabilized with 0.25% Triton-X, and blocked by 1% BSA.
Subsequently, the primary antibodies against CD68, CD163, IL-4
(Santa Cruz), and iNOS with 1:100 dilution were dropped onto
coverslips and incubated overnight at 4 °C. Then the coverslips were
incubated with the respective fluorescein isothiocyanate-conjugated or
tetramethylrhodamine isothiocyanate-conjugated secondary antibody
for 30 min, followed by 5 min of nuclear staining with DAPI. The
samples were observed with a Zeiss laser-scanning microscope (LSM
510) coupled to a LSM 5 release 4.2 software.
Quantitative Real-Time Polymerase Chain Reaction. Total RNA

from cell lysates was extracted with Trizol reagent (Invitrogen), and
cDNA was synthesized using SuperScript III (Invitrogen) and stored at
−20 °C. Real-time PCRwas carried out using gene-specific primers and
SYBR Green (Invitrogen) on 7900HT Fast Time PCR. The primers
synthesized were as follows: Human-GAPDH, GGAGCGA-
GATCCCTCCAAAAT and GGCTGTTGTCATACTTCTCATGG;
Human-Arg-1, CTTGGCAAAAGACTTATCCTTAG and ATGA-
CATGGACACATAGTACCTTTC; Human-IL-10, TCAAGGCG-
CATGTGAACTCC and GATGTCAAACTCACTCATGGCT; and
H um a n - I L - 1 β , A TGGCTTATTACAGTGGCA a n d
GTAGTGGTGGTCGGAGATT.

Flow Cytometry.The surface markers of M1/M2macrophages were
examined by flow cytometry. The cells were isolated by trypsinization
after cultured for 3 days, incubated with antibodies against CD68,
CD163, and TNF-α (Abcam) at 1:50 dilution for 1 h, and then treated
for 30 min with a Dylight 488-antimouse secondary antibody. The
analysis of stained cells was performed on the Accuri-C6 (BD
Bioscience).

Macrophage Morphology Analysis. For SEM observation, macro-
phages were fixed in 2% glutaraldehyde, dehydrated in a graded ethanol
series (30%−100%), and examined by SEM at 15 kV. For TEM
observation, macrophages seeded on different scaffolds were detached
by trypsinization, followed by centrifugalization. The cells were fixed in
1% osmium tetroxide, embedded in epoxy resin, sectioned with an
ultramicrotome (Leica), and collected on copper grids.

Cytokine Measurements by Enzyme-Linked Immunosorbent
Assay. The supernatants of human THP-1 derived macrophages
cultured on NEMC or HIMCwere collected at day 7 and stored at−80
°C before use. The secretion of major M2-associated cytokines, IL-4
and IL-10, was examined with ELISA kits (R&D systems) following the
manufacturer’s guidance.

Human Bone Marrow Mesenchymal Stem Cells Cultured
with THP-1 Supernatants. Cell Culture. To investigate whether
macrophages in response to scaffolds could regulate osteogenesis of
MSCs, human bone marrow MSCs were cultured with supernatants of
THP-1 derived macrophages seeded on HIMC and NEMC,
respectively. The supernatants of macrophages seeded on HIMC
(HIMC + THP-1) or NEMC (NEMC + THP-1) were collected. The
culture medium only placed on HIMC (HIMC) or NEMC (NEMC)
was set as a control. The MSCs were isolated using a previously
described method,48 cultured in a regular medium, and supplemented
with the collected supernatant at a ratio of 1:1.

Bone-Related Gene and Protein Expressions of Human Bone
Marrow MSCs. After MSCs were cultured with the supernatants for 7
and 14 days, the osteogenic genes such as Runx2 and BMP2 were
evaluated by real-time PCR and Western blot. For PCR, the primers
synthesized were as follows: Human-Runx2, CACTGGCGCTGCAA-
CAAGA and CATTCCGGAGCTCAGCAGAATAA; and Human-
B M P 2 , A C T A C C A G A A A C G A G T G G G A A a n d
GCATCTGTTCTCGGAAAACCT.

For Western blot, total proteins in cell lysates were harvested with a
lysis solution, separated by 10% SDS-PAGE gels, and then transferred
to polyvinylidene difluoride membranes and blocked in 5% nonfat milk.
Subsequently, Runx2 antibody (1:1000, Abcam) was dropped onto the
membranes and incubated overnight at 4 °C. The membranes were
then treated with a horseradish peroxidase-conjugated secondary
antibody, and protein bands were detected by enhanced chemilumi-
nescence. Each experiment was performed three times to achieve
comparable results. The relative density was measured using ImageJ
1.37v software (Wayne Rasband).

Alizarin Red S Staining. To detect mineral nodule formation, ARS
staining was performed on day 21 after human bone marrow MSCs
were cultured in the osteogenic medium supplemented with the
collected supernatant at a ratio of 1:1. After removing the medium,
MSCs were rinsed with ddH2O, fixed in 4% paraformaldehyde, and
stained with 2% ARS. The stained MSCs were observed using a Zeiss
light microscopy and quantified by optical density measurement at 562
nm.

Osteogenic Differentiation of MSCs Stimulated by IL-4.
Protein Expressions. The human bone marrow MSCs were cultured
with regular medium supplemented with 20 ng/mL IL-4 for 7 and 14
days. The osteogenic protein expressions of Runx2 and BMP2 were
evaluated by Western blot as stated before. To observe mineralized
nodules, ARS staining was performed on day 21 after MSCs were
cultured in the osteogenic medium with or without IL-4.

IL-4 Neutralization. To block the effect of IL-4, we used an IL-4
neutralizing antibody (20 ng/mL or 50 ng/mL, BD Bioscience) to
reduce the content of IL-4 in the supernatants from the HIMC + THP-
1 group. The human bone marrow MSCs were cultured with regular
medium supplemented with pretreated supernatant for 7 days. The

ACS Nano Article

DOI: 10.1021/acsnano.9b00489
ACS Nano 2019, 13, 6581−6595

6593

http://dx.doi.org/10.1021/acsnano.9b00489


protein expressions of Runx2 and BMP2 were evaluated by Western
blot as stated before.
Statistical Analysis.All in vitro and in vivo data were analyzed using

one-way analysis of variance (ANOVA) and Tukey’s posthoc multiple
comparion tests at α = 0.05. For the modulus analysis, Kruskal−Wallis
ANOVAmultiple comparion tests were used because the normality and
homoscedasticity assumptions of the data set were violated.
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