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1. Introduction

In recent years, the progresses made in 
immunology and the deepened under-
standing of bone remolding have led to 
the emergence of a new word, “osteoim-
munology,” indicating the close relation 
between the immune system and skeletal 
system.[1] The immune cells in bone can 
influence bone remolding and resorption 
because of the set of signaling molecules, 
cytokines, and receptors they share with 
the skeletal system.[1b,2] Regarding bone 
regeneration materials, the traditional 
strategy involves targeting osteoblastic 
lineage cells and fabricating direct osteo-
genic biomaterials to stimulate osteogen-
esis.[3] While some inconsistencies were 
observed between in vitro and in vivo out-
comes for these direct osteogenic bioma-
terials, further studies demonstrated that 
the immune reactions triggered by bio-
materials may be responsible for this phe-
nomenon.[4] These findings demonstrated 
that advanced strategies for bone regen-

eration materials should focus on not only direct osteogenesis 
but also the development of immunomodulatory materials to 
generate a favorable immune environment and achieve satis-
factory osteointegration.

When biomaterials are implanted in vivo, a series of bio-
logical reactions are triggered. However, the first host response 
to implants is an innate immune response (foreign body 
reaction).[5] Several types of immune cells are sequentially 
recruited to the implant site and trigger immune reactions. 
However, an acute or severe immune response will impair 
the process of osteogenesis and result in encapsulation of the 
implant. In contrast, a suitable anti-inflammatory immune 
response induced by the implant is beneficial for bone repair 
and angiogenesis.[6] Thus, an immunomodulatory biomaterial 
that can regulate immune cells to secrete osteogenic cytokines 
and can maintain an optimal immune microenvironment for 
bone repair should hold promise in clinical applications.[7]

To design an immunomodulatory implant, we must clarify 
the dominant immune cells in the host immune response to 
biomaterials. Macrophages, as the frontline of tissue–implant 
interactions, are one of most important effector cells for the 

The cytokines released by immune cells are considered important fac-
tors to induce bone tissue regeneration. However, the pathway of those 
bone-targeting macrophage cytokines induced by biomaterial surface 
under tissue microenvironment is rarely reported. In this study, the 
immunomodulatory capability of zinc ions on macrophage polarization 
and its effects on osteogenic differentiation are investigated. Hence, a 
layer of zinc ions are incorporated on sulfonated polyetheretherketone 
(SPEEK) biomaterials by using a customized magnetron sputtering 
technique. The results reveal that the microenvironment on Zn-coated 
SPEEK can modulate nonactivated macrophage polarization to 
an anti-inflammatory phenotype and induce the secretion of anti-
inflammatory and osteogenic cytokines. The osteogenic differentiation 
capability of bone marrow stromal cells (BMSCs) is therefore enhanced, 
leading to improved osteointegration between the zinc-coated SPEEK and 
bone tissue. This study verifies that zinc ion is a promising additive in the 
osteoimmunomodulation process and provides knowledge that may pave 
the way to develop the next generation of  
immunomodulatory biomaterials.

Bone Formation

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Adv. Sci. 2018, 5, 1800749

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


www.advancedsciencenews.com

1800749  (2 of 13) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

foreign body reaction. Macrophages were traditionally con-
sidered an “evil” that secretes inflammatory cytokines and is 
detrimental to osteogenesis. However, subsequent studies 
have demonstrated that macrophages are a “double-edged 
sword.”[8] Specifically, macrophages are plastic and dynamic: 
when stimulated by different signals, macrophages can polarize 
to classically activated inflammatory macrophages (M1) with 
CCR7 as typical surface markers or alternatively activated 
inflammatory macrophages (M2) with CD206 as typical surface 
markers.[9] Generally, macrophages turn to M1 phenotype when 
infection or “danger” happens and then secrete proinflamma-
tory mediators such as TNF-α or IL-6, which will impair osteo-
genesis and would heal when an excess amount is released.[9c,10] 
In contrast, M2 phenotype macrophages produce IL-4 or IL-10 
to provide an anti-inflammatory microenvironment facilitating 
tissue healing.[11]

Recently, several studies have demonstrated that the 
immune microenvironment generated by biomaterials can be 
modulated by their surface microstructure, wettability, particle 
size, porosity, and released ions.[1a,12] Regarding the active ions 
released, studies have verified that magnesium (Mg), strontium 
(Sr), and copper (Cu) can suppress inflammatory cytokines 
secreted by macrophages and promote osteogenesis.[13] Zinc, 
an essential trace element constituting some key enzymes and 
transcription factors, was reported to be indispensable for the 
development of the immune system, and suitable amounts of 
zinc can enhance the expression of anti-inflammatory cytokines 
and maintain an anti-inflammatory environment.[14] However, 
no relevant study has focused on the osteoimmunomodulatory 

effect of zinc on osteogenic differentiation or osteointegration. 
In this study, we investigated the osteoimmunomodulatory 
ability of zinc by coating zinc on sulfonated polyetheretherk-
etone (SPEEK) and culturing macrophages on it and performed 
further in vitro and in vivo experiments on osteogenesis in 
the immune environment generated by Zn-coated SPEEK. 
Our study elucidated the further application of zinc in immu-
nomodulatory and bone regeneration biomaterials.

2. Results

2.1. Characteristics of Zn-Coated SPEEK

A 3D porous Zn (three concentration gradients) coating on 
PEEK was fabricated by sequential sulfonation and magnetron 
sputtering. According to scanning electron microscopy (SEM) 
analysis, a stratified porous surface structure was formed on 
the surface of PEEK after sulfonation treatment (Figure 1A). 
The Zn-coated SPEEK showed similar surface topography to 
SPEEK, which indicated that incorporating zinc on the sur-
face by magnetron sputtering exerted little influence on the 
surface structure. The binding energy of the Zn 2p3/2 X-ray 
photoelectron spectroscopy (XPS) peak at 1021.9 eV indicated 
the presence of zinc in the oxide form (Figure  1B). Energy-
dispersive X-ray spectrometry (EDS) mapping (Figure 1C) and 
XPS results revealed that zinc was incorporated successfully 
in the coating and distributed homogeneously. Determined 
by XPS, the contents of Zn for Zn1-SPEEK, Zn2-SPEEK, and 
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Figure 1.  Characterization of different samples. A) Scanning electron images of SPEEK, Zn1, Zn2, and Zn3. B) XPS results of Zn1, Zn2, and Zn3.  
C) EDS mapping for the major elements of Zn coated SPEEK (Zn3).
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Zn3-SPEEK were 3.57, 6.73, 15.97 at%, respectively (Table S1, 
Supporting Information). The bonding strengths of Zn coating 
for Zn-coated SPEEK were also examined and the results were 
5.2, 5.2, and 5.4 MPa for Zn1-SPEEK, Zn2-SPEEK, and Zn3-
SPEEK, respectively (Table S1, Supporting Information). The 
contact angles (CAs) of the samples were also determined, 
and the contact angles for PEEK, SPEEK, Zn1-SPEEK, Zn2-
SPEEK, and Zn3-SPEEK were 103.66  ±  3.51, 98.00  ±  1.00, 
96.67 ±  2.08, 94.67 ±  1.05, and 93.67 ±  1.52, respectively. The 
contact angle of PEEK was higher than those of other groups 
(p  <  0.05, Figure  S1, Supporting Information). Sulfonation 
treatment decreased the contact angles of the surface to some 
degree, but no significant difference was found between SPEEK 
and Zn-coated SPEEK (Figure S1, Supporting Information). To 
determine pH values and zinc release concentrations, immer-
sion tests were performed by immersing samples in Dulbec-
co’s modified Eagle’s medium (DMEM) at 37  °C for 1, 4, 7, 
and 14 d. Figure S2 (Supporting Information) showed similar 
pH (≈8) curves of SPEEK and Zn-coated SPEEK, suggesting 
that the acidic substances on the surface were cleared and that 

Zn incorporation exerted minimal effects on pH. Figure  S3 
(Supporting Information) shows that the zinc release was rela-
tively high on day 1 and that the zinc release rate then slowed 
down in the following days, with a highest zinc concentration 
of ≈160 µg L−1 (0.16 ppm).

2.2. In Vitro Biocompatibility of Zn-Coated SPEEK

To study the in vitro biocompatibility of samples, both  
macrophage-like RAW 264.7 cells and rat bone marrow mes-
enchymal stem cells (rBMSCs) were seeded on samples. 
SEM images showed that macrophages and rBMSCs adhered 
well on the modified surfaces and that there were more cells 
on Zn-coated SPEEK (denoted “Zn” in the following figures) 
than on SPEEK. In addition, the cells seemed to spread flatter 
and more diversely on Zn-coated SPEEK, especially the RAW 
264.7 cells (Figure 2A). The CCK-8 assay was employed to 
evaluate the proliferation of macrophages on samples, and 
the results revealed that Zn3-coated SPEEK afforded the 
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Figure 2.  A) Scanning electron images of RAW264.7 and rBMSC cells on PEEK, SPEEK and Zn, bar: 50 µm. B) CCK8 results of RAW264.7 cultured 
on PEEK, SPEEK and Zn for 1 and 4 d. C) Percentage of dead cells culture on materials using PI staining determined by flow cytometry. (*, #, +, and  
++ represent p < 0.05 when compared with PEEK, SPEEK, Zn1, Zn2 respectively). (*, #, +, and ++ represent p < 0.05 when compared with PEEK, SPEEK, 
Zn1, Zn2 respectively).
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highest cell viability (Figure  2B). Furthermore, the propor-
tion of dead cells was calculated by staining macrophages 
with propidium iodide (PI) and then analyzing them by flow 
cytometry. Zn-coated SPEEK exhibited a similar number of 
dead cells as the blank control surface but fewer dead cells 
than PEEK or SPEEK (Figure  2C). According to the SEM 
images and CCK-8 and dead cell analyses, we concluded that 
among the materials tested, Zn3-coated SPEEK possessed 
the best biocompatibility. Moreover, preliminary experi-
ments on macrophage phenotype switching demonstrated 
that Zn3-coated SPEEK had the strongest ability to induce 
macrophage polarization, but there was no significant differ-
ence among Zn1, Zn2, and Zn3-coated SPEEK. Therefore, 
the subsequent in vitro and in vivo tests were performed by 
using Zn3-coated SPEEK as Zn-coated SPEEK (denoted “Zn” 
in the following figures).

2.3. Gene Expression of Macrophages Cultured on Samples

2.3.1. Gene Expression Profile of Macrophages Analyzed by Microarray

RNA-Seq was employed to detect the whole mRNA expression 
of macrophages cultured on samples for 4 d. Figure 3A displays 
the heat map of selected genes (surface markers for different 
phenotype macrophages or cytokines) and depicts expression 
fold changes between PEEK and Zn-coated SPEEK. Clearly, the 
expression levels of surface markers for M2 macrophages (CD206 
and CD163) were enhanced on Zn-coated SPEEK. In contrast, 
the CCR7 and iNOS genes, markers for M1 macrophages, were 
downregulated (Figure 3A). In addition, the expression of some 
osteogenic genes, such as BMP-2, vascular endothelial growth 
factor (VEGF), and TGF-β, increased when cells were cultured 
on Zn-coated SPEEK. To further understand the signaling path-
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Figure 3.  Gene expression analysis of RAW264.7 cultured on samples. A) Microarray heat map depicting the fold change of selected genes expression. 
B–C) Representative Top 10 upregulated or downregulated pathways analyzed by KEGG pathway method. D–G) Elisa results of TNF-ɑ, IL-4, IL-6, and 
IL-10 respectively. H–K) RT-PCR results of CCR7, CD206, BMP-2, and VEGF respectively. (*, #, and + represent p < 0.05 when compared with Control, 
PEEK, SPEEK, respectively).
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ways involved in regulating macrophage phenotype switching 
and osteogenic gene expression, kyoto encyclopedia of genes and 
genomes (KEGG) pathway analysis was applied to determine the 
upregulated or downregulated pathways. Figure 3B,C shows ten 
representative upregulated and downregulated signaling path-
ways, respectively. Specifically, the NF-κB signaling pathway, a  
M1 phenotype-related pathway, was slightly downregulated. 
Moreover, the Jak-STAT signaling pathway, a key pathway regu-
lating M2 polarization, was significantly upregulated, indicating 
the switch in the macrophage phenotype to M2. Regarding the 
pathways that may lead to the expression of osteogenic cytokines, 
the cytokine–cytokine receptor interaction, VEGF, and TGF-β 
signaling pathways were upregulated (Figure  3B). At the same 
time, the TNF-α signaling pathway was significantly downregu-
lated (Figure 3C). In brief, the microarray assay data suggested 
that Zn-coated PEEK can induce a change in the gene expression 
profile of macrophages to the M2 phenotype profile while pro-
moting the secretion a series of cytokines that are beneficial for 
bone regeneration and angiogenesis.

2.3.2. Enzyme-Linked Immunosorbent Assay (ELISA) of 
Inflammation-Related Cytokines

To further validate the representative cytokines secreted by M1 
and M2 macrophages, ELISA was employed to determine the 
concentrations of TNF-α, IL-6, IL-4, and IL-10. The results are 
presented in Figure 3D–G. Macrophages on Zn-coated SPEEK 
secreted the highest amounts of the anti-inflammatory cytokine 
IL-4 and IL-10, which are mainly produced by M2 mac-
rophages. In contrast, the expression levels of two inflamma-
tory cytokines, TNF-α and IL-6, were the lowest on Zn-coated 
SPEEK. The findings of ELISA were highly consistent with 
those of the microarray assay.

2.3.3. RT-PCR of Surface Markers and Osteogenic Cytokines

To further confirm the ability of Zn-coated PEEK to exert 
immunomodulatory effects and induce osteogenic cytokine 
production, we selected some representative genes to deter-
mine their fold changes by real-time polymerase chain reaction 
(RT-PCR). First, the typical M2 macrophage marker CD206 
was upregulated on Zn-coated PEEK (Figure 3I), suggesting a 
higher proportion of M2 macrophages. The expression levels 
of the two osteogenic cytokines BMP-2 and VEGF were also 
elevated in the Zn-coated PEEK group (Figure 3J,K), indicating 
a probable osteogenic effect in this group.

2.4. In Vitro Evaluation of Macrophage Polarization

Immunofluorescence staining was used to monitor iNOS 
(green, M1 marker) and CD206 (red, M2 marker) in RAW264.7 
macrophages cultured for 1 and 4 d. Clearly, the Zn-coated 
PEEK group featured a higher percentage of CD206-posi-
tive cells than other groups, especially at day 4 (Figure 4A). 
iNOS, however, demonstrated a contrary pattern: more iNOS 
expression was observed in PEEK group (Figure 4A).

To determine the percentage of M1 or M2 cells, we used 
flow cytometry to analyze the expression of the surface markers 
CCR7 and CD206 simultaneously. As shown in Figure  4B,E, 
the percentage of CCR7-positive cells decreased from 40.21% 
in the PEEK group to 11.78% in the Zn-coated SPEEK group. 
Furthermore, the percentage of cells expressing the M2 pheno-
type marker CD206 was higher in the Zn-coated SPEEK group 
(45.71%) than in the PEEK (20.58%) and SPEEK (37.81%, 
Figure 4C,F) groups.

2.5. Osteogenic Differentiation Effect of Macrophage-
Conditioned Medium

To evaluate the immunomodulatory osteogenic effect of sam-
ples, we prepared macrophage-conditioned medium. Then, 
rBMSCs were cultured with the conditioned medium for 7 and 
14 d to study their osteogenic differentiation ability.

Both alkaline phosphates (ALP) staining and immunofluo-
rescence staining were performed to detected ALP expression 
in the rBMSCs. Figure 5A reveals that as time progressed, 
ALP expression increased, and the highest ALP expression 
was observed in the Zn-coated SPEEK group, followed by the 
SPEEK group. Consistent with the ALP staining results, a sim-
ilar trend was observed in immunofluorescence staining: the 
highest ALP (green) fluorescence intensity was detected in the 
Zn-coated SPEEK group (Figure 5B).

We also determined a later osteogenic differentiation pro-
tein, osteocalcin (OCN), by immunofluorescence staining at 
day 14. The results showed that cells in the Zn-coated SPEEK 
group expressed more OCN (green) than those in the PEEK 
or SPEEK group (Figure 6A). To study the mineralization 
level of rBMSCs in the conditioned medium, we conducted 
Alizarin red staining at day 7 and 14. More calcified nod-
ules were stained red in the Zn-coated SPEEK group than 
the other groups (Figure 6B), and the trend was further con-
firmed by the quantitative test shown in Figure  6C. RT-PCR 
tests were carried out to further determine the expression 
of osteogenic genes, i.e., OCN, COL-I, ALP, and RUNX-2, at 
day 14. The results are shown in Figure S4 in the Supporting 
Information. Cells in the Zn-coated SPEEK group expressed 
the highest level of the selected genes. No significant differ-
ence was found in the expression levels of the four genes 
between the PEEK and SPEEK groups (Figure S4, Supporting 
Information). In summary, the conditioned medium of Zn-
coated SPEEK exerted the strongest effects on osteogenic dif-
ferentiation, which in turn suggested that the macrophages 
cultured on Zn-coated SPEEK secreted a series of osteogenic 
cytokines and showed the best immunomodulatory osteo-
genic effect.

2.6. Results of In Vivo Mouse Air Pouch Model

Cells in air pouch were collected at day 4 after the opera-
tion, and then flow cytometry was used to determine the per-
centage of M1 and M2 macrophages. Representative dot plots 
showed that highest proportion of M2 (F4/80+CD206 positive)  
macrophages was in the Zn-coated SPEEK group (Figure 7A,C).  

Adv. Sci. 2018, 5, 1800749
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The percentage of M1 (F4/80+CCR7 positive) macrophages 
followed the trend PEEK  >  SPEEK  >  Zn-coated SPEEK 
(Figure 7A,B).

To evaluate the inflammatory level and different phenotypes 
of the macrophages infiltrating the air pouch skin, we 
performed hematoxylin and eosin (H&E) and immunofluores-
cence staining of the skin sections. The thinnest fibrous layer 
was observed in the Zn-coated SPEEK group, which indicated a 
milder inflammatory reaction than the PEEK or SPEEK group 

(Figure  7D,G). Further immunofluorescence staining of the 
fibrous layer suggested that a thicker fibrous layer exhibited 
more M1 macrophages (PEEK group, Figure  7F,H), then a 
thinner, less inflamed layer, which featured a higher proportion 
of M2 macrophages (Zn-coated SPEEK group, Figure  7E,H). 
Therefore, the mouse air pouch model results were in accord-
ance with the results of the in vitro experiments, and Zn-coated 
SPEEK can induce M2 macrophage switching and bring about 
an anti-inflammatory environment.

Adv. Sci. 2018, 5, 1800749

Figure 4.  Immunofluorescent staining and surface markers of RAW264.7 cells cultured on samples. A) Immunofluorescent staining of RAW scratched 
from materials after cultured for 4 d. B,C) Representative dot images of surface markers (CCR7 and CD206) of RAW264.7 analyzed by flow cytometry.  
D) Representative gate of forward scatter (FSC) and side scatter (SSC). E,F) Percentage of CCR7 or CD206 positive cells respectively. (*, #, and + represent 
p < 0.05 when compared with Control, PEEK, SPEEK, respectively).
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2.7. Results of In Vivo Bone Repair Model

The coronal, sagittal, transverse, and 3D microcomputed 
tomography (micro-CT) images all supported the conclu-
sion that more new bone formed around Zn-coated SPEEK 
(Figure 8A). Further quantitative analysis of the micro-CT data 
confirmed that the three indexes reflecting new bone formation 
(BV/TV, Tb.Th, and Tb.N) in the Zn-coated SPEEK group were 
higher than those in the PEEK or SPEEK group (Figure 8B–D).

We prepared undecalcified sections to observe the new bone 
around the implants through sequential fluorescent labeling 
and van Gieson staining. Figure 8F reveals that the Zn-coated 
SPEEK group featured more stained bones. Van Gieson histo-
logical staining was applied to mark the new bone attached to 
the implants (Figure  8G). Quantitative analysis indicated the 
highest bone-implant contact rate was in the Zn-coated SPEEK 
group, followed by the SPEEK group (Figure  8E), suggesting 
that Zn-coated SPEEK had the strongest bone repair ability.

3. Discussion

The field of osteoimmunology has drawn much attention 
because of the inconsistencies observed between in vitro and 
in vivo outcomes with direct osteogenic biomaterials. To reach 
a balance between osteoimmunology and osteointegration, 
numerous strategies have been applied to modify biomaterials 
to modulate associated immunological reactions.[1a] Recently, 
some studies have demonstrated that modified biomaterials can 
modulate the immune system to improve osteogenesis,[8a,15] 
which opened another opportunity to enhance the osteointegra-
tion of biomaterials. Specifically, it was reported that cytokine- or 
drug-loaded biomaterials can harness macrophage polarization 
and generate an osteogenic immune microenvironment.[7b,16] 
Moreover, some studies suggested that tuning the chemistry 
and topography of surfaces can manipulate the response of 
macrophages to biomaterials.[17] In the present study, we inves-
tigated the osteoimmunomodulatory ability of the active ion 

Adv. Sci. 2018, 5, 1800749

Figure 5.  A) ALP staining of rBMSC cultured in conditioned medium for 7 and 14 d. B) ALP immunofluorescent staining of rBMSC in conditioned 
medium: green (ALP), red (actin), blue (DAPI).
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zinc and its immunomodulatory and osteogenic effects on oste-
ointegration. Zinc, an essential trace element for the human 
body, participates in numerous metabolic reactions.[18] The role 
of zinc in the immune system has been studied for decades.[19] 
Zinc deficiency can result in immune cell dysfunction and can 
increase the risk of inflammation.[20] In addition, a weakened 
innate host defense can be observed when zinc homeostasis 
is disrupted.[21] Zinc can also enhance the phagocytic ability of 
macrophages and neutrophils to combat bacteria.[22] All these 
findings indicate zinc has an indispensable role in modulating 
the immune system, especially innate immunity.

Despite the immunomodulatory role of zinc in the immune 
system, the immunomodulatory and osteogenic effects of zinc 
remain unclear. In this study, we chose a promising orthopedic 
material, PEEK, as a substrate. First, we enhanced the biocom-
patibility of PEEK through sulfonation. Figure  1A shows the 
morphology of the porous surface, which was beneficial for 
cell adhesion according to our previous study.[23] Then, zinc 
was homogeneously coated on SPEEK through magnetron 
sputtering (Figure  1C). According to the present results, when 
macrophages (M0) were seeded on the surface of samples, parts 
of macrophages would be activated due to the difference between 
sample surfaces and culture plate (Figure  3). A majority of 

activated macrophages on PEEK group were activated from M0 
to M1 phenotype, though a small part of activated macrophages 
was M2 phenotype (Figure 4). In contrast, M2 macrophages had 
major seats on SPEEK and Zn-coated SPEEK, especially on Zn-
coated SPEEK group. Therefore, both M1 and M2 macrophages 
could be found on the surface of samples, but the proportion of 
M1/M2 cells differed among groups. In sum, in vitro immune 
experiments revealed that Zn-coated SPEEK can favor mac-
rophage polarization to the M2 phenotype and anti-inflammatory 
and osteogenic cytokine secretion (Figures 3 and 4). In fact, 
some previous reports have already suggested that zinc exerts 
modulatory effects on the immune system.[14] Specifically, zinc 
can induce monocytes to differentiate to macrophages,[24] and 
100 × 10−6 m zinc can increase the release of pro-inflammatory 
cytokines such as IL-1, IL-6, and TNF-α; however, 1.25 × 10−6 m 
zinc is enough to decrease the expression of pro-inflammatory 
cytokines.[25] The immunomodulatory effect of zinc seems to 
be dose dependent. Regarding the results of the immersion test 
(Zn-coated SPEEK), the concentration of zinc was ≈2.5 × 10−6 m  
(160 µg L−1, Figure S3, Supporting Information), which was far 
lower than 100  ×  10−6 m. Nevertheless, we should notice that 
the actual zinc concentration on the material surface that cells 
interacted with may be higher than 2.5 × 10−6 m. Therefore, the 

Adv. Sci. 2018, 5, 1800749

Figure 6.  A) OCN immunofluorescent staining of rBMSC in conditioned medium: green (osteocalcin), red(actin), blue (DAPI). B) Alizarin Red staining 
of rBMSC cultured in conditioned medium for 7 and 14 d. C) Quantitative analysis of Alizarin Red staining. (*, #, and +  represent p < 0.05 when 
compared with Control, PEEK, SPEEK, respectively).
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optimal concentrations of zinc coated on SPEEK need further 
investigation. In addition, other studies have indicated that zinc 
regulated the secretion of cytokines of macrophages through inhi-
bition of the NF-κB signaling pathway.[26] It is well known that 
inhibition of the NF-κB signaling pathway in macrophages can 
result in the switch of M0 macrophage to an anti-inflammatory 
phenotype, M2.[27] Further mechanistic analysis verified that zinc  
can suppress the IκB kinase β (IKKβ) and NF-κB proteins and 
then inhibit TNF-α production.[26] Therefore, we postulated that 
Zn-coated SPEEK exerts immunomodulatory and osteogenic 
effects by modulating macrophages to an anti-inflammatory 
phenotype (M2) and inducing them to secrete some osteogenic 
cytokines promoting osteogenesis. According to our results, the 
NF-κB signaling pathway of macrophages on Zn-coated SPEEK 
was inhibited (Figure  3C). Moreover, the Jak-STAT signaling 
pathway, which is activated by IL-4 and induces M2 polariza-
tion,[27] was upregulated, indicating the activity of the M2 pheno-
type (Figure 3B). Immunofluorescence staining and flow cytom-
etry results validated the higher proportion of M2 macrophages 
on Zn-coated SPEEK (Figure 4). As to the higher proportion of 

the M2 phenotype on SPEEK than on PEEK (Figure 4), reasons 
may be as follow: it is reported that porous structure can facilitate 
the attachment and spread of macrophages, then the physical 
and mechanical signals of porous surface can be translated 
into biological signals, and subsequently modulate local micro-
environment and macrophage polarization.[17,28] As revealed 
in Figure  1A, porous structure with pore size about 0.5–1 µm 
can be observed on the surface of SPEEK, which may provide 
some biological signals for the polarization of macrophages. In 
fact, sulfonated PEEK demonstrated a higher proportion of M2 
macrophages than PEEK (Figure 4). Recent studies have demon-
strated that the M2 cells exhibited an elongated shape compared 
with M1 cells,[29] which was in consistent with the present results 
that the macrophages on SPEEK surface were more elongated 
than on PEEK surface (Figure 2A). Nevertheless, the higher pro-
portion of M2 macrophages on Zn-coated SPEEK than SPEEK 
suggested the immunomodulatory capability of zinc.

Generally, an acute and uncontrollable inflammatory will 
impair osteogenic differentiation and bone regeneration and ulti-
mately result in implant failure.[30] In contrast, a mild immune 

Figure 7.  Results of mouse air pouch model. A) Representative dot images of surface markers of cells harvested from air pouches analyzed by 
flow cytometry. B,C) Percentage of (F4/80+CCR7) or (F4/80+CD206) positive cells respectively. D) Fibrous layer thickness of air pouches’ skin.  
E,F) Percentage of CD206 and iNOS positive cells in the fibrous layer by immunofluorescent staining. G) HE staining of the air pouches’ skin.  
H) Immunofluorescent staining air pouches’ skin: red (CD206), green (iNOS), and blue (DAPI). (* and # represent p < 0.05 when compared with 
PEEK, SPEEK, respectively).
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reaction to biomaterials is beneficial for the osteointegration and 
stability of an implant.[30] Therefore, to evaluate the osteogenic 
differentiation ability of the environment generated by Zn-coated 
SPEEK, we cultured BMSCs in macrophage-conditioned medium. 
The results revealed that the Zn-coated SPEEK group showed 
strongest osteogenic differentiation ability (Figures 5 and 6), sug-
gesting that the macrophages cultured on Zn-coated SPEEK had 
the highest secretion of osteogenic molecules.

Thus, the previous experiments confirmed that Zn-coated 
SPEEK could induce macrophage polarization to the M2 phe-
notype, thereby promoting osteogenic differentiation in vitro. 
We next investigated the in vivo inflammatory reaction and 
macrophage polarization with an air pouch model. A thinner 
fibrous layer was observed in Zn-coated SPEEK group, sug-
gesting a comparatively anti-inflammatory effect (Figure  7G). 

Fewer inflammatory cells were found in the fibrous layer in the 
Zn-coated SPEEK group, which may be due to the decreased 
expression of colony-stimulating factors (GM-CSF, G-CSF, and 
M-CSF, Figure 3A). Furthermore, immunofluorescence images 
(Figure 7H) revealed that there was a higher percentage of M2 
macrophages, which may account for the milder inflammation 
in the Zn-coated SPEEK group. When samples were implanted 
into the air pouches, the foreign body reaction triggered, and 
neutrophils and macrophages were the first responding cells 
gathering around the implants. Regarding Zn-coated SPEEK, 
a higher proportion of macrophages was induced to the M2 
phenotype and thus secreted anti-inflammatory cytokines 
(such as IL-4 and IL-10). Moreover, M2 macrophages pro-
duced less colony-stimulating factors, which resulted in fewer 
recruited inflammatory cells and maintenance of the milder 

Figure 8.  Results of the in vivo bone-repairing model. A) Coronal, sagittal, transverse, and 3D images of Micro-CT, yellow arrow indicates new bone. 
B–D) Quantitative analysis of Micro-CT data: BV/TV%, Tb.Th, and Tb.N respectively. E) Bone implant contact measured from inset (G). F) Undecalci-
fied sections of sequential polychrome labels for bone: red (Alizarin red), green (Calcein). G) Van Gieson staining of undecalcified sections, white arrow 
indicates bone implant contact. (* and # represent p < 0.05 when compared with PEEK, SPEEK respectively).
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inflammatory microenvironment. To verify whether the in 
vitro osteogenic effects were consistent with the in vivo out-
comes, we used a bone defect repair model to evaluate the 
osteointegration ability of samples. Both micro-CT and unde-
calcified section staining (including fluorescence and van 
Gieson) revealed more new bone around the Zn-coated SPEEK.

The osteogenic factors, including BMP-2 and VEGF, may 
contribute to the favorable osteogenic differentiation and oste-
ointegration of Zn-coated SPEEK. The macrophages cultured 
on Zn-coated SPEEK secreted the highest levels of BMP-2 and 
VEGF (Figure 3). BMP-2, a well-known osteogenic protein, is an 
important member of the BMP family.[31] Enhanced expression 
of BMP2 will activate the BMP signaling pathway and promote 
osteogenesis.[32] In addition, angiogenesis and osteogenesis 
are two closely connected biological processes.[33] VEGF is an 
angiogenesis-related protein that can bind to the VEGF receptor 
and activate downstream molecules to increase angiogenesis.[34] 
VEGF was thought to have synergistic effects with BMP-2 on 
osteogenesis and angiogenesis,[35] which may be another reason 
for the superior osteogenesis in the Zn-coated SPEEK group.

4. Conclusion

In summary, we first investigated the osteoimmunomodulatory 
property of zinc and its effects on osteogenesis by preparing 
zinc-coated SPEEK. Both in vitro and in vivo experiments con-
firmed that Zn-coated SPEEK can induce macrophage polariza-
tion to an anti-inflammatory phenotype (M2) and then secretion 
of a set of osteogenic cytokines to improve osteointegration. 
Our results indicate that zinc shows immunomodulatory and 
osteogenic effects, which suggested that zinc is a promising 
and effective additive to develop advanced bone regeneration 
and immunomodulatory biomaterials.

5. Experimental Section
Fabrication and Modification of Samples: Samples were cut and 

polished into 10 mm × 10 mm × 1 mm or 20 mm × 20 mm × 1 mm 
squares for surface characterization, in vitro cell experiments and in 
vivo air pouch model. Cylindrical samples of Φ2 × 5 mm3 dimensions 
were employed in rat bone repair model. Prior to sulfonation, all 
samples were ultrasonically cleaned in acetone, ethanol, and ultrapure 
water sequentially. To achieve a 3D porous structure, the samples 
were immersed in sulfuric acid solution (98 wt%) with magnetic 
stirring for 3 min at room temperature and then were washed with 
deionized water three times. To remove the remaining sulfuric and 
acid residues, samples underwent hydrothermal treatment in a 100 mL  
Teflon-lined autoclave at 120  °C for 6 h and then were cooled to 
room temperature. Afterward, zinc was deposited on the sulfonated 
polyetheretherketone (SPEEK) surface using a magnetron sputtering 
apparatus (Plasma Technology Ltd., MS400) with a 2 in. Zn metal 
target (99.99%). Prior to deposition, the deposition chamber was 
pumped down to ≈10−4 Pa, and pure Ar gas (purity, 99.999%) was 
introduced at 80 sccm. The substrate was rotated at a speed of 10 rpm 
to obtain a homogeneous zinc coating, and a DC power of 15 W was 
applied to the target during the sputtering process. Samples prepared 
with deposition times of 30 s, 1 min, and 2 min were denoted “Zn1”, 
“Zn2,” and “Zn3,” respectively.

Surface Characterization of Samples: The surface morphology of SPEEK 
and Zn-coated SPEEK was examined by field-emission scanning electron 
microscopy (FE-SEM, Magellan 400USA). Elemental mapping of 

Zn-coated SPEEK was realized by energy-dispersive X-ray spectrometry 
(EDS) using the same machine. The chemical composition, chemical 
state, and Zn concentrations were studied by X-ray photoelectron 
spectroscopy (XPS; Thermo Scientific Escalab 250Xi, US). Argon ion 
sputtering with an acceleration voltage of 2 kV for 30 s was performed 
prior to the XPS measurement to obtain a clean surface of each sample. 
The bonding strength of Zn coating on SPEEK was measured according 
to the National Standards GB/T 5210-2006. The wettability of the 
samples was determined by measuring the contact angle (CA) of a water 
droplet (10 µL) on the film surface. Digital video imaging was used to 
process the sessile droplets by a contact angle apparatus (Chengde 
Dingsheng Testing Machine Co. Ltd, JY-82A). A charge coupled device 
(CCD) camera with a space resolution of 1280  ×  1024 and a color 
resolution of 256 gray levels was applied to capture the droplet images.

Immersion Test: Samples were immersed in 10 mL of Dulbecco’s 
modified Eagle’s medium (DMEM) at 37  °C for 1, 4, 7, or 14 d. At 
prescribed time, the pH values of and zinc concentrations in the 
medium were determined by a pH meter (Sartorius, Germany) and an 
ICP-MS (Agilent 7500ce, USA), respectively.

Cell Culture: Mouse macrophage cells (RAW 264.7) and rat bone 
marrow mesenchymal stem cells (rBMSCs) were used in this study. Both 
types of cells were purchased from the Chinese Academy of Science cell 
bank and cultured in DMEM (HyClone) supplemented with 10% fetal 
bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco) at 37 °C 
in a humidified atmosphere of 5% CO2. RAW 264.7 cells were passaged 
by a cell scraper after reaching 80% confluence, while rBMSCs were 
passaged by trypsinization.

Cell Adhesion and Morphology on Samples: Macrophages or rBMSCs 
(5 × 104) were seeded on samples and cultured for 1 and 4 d. At 
prescribed time, the cells were dehydrated by ethanol and then dried 
in hexamethyldisilazane (HMDS). Finally, the samples were sputtered 
with gold and observed with a scanning electron microscope (Hitachi 
S-4800, Japan).

Cell Proliferation and Viability on Samples: The CCK-8 assay and flow 
cytometry were employed to evaluate the proliferation and viability of 
macrophages on samples. Cells were seeded on samples at 5 × 104 per 
well. After culturing for 1 and 4 d, the cells were rinsed with phosphate 
buffer saline (PBS) and incubated in 10% CCK-8-containing medium 
for 4 h at 37  °C, and then the absorbance of 450 nm was acquired by 
a spectrophotometer (Bio-Rad, USA). To determine the cell viability 
on samples, cells were scratched from the samples and stained with 
propidium iodide (PI) for 5 min. Finally, a flow cytometer (Millipore, 
USA) was used to identify the dead cells after culturing for 24 h. RAW 
264.7 cells cultured in a 24-well plate were used as control.

Gene Expression of Macrophages on Samples: A microarray was used to 
detect the gene expression profile of macrophages on samples. Briefly, 
RAW 264.7 cells were seeded on samples (1 × 105 per well) and cultured 
for 4 d. Then, cell RNA was harvested by TRIzol reagent, and the whole 
gene expression was examined at the Beijing Genomics Institute (BGI, 
China). Fold changes in the expression of selected genes were exhibited 
by a heat map, and pathway enrichment was evaluated by KEGG pathway 
analysis.

After incubation on samples for 4 d, the culture medium of 
macrophages was collected and centrifuged. Then, ELISA kits (Anogen, 
Canada) were used to examine the concentrations of TNF-α, IL-4, IL-6, 
and IL-10 in the supernatants according the manufacturer’s instructions.

RT-PCR was also performed to investigate the expression levels of 
the M1 macrophage marker CCR7, the M2 macrophage marker CD206, 
and the osteogenic factors BMP-2 and VEGF. Cells were cultured 
on samples for 4 d, and then RNA was extracted by TRIzol reagent. 
Complementary DNA (cDNA) was synthesized from 2 µg of total RNA 
using reverse transcriptase M-MLV (Takara). Quantitative gene analysis 
was performed using RT-PCR with SYBR Premix Ex Taq (Takara) (SYBR 
= N′,N′-dimethyl-N-[4-[(E)-(3-methyl-1,3-benzothiazol-2-ylidene)methyl]-
1-phenylquinolin-1-ium-2-yl]-N-propylpropane-1,3-diamine). The primers 
used in this section are shown in Table S2 (Supporting Information) 
with β-actin as a housekeeping gene. RAW 264.7 cells cultured in 12-well 
plate were used as control.
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In Vitro Polarization of Macrophages Cultured on Samples: Fluorescence 
staining was carried out to evaluate the expression levels of iNOS 
(green, M1 marker) and CD206 (red, M2 marker). After incubation on 
samples for 1 and 4 d, macrophages were scratched and seeded in a 
12-well plate for 30 min for reattachment. Subsequently, the cells were 
fixed in 4% paraformaldehyde, permeabilized by 0.1% Triton-X for 
30 min, blocked using 1% bovine serum albumin (BSA) for 1 h and 
incubated with primary antibodies for iNOS (1:50, Novus Biologicals) 
and CD206 (1:50, Abcam) overnight at 4  °C. Secondary antibody 
donkey anti-rabbit Alexa Fluor 488 (1:200, Abcam) and donkey anti-
mouse Alexa Fluor 594 (1:200, Abcam) was applied to combine with 
the primary antibody for 2 h. Finally, the nuclei were stained blue with 
4’,6-diamidino-2-phenylindole, pihydrochloride (DAPI) and observed 
with a fluorescence microscope (Leica).

A flow cytometer was further used to obtain the proportion of M1 
and M2 macrophages. The antibodies used in this test were purchased 
from eBioscience. Briefly, cells were scratched into Eppendorf (EP) 
tubes after culturing on samples for 4 d. Cells were centrifuged, rinsed 
with 1% BSA to block nonspecific antigens for 30 min, and then 
stained by allophycocyanin (APC)-conjugated CCR7 and phycoerythrin 
(PE)-conjugated CD206 for 1 h in the dark. Meanwhile, fluorescein 
isothiocyanate (FITC)-conjugated rat IgG2a,κ, APC-conjugated rat 
IgG2a,κ, and PE-conjugated rat IgG2a,κ were used as isotype controls. 
Finally, 100 µL cell suspensions were added to a 96-well plate and 
detected by a Guava flow cytometer (Millipore, USA). Data were also 
analyzed by Guava software 3.1.1, and RAW 264.7 cells cultured in 
12-well plate were used as a control.

Osteogenic Differentiation Evaluation of Macrophage-Conditioned 
Medium: Conditioned medium was prepared by culturing macrophages 
on different samples for 4 d, collecting the supernatants of the culture 
medium and mixing them with DMEM at a 1:2 ratio. rBMSCs was 
cultured on a 24-well plate at a density of 1  ×  104 cells per well with 
DMEM, and after incubation for 12 h, the medium was replaced by 
conditioned medium for further incubation. At days 7 and 14, the cells 
were fixed and stained with ALP or Alizarin red dye according to the 
ALP staining kit (Beyotime) or Alizarin red dye (Cyagen) instructions, 
respectively. Quantitative analysis of Alizarin red staining was achieved by 
dissolving the deposited calcium with 10% cetylpyridinium chloride and 
detecting the optical density (OD) values of the solution at 600 nm.

Two representative proteins (ALP and OCN) indicating osteogenic 
differentiation were determined by fluorescence staining. After they were 
cultured in conditioned medium for specific times, the cells were fixed 
in 4% paraformaldehyde, permeabilized with 0.1% Triton-X for 30 min, 
blocked with 1% BSA for 1 h, and incubated with primary antibodies 
overnight at 4  °C. Subsequently, secondary antibodies were applied to 
attach to the primary antibodies. Finally, the cytoskeleton and nuclei 
were stained with phalloidin and DAPI, respectively. A fluorescence 
microscope (Leica) was used to acquire representative images, and 
rBMSCs cultured in DMEM were used as a control.

In Vivo Immunomodulatory Evaluation of Samples: The animal 
experiments were approved by the Animal Care Committee of 
Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, and 
all the operations on animals were in accordance with the guidelines 
established by the Administration of Affair Concerning Laboratory 
Animals for Shanghai Jiao Tong University and the National Institutes of 
Health Guide for Care and Use of Laboratory Animals (GB14925-2010).  
An air pouch was first developed on the back of C57BL/6 mice by injecting 
sterile air subcutaneously according to the previous study. Then, the mice 
were anaesthetized via intraperitoneal injection of pentobarbital and shaved 
and sterilized the skin of the air pouch. An incision was made on the 
middle of the pouch, one sample (10 mm squares) was inserted into the 
pouch, and the incision was closed gently. All the surgical procedures were 
performed in an aseptic manner. Four days after the surgery, the mouse 
was sacrificed. The inflammatory cells in the air pouch were harvested by 
washing the cavity with 2 mL of PBS. Then, a flow cytometer was used to 
determine the proportion of M1 and M2 macrophages. During the tests, the 
macrophages were stained with FITC-conjugated anti-mouse F4/80. Other 
procedures were similar to in vitro flow cytometer test mentioned above.

The skin covering the implants were harvested and fixed in 
paraformaldehyde. Further tissue sections (≈5 µm) were made after 
embedding in paraffin. Then, the sections were stained with hematoxylin 
and eosin (H&E) to evaluate the inflammatory reaction of the skin. 
Immunofluorescence staining was used to quantify the percentage 
of different phenotypes of macrophages in the fibrous layer. The 
staining procedures were carried out using the same antibodies as in 
vitro macrophages immunofluorescence staining according to the 
manufacturer’s instructions.

To investigate the in vivo bone regeneration of samples, a rat bone repair 
model was built. Cylindrical implants (2 mm diameter, 5 mm long) were 
inserted parallel to the long axis in the femurs (one implant per femur) of 
rats for 8 weeks. At 4 and 6 weeks after the surgery, calcein and Alizarin 
red were injected intraperitoneally to mark the new bone. When the rats 
were sacrificed by an overdose of pentobarbitone sodium at week 8, the 
femurs containing the implants were harvested and subjected to micro-CT 
scanning. Then, the femurs were embedded in polymethylmethacrylate 
(PMMA), and undecalcified sections were acquired using a Leica diamond 
saw (Leica SP1600). A confocal laser scanning microscope (Leica CLSM) 
was used to observe polychrome-labeled bone. Finally, the sections were 
stained with van Gieson dye and observed by an optical microscope 
(Leica) to display the bone implant contact.

Statistical Analysis: Count data were presented as the mean ± standard 
deviation. Differences among groups were analyzed with one-way 
ANOVA followed by the Student-Newman-Keuls (SNK) test using 
SPSS20.0. P < 0.05 was considered a significant difference.
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Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
W.L. and J.L. contributed equally to this work. This work was supported 
by the National Natural Science Foundation of China (81472109, 
81772309, 81702126, 31370957), Hong Kong Research Grant Council 
General Research Funds (CityU 11205617, CityU 11301215, HKU 
718913, HKU 17214516, N_HKU726-16), City University of Hong Kong 
Applied Research Grant (9667144), and Shanghai Jiao Tong University 
Medical-Engineering Foundation, China (YG2016MS14).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
bone formation, immunomodulation, macrophages, stem cells, zinc

Received: May 15, 2018
Revised: June 19, 2018

Published online: August 7, 2018

[1]	 a) Z.  Chen, T.  Klein, R. Z.  Murray, R.  Crawford, J.  Chang, C.  Wu, 
Y.  Xiao, Mater. Today 2016, 19, 304; b) H.  Takayanagi, Nat. Rev. 
Immunol. 2007, 7, 292.

[2]	 T. A. Einhorn, L. C. Gerstenfeld, Nat. Rev. Rheumatol. 2015, 11, 45.
[3]	 a) T.  Takizawa, N.  Nakayama, H.  Haniu, K.  Aoki, M.  Okamoto, 

H.  Nomura, M.  Tanaka, A.  Sobajima, K.  Yoshida, T.  Kamanaka, 
K.  Ajima, A.  Oishi, C.  Kuroda, H.  Ishida, S.  Okano, S.  Kobayashi, 



www.advancedsciencenews.com

1800749  (13 of 13) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

H. Kato, N. Saito, Adv. Mater. 2018, 30; b) S. Pina, J. M. Oliveira, 
R. L. Reis, Adv. Mater. 2015, 27, 1143.

[4]	 S.  Franz, S.  Rammelt, D.  Scharnweber, J. C.  Simon, Biomaterials 
2011, 32, 6692.

[5]	 a) N. Kohli, S. Ho, S. J. Brown, P. Sawadkar, V. Sharma, M. Snow, 
E.  Garcia-Gareta, Bone 2018, 110, 38; b) J. M.  Anderson, 
A. Rodriguez, D. T. Chang, Semin. Immunol. 2008, 20, 86.

[6]	 a) L.  Wistlich, J.  Kums, A.  Rossi, K.-H.  Heffels, H.  Wajant,  
J.  Groll, Adv. Funct. Mater. 2017, 27, 1702903; b) L.  Claes, 
S.  Recknagel, A.  Ignatius, Nat. Rev. Rheumatol. 2012, 8, 133;  
c) N.  Mokarram, R. V.  Bellamkonda, Ann. Biomed. Eng. 2014,  
42, 338.

[7]	 a) K.  Sadtler, A.  Singh, M. T.  Wolf, X.  Wang, D. M.  Pardoll, 
J. H. Elisseeff, Nat. Rev. Mater. 2016, 1, 16040; b) A. Moshaverinia, 
C. Chen, X. Xu, S. Ansari, H. H. Zadeh, S. R. Schricker, M. L. Paine, 
J.  Moradian-Oldak, A.  Khademhosseini, M. L.  Snead, S.  Shi,  
Adv. Funct. Mater. 2015, 25, 2296; c) A.  Singh, Biomaterials 2017, 
130, 104.

[8]	 a) K. L.  Spiller, S.  Nassiri, C. E.  Witherel, R. R.  Anfang, J.  Ng, 
K. R.  Nakazawa, T.  Yu, G.  Vunjak-Novakovic, Biomaterials 2015, 
37, 194; b) B. N.  Brown, B. M.  Sicari, S. F.  Badylak, Front. 
Immunol. 2014, 5, 510; c) R. Sridharan, A. R. Cameron, D. J. Kelly, 
C. J. Kearney, F. J. O’Brien, Mater. Today 2015, 18, 313.

[9]	 a) H.  Kang, S.  Kim, D. S. H.  Wong, H. J.  Jung, S.  Lin, K.  Zou, 
R.  Li, G.  Li, V. P.  Dravid, L.  Bian, Nano Lett. 2017, 17, 6415; 
b) A. Boddupalli, L. Zhu, K. M. Bratlie, Adv. Healthcare Mater. 2016, 
5, 2575; c) M. L. Novak, T. J. Koh, J. Leukocyte Biol. 2013, 93, 875; 
d) S. Chen, J. A. Jones, Y. Xu, H.-Y. Low, J. M. Anderson, K. W. Leong, 
Biomaterials 2010, 31, 3479; e) G. S. A. Boersema, N. Grotenhuis, 
Y.  Bayon, J. F.  Lange, Y. M.  Bastiaansen-Jenniskens, BioRes. Open 
Access 2016, 5, 6; f) E. M.  Sussman, M. C.  Halpin, J.  Muster,  
R. T. Moon, B. D. Ratner, Ann. Biomed. Eng. 2014, 42, 1508.

[10]	 a) A.  Sindrilaru, T.  Peters, S.  Wieschalka, C.  Baican, A.  Baican, 
H.  Peter, A.  Hainzl, S.  Schatz, Y.  Qi, A.  Schlecht, J. M.  Weiss, 
M.  Wlaschek, C.  Sunderkötter, K.  Scharffetter-Kochanek, J. Clin. 
Invest. 2011, 121, 985; b) M.  Rodrigues, G. C.  Gurtner, Curr. 
Pathobiol. Rep. 2017, 5, 333.

[11]	 a) A. C. Wu, L. J. Raggatt, K. A. Alexander, A. R. Pettit, BoneKEy Rep. 
2013, 2, 373; b) J. Li, J. Wen, B. Li, W. Li, W. Qiao, J. Shen, W.  Jin, 
X.  Jiang, K. W. K.  Yeung, P. K.  Chu, Adv. Sci. 2017, 5, 1700678; 
c) J.-W.  Kim, C.  Mahapatra, J.-Y.  Hong, M. S.  Kim, K. W.  Leong, 
H.-W. Kim, J. K. Hyun, Adv. Sci. 2017, 4, 1700034.

[12]	 R. Chen, J. Wang, C. Liu, Adv. Funct. Mater. 2016, 26, 8810.
[13]	 a) B.  Li, H.  Cao, Y.  Zhao, M.  Cheng, H.  Qin, T.  Cheng, Y.  Hu, 

X.  Zhang, X.  Liu, Sci. Rep. 2017, 7, 42707; b) W.  Zhang, F.  Zhao, 
D. Huang, X.  Fu, X.  Li, X. Chen, ACS Appl. Mater. Interfaces 2016, 

8, 30747; c) M. Shi, Z. Chen, S. Farnaghi, T. Friis, X. Mao, Y. Xiao, 
C. Wu, Acta. Biomater. 2016, 30, 334.

[14]	 S. Hojyo, T. Fukada, J. Immunol. 2016, 2016, 6762343.
[15]	 L.  Bai, Z.  Du, J.  Du, W.  Yao, J.  Zhang, Z.  Weng, S.  Liu, Y.  Zhao, 

Y. Liu, X. Zhang, X. Huang, X. Yao, R. Crawford, R. Hang, D. Huang, 
B. Tang, Y. Xiao, Biomaterials 2018, 162, 154.

[16]	 J.  Pajarinen, T.  Lin, E.  Gibon, Y.  Kohno, M.  Maruyama,  
K.  Nathan, L.  Lu, Z.  Yao, S. B.  Goodman, Biomaterials 2018  
https://doi.org/10.1016/j.biomaterials.2017.12.025.

[17]	 Z.  Chen, A.  Bachhuka, S.  Han, F.  Wei, S.  Lu, R. M.  Visalakshan, 
K. Vasilev, Y. Xiao, ACS Nano 2017, 11, 4494.

[18]	 K. M. Hambidge, N. F. Krebs, J. Nutr. 2007, 137, 1101.
[19]	 P. Scuderi, Cell. Immunol. 1990, 126, 391.
[20]	 N.  Wellinghausen, H.  Kirchner, L.  Rink, Immunol. Today 1997, 18, 

519.
[21]	 C. L. Keen, M. E. Gershwin, Annu. Rev. Nutr. 1990, 10, 415.
[22]	 a) L. S.  Mayer, P.  Uciechowski, S.  Meyer, T.  Schwerdtle, L.  Rink, 

H.  Haase, Metallomics 2014, 6, 1288; b) C.  Driessen, K.  Hirv, 
H. Kirchner, L. Rink, J. Infect. Dis. 1995, 171, 486.

[23]	 L. Ouyang, Y. Zhao, G.  Jin, T. Lu, J. Li, Y. Qiao, C. Ning, X. Zhang, 
P. K. Chu, X. Liu, Biomaterials 2016, 83, 115.

[24]	 L. Dierichs, V. Kloubert, L. Rink, Eur. J. Nutr. 2017.
[25]	 a) V.  von  Bulow, L.  Rink, H.  Haase, J. Immunol. 2005, 175, 4697; 

b) C. Driessen, K. Hirv, H. Kirchner, L. Rink, Immunology 1995, 84, 
272.

[26]	 M. J.  Liu, S.  Bao, M.  Galvez-Peralta, C. J.  Pyle, A. C.  Rudawsky, 
R. E.  Pavlovicz, D. W.  Killilea, C.  Li, D. W.  Nebert, M. D.  Wewers, 
D. L. Knoell, Cell. Rep. 2013, 3, 386.

[27]	 D.  Zhou, C.  Huang, Z.  Lin, S.  Zhan, L.  Kong, C.  Fang, J.  Li,  
Cell. Signalling 2014, 26, 192.

[28]	 a) Z.  Chen, S.  Ni, S.  Han, R.  Crawford, S.  Lu, F.  Wei, J.  Chang, 
C. Wu, Y. Xiao, Nanoscale 2017, 9, 706; b) J. Wang, S. Qian, X. Liu, 
L. Xu, X. Miao, Z. Xu, L. Cao, H. Wang, X. Jiang, J. Mater. Chem. B 
2017, 5, 3364.

[29]	 F. Y.  McWhorter, T.  Wang, P.  Nguyen, T.  Chung, W. F.  Liu, Proc. 
Natl. Acad. Sci. USA 2013, 110, 17253.

[30]	 R. J. Miron, D. D. Bosshardt, Biomaterials 2016, 82, 1.
[31]	 B. Bragdon, O. Moseychuk, S. Saldanha, D. King, J. Julian, A. Nohe, 

Cell. Signalling 2011, 23, 609.
[32]	 J. Guo, G. Wu, Cytokine Growth Factor Rev. 2012, 23, 61.
[33]	 K. Hu, B. R. Olsen, Bone 2016, 91, 30.
[34]	 K. Holmes, O. L. Roberts, A. M. Thomas, M. J. Cross, Cell. Signalling 

2007, 19, 2003.
[35]	 M. M.  Martino, P. S.  Briquez, E.  Guc, F.  Tortelli, W. W.  Kilarski, 

S.  Metzger, J. J.  Rice, G. A.  Kuhn, R.  Muller, M. A.  Swartz, 
J. A. Hubbell, Science 2014, 343, 885.

Adv. Sci. 2018, 5, 1800749

https://doi.org/10.1016/j.biomaterials.2017.12.025

