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A B S T R A C T

Titanium (Ti) and its alloys are believed to be promising scaffold materials for dental and orthopedic im-
plantation due to their ideal mechanical properties and biocompatibility. However, the host immune response
always causes implant failures in the clinic. Surface modification of the Ti scaffold is an important factor in this
process and has been widely studied to regulate the host immune response and to further promote bone re-
generation. In this study, a calcium-strontium-zinc-phosphate (CSZP) coating was fabricated on a Ti implant
surface by phosphate chemical conversion (PCC) technique, which modified the surface topography and element
constituents. Here, we envisioned an accurate immunomodulation strategy via delivery of interleukin (IL)-4 to
promote CSZP-mediated bone regeneration. IL-4 (0 and 40 ng/mL) was used to regulate immune response of
macrophages. The mechanical properties, biocompatibility, osteogenesis, and anti-inflammatory properties were
evaluated. The results showed that the CSZP coating exhibited a significant enhancement in surface roughness
and hydrophilicity, but no obvious changes in proliferation or apoptosis of bone marrow mesenchymal stem cells
(BMMSCs) and macrophages. In vitro, the mRNA and protein expression of osteogenic related factors in BMMSCs
cultured on a CSZP coating, such as ALP and OCN, were significantly higher than those on bare Ti. In vivo, there
was no enhanced bone formation but increased macrophage type 1 (M1) polarization on the CSZP coating. IL-4
could induce M2 polarization and promote osteogenesis of BMMSCs on CSZP in vivo and in vitro. In conclusion,
the CSZP coating is an effective scaffold for BMMSCs osteogenesis, and IL-4 presents the additional advantage of
modulating the immune response for bone regeneration on the CSZP coating in vivo.

1. Introduction

Titanium (Ti) and its alloy-based implants have dominated the
medical market of orthopedic and dental implantation in the world
given their good biocompatibility and mechanical properties [1,2].
However, the mechanical and biological properties of Ti implants can
affect osseointegration in response to the host immune response. To
obtain better osseointegration of Ti implants, several surface mod-
ification techniques have been studied systematically to improve

surface morphology and element constituents to obtain better os-
teoimmunomodulation properties, and these include plasma spraying,
sol-gel, magnetron sputtering, biomimetic precipitation, and chemical
conversion. [3–6].

However, the host's body is a complex environment, and the im-
plantation will inevitably lead to a series of biological responses.
Depending on context dependent polarization profiles, macrophages
may be responsible for these responses [7,8]. Signals from various
surfaces of Ti implant may trigger the switching or polarization of
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macrophage phenotypes associated with the immune response, fol-
lowed by pro-osteogenic signaling. These findings demonstrated that
surface modification methods for osseointegration should concentrate
not only on osteogenesis but also on immunomodulation to build an
optimal environment. Therefore, the osteoimmunomodulation capacity
becomes a principal factor for the evaluation of surface modification of
Ti implants.

The phosphate chemical conversion (PCC) technique is a chemical
and electrochemical process of forming PCC coatings and firmly binds
to the substrate. The PCC coating synthesized directly on the Ti implant
surface can not only regulate wear- and corrosion-resistance, adhesion,
roughness, and hydrophilicity, but also couples elements such as cal-
cium (Ca), zinc (Zn), stronium (Sr) into the coating [9–12]. As the main
component of human bone, Ca is used in synthesis and application of
various biomaterials [8,13]. Sr is a stimulus to bone formation and the
main component of drugs for the treatment of osteoporosis [14]. Zn is
essential for the immune response, and an optimal dose of Zn creates an
anti-inflammatory environment by promoting the expression of anti-
inflammatory factors [15]. In theory, a Ca-Sr-Zn-P (CSZP) coating
synthesized by PCC method should act as a promising surface for os-
seointegration of Ti implants by regulating the immune response.

Macrophage polarization plays an important role in scaffold-in-
duced osteoimmunomodulation. Acute inflammation is the first stage of
tissue healing [16], type 1 macrophages (M1) have traditionally been
regarded as inflammatory cells at this stage and produce a fibrous en-
capsulation to protect the host [17]. Instead, type 2 macrophages (M2)
generally act to inhibit the development of inflammation and promote
osteogenic growth factors from the third day post-implantation. It has
been reported that an accurate coordination of M1 and M2 surrounding
the scaffold will further optimize the osteoimmunomodulatory effect,
and thus enhance the osteogenesis and related angiogenesis [18].
Therefore, supplementing external factors at an appropriate timepoint
to drive macrophage polarization is a good approach to improve os-
teoimmunomodulation. As a regulator of M2 polarization, interleukin
(IL)-4 has been shown to have a good regulatory effect on the M1/M2
ratio at appropriate doses and time points without any interference on
osteogenic differentiation of stem cells. IL-4 may be a suitable auxiliary
reagent to be applied for CSZP immune regulation.

In this study, the PCC technique was used to synthesize a CSZP
coating on the surface of Ti implants. The mechanical properties and
osteoimmunomodulation capacity of CSZP were investigated.
Meanwhile, the diverse roles of BMMSCs and macrophages in this
phenomenon were evaluated to identify any potential mechanisms. The
aim of our study was to elucidate the application of PCC coating on Ti
implants for osteoimmunomodulation.

2. Materials and methods

2.1. Specimen preparation

Commercial grade pure Grade II titanium (CP Ti, TA2) was used in
this sudy as substrates for characterization. The pure Ti rods were wire-
cut into specimens with the dimensions of Φ10 × 3 mm and followed
by grounding with a series of silicon carbide (SiC) papers up to 2000
grit, and subsequently rinsed with gasoline, acetone, alcohol, and
deionized water in an ultrasonic bath, respectively. Prior to PCC
treatment, the above Ti specimens were first connected with pure Fe
clips to form a sort of galvanic coupling system as described in our
previous study [19], and then were pickled with 2 wt% hydrofluoric
acid (HF) and 3 g/L colloidal titanium phosphate at 25 °C for 30 s for
surface activation, respectively. Immediately, the as-pretreated coupled
samples were immersed in PCC solution with compositions of
SrCl2·6H2O: 32 g/L, Ca(NO3)2·4H2O: 12 g/L, NaH2PO4·2H2O: 24 g/L, Zn
(H2PO4)2·2H2O: 0.7 g/L, NaNO3: 2 g/L, and the pH of the solution was
adjusted to 3.25 using H3PO4 or NaOH. Meanwhile, ultrasonic irra-
diation (UI) was performed by placing the reaction beakers into

ultrasonic cleaners with an output power of 240 W to promote coating
formation. Following PCC, the coated Ti specimens were washed with
deionized water and dried at 40 °C for further characterization.

2.2. Coating characterization

A field emission scanning electron microscopy (FE-SEM, JSM-
7800F, JEOL, Japan) equipped with an energy dispersive X-spectro-
scope (EDS, Oxford XMax-80) was used to observe the surface mor-
phology and to detect elemental composition of the coating. The cross-
section of the coating was prepared in an ion milling system (IB-
19510CP, JEOL, Japan) with ion beam energy of 6 keV. The phase
composition analysis of the coating was carried out using a D/max-γB
X-ray diffractometer (XRD, Rigaku, Japan) operated at 40 kV and
100 mA, which used Cu-Kα radiation at a scan speed of 4° min−1 from
10° to 90° at a 2θ angle. The surface topography and roughness of the
bare and coated Ti were evaluated by an atomic force microscopy
(AFM, Dimension Icon, Veeco Instruments Inc., USA) operating in the
tapping mode in air, while three-dimensional (3D) images were re-
corded using a SiNi tip with a nominal spring constant of 42 Nm−1

within a scan area of 10 × 10 μm. Roughness values (Ra) were cal-
culated using NanoScope Analysis software (version 1.5). The wett-
ability of the bare and coated Ti specimens was tested using an overall
rotation contact angle instrument (DSA100S, KRUSS, Germany) ac-
cording to the sessile drop method at room temperature and 36%–40%
humidity. The release profiles of Ca2+, Sr2+ and Zn2+ from the CSZP
coating were studied in phosphate buffered saline (PBS). The samples
were placed in 10 mL of new PBS medium, and incubated at 37 °C
under continuous shaking at 100 rpm for 1, 4, 7, 10, and 14 days. At the
end of each preset time point, all the leachates were removed and re-
placed with fresh medium aliquots. The amounts of Ca2+, Sr2+ and
Zn2+ were analyzed with an ICP-OES (ICPOES730, Agilent, Japan). All
roughness, wettability, and ion release evaluation were performed in
triplicate to ensure the reliability of the results.

2.3. Reagents

Mouse anti-iNOS (ab49999), Rabbit anti-Mannose Receptor
(ab64693), Mouse anti-Osteocalcin (ab13420), Rabbit anti-Alkaline
Phosphatase (ab218574) were obtained from abcam, USA; DyLight 488,
Goat Anti-Mouse IgG (A23210, Abbkine, USA); DyLight 594, Goat Anti-
Rabbit IgG (A23420, Abbkine, USA); Phalloidine (40735ES75, YEASEN,
China); DAPI (C1005, Beyotime, China); M-CSF (400-28, Peprotech,
USA); IL-4 (400-04, Peprotech, USA).

2.4. Rat bone marrow mesenchymal stem cells isolation and culture

All animal experiments complied with the ARRIVE guidelines and
were carried out in accordance with the National Institutes of Health
guide for the care and use of Laboratory animals (NIH Publications No.
8023, revised 1978). As previously described [20], bone marrow me-
senchymal stem cells (BMMSCs) were obtained from 4-week-old male
Sprague-Dawley rats. BMMSCs were cultured in DMEM (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 100 U/
mL penicillin and 100 μg/mL streptomycin (Gibco, USA) and incubated
in 5% CO2 atmosphere at 37 °C. A volume of 1 mL BMMSCs suspension
was added gently on scaffolds positioned in 24-well plates. BMMSCs on
the scaffolds were cultured in medium for the desired time points for all
of the following experiments.

2.5. Rat bone marrow cells-derived macrophage isolation and culture

The method of obtaining macrophages is the same with that of
BMMSCs, with the difference that the medium required supplementa-
tion with 30 ng/mL of M-CSF (400-28, Peprotech, USA). A 1 mL rat
macrophage suspension was added gently onto scaffolds in the 24-well
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plate. Rat macrophages growing on the scaffolds were cultured in
medium for the desired timepoints for all of the following experiments.

2.6. Co-culture system

BMMSCs (3 × 104/mL) and macrophages (3 × 104/mL) were
mixed together and seeded onto the scaffolds in the 24-well plate. The
medium in the CSZP+IL-4 group was supplemented with 40 ng/mL IL-
4 (Peprotech, USA) to mimic the biological transition from M1 to M2
polarization. Culture medium was changed every two days.

2.7. Immunofluorescence staining

After BMMSCs (3 × 104/mL) or macrophages (3 × 104/mL) were
cultured on the surface of the scaffold for 2 days, the nuclei were
stained with DAPI and the actin filaments were stained with phalloidine
and assessed by Immunofluorescence (IF).

In order to judge the effect of scaffolds on the osteogenesis of
BMMSCs at the protein level, we selected two osteogenic indicators,
ALP and OCN, and performed IF staining to determine the osteogenetic
ability of different scaffolds. After BMMSCs (3 × 104/mL) were cul-
tured on the surface of the scaffold for a certain period of time, they
were fixed, incubated with primary and secondary antibodies, and
stained the nucleus and actin filaments in sequence.

To determine the polarization of macrophages on the scaffolds,
iNOS and CD206 were used as the M1 and M2 polarization surface
markers, respectively. IF staining was performed as described above.
Finally, cell adhesion morphology and protein expression were ob-
served under a confocal microscope (Opera Phenix, PerkinElmer, USA).

2.8. Cell proliferation and apoptosis

After the cells (3 × 104/mL) were cultured on the surface of the
scaffold for 2, 4, 6, and 8 days, the cell number was counted by cyto-
metry.

In order to assess apoptosis, the BMMSCs (2 × 106) were harvested
after one day of incubation, and were then stained with Annexin V and
Propidium Iodide. A Gallios flow cytometer (Beckman, USA) was used
to determine the percentage of dead and apoptotic cells of each group.

2.9. Reverse transcription-polymerase chain reaction

After the cells (3 × 104/mL) were cultured for 48 h, mRNA was
extracted and reverse transcribed into complementary DNA. In ac-
cordance with the manufacturer's instructions, of SYBR Green Realtime
PCR Master Mix (QPK-201, Toyobo, Japan), Reverse transcription-
polymerase chain reaction (RT-PCR) was performed to reveal any fold
changes in the expression of selected genes on samples exposed to Ti
compared to control cells.

2.10. RT-PCR primers

ALP F: ATGCTCAGGACAGGATCAAA; R: CGGGACATAAGCGAGTT
TCT.

COL1 F: AGCTCGATACACAATGGCCT; R: AGCTCGATACACAATGG
CCT.

OCN F: CAGACAAGTCCCACACAGCA; R: CCAGCAGAGTGAGCAGA
GAG.

RUNX2 F: ATCATTCAGTGACACCACCA; R: GTAGGGGCTAAAGGC
AAAAG.

β actin F: CCTCTATGACAACACAGT; R: AGCCACCAATCCACACAG.
CCR7 F: CATTTTCCAGGTGTGCTTCTGC; R: CACCGACTCATACAG

GGTGT.
CD206 F: GAGGACTGCGTGGTGATGAA; R: CATGCCGTTTCCAGCC

TTTC.
BMP2 F: GCATGTTTGGCCTGAAGCAG; R: CGATGGCTTCTTCGTG

ATGG.
IL-1β F: GCACCTTCTTTTCCTTCATCTTTG; R: TTTGTCGTTGCTTG

TCTCTCCTT.
β actin F: CTCTGTGTGGATTGGTGGCT; R: CGCAGCTCAGTAACAG

TCCG.

2.11. Rat subcutaneous implant model

Four-week-old rats were anesthetized by subcutaneous injection of
10% chloral hydrate. After skin preparation and draping, samples
containing BMMSCs (2 × 104), which had been co-cultured for two
days, was introduced onto the subcutaneous layer on the back incision,
and the incisions were sutured layer by layer. All surgical operations are
performed in an operating room under strong aseptic conditions.

At day 3 post-surgery, the rats of the Ti + IL-4 and CSZP+IL-4
groups were anesthetized, and 10 ng IL-4 (resuspended in 20 μL 0.9%
NaCl) was injected through the skin directly over the scaffolds. Daily
injection of IL-4 was performed from day 3 to day 7 as described pre-
viously [18].

After 2 weeks, the subcutaneous tissue surrounding the scaffold was
removed and was used for subsequent experiments. Half of the sub-
cutaneous tissue was used to extract mRNA and to carry out RT-PCR, as
for the in vitro experiments. After fixation and embedding, tissue sec-
tions (≈8 μm) were prepared to quantify the portion of different phe-
notypes of macrophages in the fibrous layer by IF staining. In addition,
paraffin sections were stained with hematoxylin and eosin (HE) to
evaluate the inflammatory reaction of the materials.

2.12. Rat femoral defect repair model

A rat femoral defect repair model was used to investigate the ca-
pacity of bone repair in vivo (n = 5 per group). Cylindrical implants
(Φ2 × 5 mm) were implanted into the rat femur. IL-4 was injected
through the skin over the implant on day 3 post-surgery in the ex-
perimental group, daily injection was performed from day 3 to 7. To
mark new bone formation, two fluorescent labels (Calcein green and
Alizarin red) were injected into the tissue surrounding the implantation
fields at weeks 2 and 4, respectively. After 6 weeks, the rats were eu-
thanized and the femur was removed for micro-computed tomography
(CT) and hard tissue slicing.

Fig. 1. Characterization of the CSZP coating on Ti implants.
A. Surface morphologies revealed by SEM.
B. The EDS spectra and relative contents of each element.
C. Surface distribution of each element.
D. Phase compositions by XRD spectrum.
E. Surface 3D topographies by AFM.
F. Surface roughness (Ra).
G. Water droplet shapes.
H. Water contact angles.
I. Release profiles of Ca2+, Sr2+, and Zn2+.
J. SEM image of the coating cross-section.
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Fig. 2. CSZP coating on Ti implants exhibit good biocompatibility on BMMSCs and macrophages.
A. Adhesion and morphology of BMMSCs and macrophages on samples by SEM and immunofluorescence staining.
B. Proliferation of BMMSCs and macrophages cultured on samples.
C. Percentages of apoptotic BMMSCs cultured on samples evaluated by flow cytometry.
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2.13. Micro CT

The femurs were collected, and the attached soft tissue was removed
thoroughly and fixed in 4% paraformaldehyde. The fixed femur with
implants were analyzed using micro CT system (NMC-100, PINGSENG
Healthcare Inc., China) at a resolution of 15μm, a voltage of 90kV, and
a current of 80μA. Threshold-based segmentation and 3D measurement
analyses (BV/TV, TB·Th, TB·N) were performed using Avatar software
1.3.0 (PINGSENG Healthcare Inc., China).

2.14. Hard-tissue slicing staining

The femurs with the samples were fixed and embedded, and cut into

30 μm thick sections across a transverse section of the implant. Then,
the slide was stained with HE and toluidine blue (TB) to evaluate bone
tissue surrounding the implant. Finally, the slide was rinsed under
running water, covered and observed under a microscope.

Red field or blue field (indicating new bone formation) was con-
sidered positive area of HE or TB staining. The curve length of the
contact surface between the new bone and the implant was considered
the contact length. We used the result of a positive area/contact length
as a quantitative indicator of new bone formation.

In order to quantify Calcein green and Alizarin red-marked osteo-
genesis, we calculated the area of the green field or red field by ImageJ
1.52 k software as the positive area of Calcein or Alizarin red respec-
tively. We also calculated the area of the total field as the total area. We

Fig. 3. CSZP coating on Ti implants influences expression of osteogenesis genes and protein in BMMSCs.
A. Expression of ALP, COL1, OCN and RUNX2 mRNA of BMMSC samples.
B. Expression of ALP and OCN immunofluorescent staining of BMMSC samples.

Fig. 4. CSZP coating on Ti implants exposed to IL-4 regulates osteogenesis of BMMSCs and macrophages polarization under co-culture system.
A. ALP, COL1, OCN and RUNX2 mRNA expression determined by RT-PCR under co-culture system.
B. CCR7, CD206, IL-1β and BMP2 mRNA expression determined by RT-PCR under co-culture system.
C. Immunofluorescent staining of cells under co-culture system.
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used result of the calculated positive area/total area as a quantitative
indicator of new bone formation at different stages (week 2 and week
4).

All digital images obtained from the stained sections were randomly
chosen and analyzed using ImageJ 1.52 k software.

2.15. Microarray RNA-sequence

A microarray was used to detect changes in gene expression of
macrophages on scaffolds. Macrophages were seeded on scaffolds
(6 × 105 per well) and cultured for 4 days. Then, cell mRNA was
harvested by TRIzol reagent, and overall gene expression was examined
by the Lian Chuan Biotechnology Insititute (LC, China). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways or GO terms
were used to provide detailed information on the genes associated with
different biological functions in known signal or metabolism pathways.
We identified the relationships between macrophage polarization and
GO terms or KEGG pathways based on the constructed dataset.

2.16. Statistical analysis

Data are reported as mean ± standard deviation. Differences
among groups were analyzed by one-way ANOVA using SPSS Statistical
software version 23. *P < 0.05 compared to Ti. **P < 0.01 compared
to Ti. #P < 0.05 compared to CSZP. ##P < 0.01 compared to CSZP.
△P < 0.05 compared to Ti + IL-4. △△P < 0.01 compared to
Ti + IL-4.

3. Results

3.1. Fabrication and characteristics of CSZP-coated Ti implant

Fig. 1A displayed the surface micromorphology of this CSZP coating
on pure Ti substrates obtained by PCC treatment. As shown in Fig. 1A,
the entire surface of the Ti substrate was covered by a relatively loose
coating composed of micellar lamellar crystals with no substrate ex-
posed. The crystals of the CSZP coating were arranged regularly and
orderly. Different micellar clusters were intersected and embedded with
each other horizontally and stacked vertically with multiple layers. As
can be seen from the high-magnification image in Fig. 1A, CSZP coating
exhibited novel and unique crystal structure characteristics. Micellar
clusters were composed of micro-nano lamellar crystals of regular shape
and uniform size arranged in parallel, with the length of individual
lamellar crystals being about 1–2 μm and the thickness about 100 nm.
The FE-SEM images of the cross-section of the coating are presented in
Fig. 1J. The thickness of the CSZP coating is around 20 μm, indicating
that the coating is formed by a multilayer stack of micellar lamellar
crystals perpendicular to the substrate. The element composition de-
tection results of the CSZP coating are shown in Fig. 1B and C. Fig. 1B
illustrates the EDS spectrum and relative content (atomic ratio), while
Fig. 1C illustrates the distribution maps of each element. The CSZP
coating mainly contained elemental O, P, Sr, Ca and trace Zn, while all
elements were evenly distributed on the surface of the coating. The EDS
results could prove that Sr, Ca, and Zn elements were successfully in-
troduced into CSZP coating. In addition, higher contents of O and P
elements also indicated that the coating was mainly composed of
phosphate. The XRD pattern (Fig. 1D) revealed that the main phase
compositions of the CSZP coating comprised strontium hydrogen
phosphate (SrHPO4) and strontium phosphate (Sr3(PO4)2). Meanwhile,

due to the introduction of Ca and a small amount of Zn in the PCC
solution, Ca and Zn ions could be doped into strontium phosphate
crystals during the nucleation-growth process of phosphate crystals,
forming SreCa phosphate compounds including (Sr0.9Ca0.1)3(PO4)2 and
SrCa2(PO4)2, and trace amounts of strontium-zinc phosphate
(Sr0.85Zn0.15)3(PO4)2, with different chemical ratios. Fig. 1E and F show
the 3D topography and corresponding roughness value (Ra) calculation
results of Ti and CSZP coating surfaces obtained by AFM. Obviously, the
Ti surface displayed a typical parallel abrasive scratched morphology
after sanding, with relatively smooth surface structure and small
roughness value (11.1 ± 0.4 nm). By contrast, the CSZP coating dis-
played a rough surface with high and low undulations, and the visua-
lized micellar layer lamellar crystal cluster structure was consistent
with SEM results (Fig. 1A), and its surface roughness value was sig-
nificantly larger than Ti, reaching a size of 223.3 ± 46.3 nm. Fig. 1G
and H illustrate the shape of the water droplets on the Ti and CSZP
coating surfaces and the corresponding contact angle calculation re-
sults. The water contact angle value of the Ti surface was 95.3 ± 1.5°,
showing hydrophobic properties, while the CSZP coating could dra-
matically improve wettability, and the water contact angle value was
reduced to 44.9 ± 3.0°, indicating that the CSZP coating had good
hydrophilicity (Fig. 1H). Fig. 1I shows the amount of ion release results
that were achieved by measuring the concentration of released Ca2+,
Sr2+ and Zn2+ at 1, 4, 7,10, and 14 days from the CSZP coating after
immersion in PBS. The results demonstrated that Ca2+, Sr2+, and Zn2+

exhibited slow and a continuous release over 14 days. Compared to the
ion release results, the release amounts of Sr2+ and Ca2+ are notably
higher than that of Zn2+, which is consistent with the EDS element
content results.

3.2. Evaluation of in vitro biocompatibility of the CSZP-coated Ti implant

The morphology of BMMSCs revealed polygon-like shapes obtained
from the CSZP coating and spindle-like shapes on the bare Ti, while
macrophages were spindle-like on both Ti and CSZP coating (Fig. 2A).
There were more extended pseudopodia of BMMSCs on the CSZP
coating than that on the Ti scaffolds. Compared with macrophages on
the Ti scaffolds, the sizes of the macrophages were wider on the CSZP-
coated implants. However, we could not find any significant differences
on cell proliferation or apoptosis between these two samples (Fig. 2B
and C). Although the morphologies of BMMSCs and macrophages on Ti
and CSZP were variable, the biocompatibility of CSZP coating on both
cells was good.

3.3. Effects of CSZP-coated Ti implant on osteogenesis differentiation of
BMMSCs

In Fig. 3A, the mRNA expression of osteogenesis related factors in
BMMSCs on CSZP coating, such as ALP, COL1, OCN and RUNX2, were
all significantly higher than that on the Ti implants. Interestingly,
mRNA expression of ALP from the CSZP coated-implants, an early stage
osteogenesis marker, was 4-fold higher than that on Ti scaffolds.
However, the mRNA expression of OCN on CSZP coating, a late stage
osteogenesis marker, was 7-fold higher than that on Ti. Therefore, CSZP
coating could induce osteogenesis of BMMSCs from the early stage and
further promote the osteogenic process.

The result of protein expression of ALP and OCN by IF staining also
supported the above idea. The expression of ALP in BMMSCs cultured
for 7 days and that of OCN for 14 days on Ti and CSZP coating were

Fig. 5. CSZP coating on Ti implants exposed to IL-4 in the subcutaneous implant model regulates macrophage polarization and osteogenesis associated genes.
A. Gene expression of ALP, COL1, OCN and RUNX2 determined by RT-PCR.
B. Gene expression of CCR7, CD206, IL-1β and BMP2 determined by RT-PCR.
C. Immunofluorescent staining result of macrophages in subcutaneous tissue: red (CD206), green (iNOS), and blue (DAPI). HE staining of subcutaneous tissue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tested by IF staining. At day 7, BMMSCs exhibited a polygon-like shape
and expressed ALP in the cytoplasm on Ti and CSZP coating prepara-
tions. On day 14, BMMSCs displayed an enlarged polygon-like shape,
with increased cell numbers and OCN expression in the cytoplasm on Ti
and CSZP coating. The expression of ALP and OCN in BMMSCs on CSZP
coating were significantly higher than that on Ti at days 7 and 14, re-
spectively.

3.4. Role of IL-4 on BMMSCs osteogenesis and macrophages polarization in
CSZP-coated Ti implants

After BMMSCs and macrophages were co-cultured on Ti and CSZP
coating for 4 days, osteogenesis of BMMSCs and polarization of mac-
rophages were analyzed in the co-culture system (Fig. 4). The expres-
sion of osteogenesis-related factors on CSZP+IL-4 were significantly
higher than those of Ti, CSZP coating and Ti + IL-4 (Fig. 4A). Com-
pared with Ti, CSZP coating induced increased expression of CCR7
which was a marker of M1 polarization (Fig. 4B). CSZP coating also
induced increased expression of IL-1β which was secreted by M1
macrophages. However, IL-4 switched the polarization from M1 to M2
and increased the expression of BMP2 on Ti and CSZP coating. The
expression of iNOS and CD206 on Ti + IL-4 and CSZP+IL-4 analyzed
by IF-staining also supported the above mechanism proposed above. To
determine the ratio of M1/M2 cells, we used a High Content Screening
System (Opera Phenix, PerkinElmer, USA) to calculate the number of
cells expressing iNOS or CD206 on each group. As shown in Fig. 4C, the
number of iNOS-positive cells decreased from 2249 in the Ti group to
245 in the Ti + IL-4 group. Similarly, the number of iNOS-positive cells
decreased from 3175 in the CSZP coating group to 991 in the CSZP+IL-
4 group. Furthermore, the number of cells expressing the M2 phenotype
marker CD206 was higher in the Ti + IL-4 or CSZP+IL-4 treated group
than in the Ti or CSZP coating group.

3.5. In vivo subcutaneous implant model

In Fig. 5, the expression of osteogenesis related factors and im-
munological factors on the tissue surrounding the Ti and CSZP implants
were analyzed. Samples containing BMMSCs, which had been co-cul-
tured previously for two days, were inserted into the subcutaneous
layer of the rat's back. A treatment of 10 ng IL-4 was injected into tissue
surrounding the Ti implant from day 3 to day 7 after implantation. The
expression of ALP, COL1, OCN and RUNX2 in the Ti + IL-4 and CSZP
+IL-4 treated rats were higher than that from on Ti and CSZP coating,
as a result of the injection of IL-4 (10 ng) in the surrounding tissue for
5 days (Fig. 5A). In addition, the expression of osteogenic genes was
higher on CSZP+IL-4 treated rats than in those receiving Ti + IL-4,
which indicated better osteogenesis properties of the CSZP coating. IL-4
decreased the expression of CCR7 and increased the expression of
CD206 on Ti and CSZP implants, which indicated that IL-4 could induce
macrophages polarization from M1 to M2. In addition, we found that
the expression of IL-1β was decreased and the expression of BMP2 was
increased under the CSZP+IL-4 conditions. The IF staining on frozen
tissue slices showed that IL-4 could reverse the increased in M1 cells
and induced M2 polarization, which was similar to the above results.
Under HE staining, the thickness of fibrous layer surrounding the Ti
implant was analyzed. The results showed that the fibrous layer on the
CSZP implant was thicker compared with that on the Ti implant, al-
though IL-4 treatment decreased the thickness of the layer on the CSZP

implant, demonstrating that IL-4 was a critical factor in regulating the
inflammatory response on CSZP coating.

3.6. In vivo femur defect repair model

To assess the osseointegration effects of the Ti implant, these sam-
ples were implanted into femoral defects of rats for 6 weeks. IL-4 was
injected into surrounding tissue of the implanted area from day 3 to day
7 after implantation in the Ti + IL-4 and CSZP+IL-4 groups.

Images revealing 2-D sagittal, transverse, and coronal views con-
firmed that bone formation through the delivery of IL-4 was sig-
nificantly promoted in the CSZP+IL-4 and Ti + IL-4 groups (Fig. 6A).
Quantitative statistical comparisons (Fig. 6B) demonstrated that the
CSZP+IL-4 implant resulted in a significant increase in BV/TV (27.3%
at 6 weeks). Moreover, CSZP+IL-4 implants caused the highest levels of
Tb.N at 6 weeks (1.33 1/mm), and also increased Tb.Th at 6 weeks
(0.23 mm). However, no significant differences were observed in BV/
TV, Tb.Th, or Tb.N comparing the Ti and CSZP coating groups.

Quantitative analysis by micro-CT indicated the highest level of
osteogenesis occurred in the CSZP+IL-4 group, followed by the
Ti + IL-4 group (Fig. 6A and B), suggesting that CSZP+IL-4 had the
strongest bone repair capability. Fig. 6C shows the bone adjacent to
implants stained as pink (HE), blue (TB), red (Aliz.Red), and green
(Calcein) areas, respectively. The results of HE and TB staining in-
dicated that the bone mass surrounding the CSZP coating and Ti im-
plants was limited, while the thickness of the fibrous layer had in-
creased compared to tissue areas surrounding CSZP+IL-4 and Ti + IL-4
treated implants. The bone mass stained with HE or TB surrounding
implants was quantified by the Positive area/Contact length ratio,
which was higher in CSZP+IL-4 group than in the other groups
(Fig. 6D). Calcein was labelled green on IF staining to indicate new
bone formation from the week 2 week, and Aliz Red on IF staining (in
red) revealed new bone formation after week 4. The expression of the 2-
week label (green) was strongest in the CSZP+IL-4 treatment, followed
by Ti + IL-4, Ti and CSZP-coated implants, respectively (Fig. 6D).
However, the expression of 4-week label (red) was strongest in the
CSZP+IL-4 implants, followed by CSZP, Ti + IL-4 and Ti implants
(Fig. 6D). These results indicated that Ti was beneficial for bone for-
mation at an early stage, while CSZP coating was beneficial for bone
formation at the later stages, while CSZP+IL-4 improved bone forma-
tion continuously. The bone tissue tightly adhering to the surface of the
CSZP+IL-4 implant, indicated the enhanced osseointegration sur-
rounding the implants.

3.7. Gene expression of macrophages analyzed by microarray

Macrophages were seeded on Ti or CSZP coating for four days,
followed by mRNA extraction for RNA sequencing. The expression of
selected genes are illustrated by the heat map in Fig. 7A. Among the up-
regulated genes were CCR5 [21] and CCR7 [22], both recognized as
agonists of M1 polarization, and IL-1β, which could be secreted fol-
lowing M1 polarization; expression of these genes were enhanced in the
macrophages in the CSZP-coated scaffold condition compared with the
bare Ti scaffold. The Toll-like receptor signaling pathway has been
associated with facilitation of phagosome maturation and autophagy
[23]. Toll-like and nod-like receptor signaling pathways have been re-
ported to play an important role in M1 polarization for Ti-particle re-
cognition [24]. C-type lectin and RIG-I-Like receptor signaling

Fig. 6. Results of the in vivo bone-repairing model.
A. Sagittal, transverse, coronal, and 3D images of Micro-CT.
B. Quantitative analysis of Micro-CT data: BV/TV%, Tb.Th, and Tb.N respectively.
C. HE, Toluidine blue and Alizarin red-Calcein staining of hard tissue slides.
D. Summary of HE, Toluidine blue and Alizarin red-Calcein staining. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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pathways have both been demonstrated to be pro-inflammation factors
[25]. These inflammatory-related signaling pathways, toll-like, nod-
like, C-type lectin and RIG-I-Like receptor signaling pathways, were all
upregulated in CSZP macrophages (Fig. 7B). Conversely, down-regu-
lated signaling pathways including TGF-beta [26], Wnt [27] and
Hedgehog [28] have all been reported to promote M2 polarization.
Fig. 7C shows the differential gene expression observed in macrophages
co-cultured on CSZP coating and Ti and indicates the affected genes are
involved in a variety of mechanisms that include osteogenesis, angio-
genesis, and the immune response, and thus supports the importance of
osteoimmunomodulation in this process.

4. Discussion

Surface modification is a reliable approach to obtain specific ma-
terial properties and favorable outcomes for promoting osseointegra-
tion of Ti implants. Our team has successfully developed controllable
preparations of phosphate coatings on the surface of Ti alloys with
different micro-nano structures and elemental compositions in previous
studies, which have demonstrated good biocompatibility and osteo-
genic properties in vitro [11,29,30]. However, the peripheral bone
immune microenvironment interference with the surface properties of
Ti implant is considered an important factor affecting implantation
success rates. Due to their specific biological effects, metal ions phos-
phates have received widespread attention in the field of surface
modification of metallic medical materials [10,31–33]. For example, Sr
can improve early bone formation of the phosphate coating on the Ti
implant surface, while its specific role and mechanism in osteoimmu-
nomodulation requires further research. Therefore, the purpose of this
study was to investigate the role of bioactive metal phosphate coatings
of Ti implants in osteoimmunomodulation. Specifically, in this study,
the effects of micro-nano structure and biological functional elements
contained in the phosphate coating on the functional expression of
BMMSCs and the polarization state expression of macrophage were
studied.

PCC is the main method used for preparing phosphate coatings on Ti
implant surfaces due to a series advantages, including high coating-
substrate bonding strength, simple equipment and technology, sa-
tisfactory coating integrity, and the ability to achieve double accurate
control of morphology and element composition [31]. In this study, we
prepared the CSZP coating on Ti implants using the PCC method. The
coating consists of micellar lamellar crystals, which form a specific
micro-nano structure morphology. The main elements of the composi-
tion and corresponding atomic ratio is Sr:Ca:P = 2:1:3, in addition to a
small amount of Zn. Meanwhile, each element is evenly distributed on
the surface of the CSZP coating. The uniform distribution of the element
composition ensures the uniformity of the distribution of phosphates in
different phases on the surface of the CSZP coating, thereby ensuring
the uniformity of the micro-nano structure morphology of the coating,
so that cells attached to any position of the coating are consistently
affected by the material. From a morphological perspective, the micro-
nano structure of the CSZP coating and its crystal aggregation state
induced better effects on osseointegration. Specifically, the CSZP
coating was composed of a multi-layer stacking of lamellar crystals. The
coating was uniform, complete and dense on the whole, while the la-
mellar crystals were three-dimensionally interlaced and with gaps be-
tween them observed on a microscopic level. Such crystal morphology
and aggregation state endows the CSZP coating with loose and rough
surface characteristics and good hydrophilicity. According to the test
results, the roughness (Ra) value of CSZP coating was 20 times higher

than that of bare Ti, and the wettability significantly improved, while
the water contact angle was only 1/2 of that of bare Ti. Therefore, this
rough and hydrophilic micro-nano hierarchical structure is conducive
to cell adhesion and provides more focus points for pseudopodia
growth, especially allowing cellular filamentous pseudopodia to be
embedded into the micro-nano space of lamellar crystals, allowing the
formation of firm focal adhesion with the surface of the coating, to
further promote cell adhesion and extension, and improve bone in-
tegration [29]. In terms of chemical composition, the CSZP coating
contained functional metal elements Ca, Sr, Zn in a preparation that
permitted their sustained and slow release. Studies have demonstrated
that Ca, Sr and Zn ions and their phosphates have the effects of pro-
moting bone formation and immune regulation. Calcium phosphate is
the main inorganic component of bone tissue, and its various phase
forms (including hydroxyapatite, β-tricalcium phosphate, brushite, etc.)
all show excellent inherent biocompatibility and osseointegration
properties [29,34–36]. Chen et al. [9] and Wang et al. [37] found that
the strontium phosphate (including strontium apatite, strontium hy-
drogen phosphate) coatings on the surface of a magnesium (Mg) alloy
can promote proliferation and differentiation of human mesenchymal
stem cells and MC3T3E1 cells in vitro, as well as induce further bone
formation in vivo. It has also been reported that the Sr-loaded phase-
transited lysozyme (PTL) coating invokes greater osteogenesis ability by
its effects on the immune environment due to the constant release of Sr
ions directly at the implant-tissue interface [38]. Su et al. [39] dis-
covered that the Zn ion that exist in the form of zinc phosphate, plays a
key role in improving osseointegration and immune regulation. The
immune microenvironment produced by the micro/nanostructured
TiO2/ZnO coating also showed better capacity to promote osteogenesis
macroporous than the TiO2 coating, which indicated that Zn ion plays
an important role in osteoimmunomodulation [40]. Consequently, the
CSZP coating used in this study has the potential to exhibit the desired
osseointegration and osteoimmunomodulation ability due to the bene-
ficial dual combination of its micro-nano structure and functional ele-
ments.

As expected, the in vitro cell adhesion fluorescence staining and
SEM images indicated that macrophages and BMMSCs on the CSZP
coating exhibited a wider range of spreading and adhesion, while no
significant differences in cell proliferation or apoptosis were observe
compared with bare Ti, which strongly indicated that the CSZP coating
has good biocompatibility. In addition, this study also shows that the
CSZP coating can induce osteogenic differentiation of BMMSCs, as re-
presentative osteogenic factors of BMMSCs deposited on the CSZP
coating were significantly enhanced at both mRNA and protein levels.
In light of the above evidence, three fundamental mechanisms may be
involved: (i) the micro-nano surface morphology of CSZP can directly
promote osteogenesis of BMMSCs [41]; (ii) Sr, Ca, and Zn elements
exert a positive effect on proper cellular function and bone formation
[42–44]; and (iii) the fate of cells is controlled by the hardness and
geometry of their adhesive environment, possibly through forces loca-
lized at the adhesion sites [45]. More extended cell pseudopodia formed
on CSZP coating than that on bare Ti may be responsible for the ob-
served up-regulated expression of osteogenic factors.

The classic wound-healing process is a dynamic process consisting
of hemostasis, inflammation, proliferation, and remodeling [46]. He-
mostasis and the release of pro-inflammatory cytokines that attract
immune cells can be marked as the initiation of the inflammatory
phase. During the inflammatory phase, several pro-inflammatory cy-
tokines (IL-6 and TNF-α) are secreted to recruit neutrophils and
monocytes, which differentiate into macrophages [47]. These

Fig. 7. Gene expression analysis of macrophages cultured on scaffolds.
A. Microarray heat map depicting the fold change in expression of selected genes.
B. Representative top 7 upregulated and 9 downregulated pathways analyzed by KEGG pathway method.
C. Statistics of GO Enrichment.
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macrophages probably exhibit a pro-inflammatory M1 phenotype
during this phase and phagocytose debris and dead neutrophils [48].
Further, M1 provide an ongoing source of inflammatory cytokines, such
as IL-1α, IL-1β and IL-6, which are not only responsible for the control
of macrophage recruitment and migration, but also are important for
initiating the cascade of the inflammation response [22]. Compared
with bare Ti, the CSZP coating induced an increased expression of CCR7
and IL-1β [49], indicating that the CSZP coating could induce M1 po-
larization and M1 recruitment during the inflammatory phase. The le-
vels of inflammatory cytokines started to decline from the third day
post-implantation [50]. From then on, M2 macrophages produce higher
amounts of osteogenic, angiogenic, and anti-inflammatory cytokines
(i.e., BMP2, BMP4, VEGF, TGFβ, and IL-10) [51] to suppress in-
flammation, and contribute to bone regeneration [52,53]. The delivery
of IL-4 was performed from the third day post-implantation as in pre-
vious studies [18], when M2 started to promote bone regeneration. The
results of our work demonstrated that both CSZP+IL-4 and Ti + IL-4
exhibited the ability to promote M2 polarization and bone tissue re-
generation.

During the process of bone regeneration, it is very important to
create an environment which is conducive to the anti-inflammatory and
osteogenesis of biomaterials via biomaterials modification [54–56].
Macrophages play a key role in all phases of wound healing and or-
chestrate the bone formation process. During the early phase, M1 exert
pro-inflammatory functions. The results from our study showed that the
surface morphology and the constituents of the CSZP coating could
promote osteogenesis of BMMSCs and the secretion of IL-1β, which is
an important cytokine in macrophage recruitment, M1-phenotype dif-
ferentiation, and phagocytosis of debris (Scheme 1A). During the later
phase, M2 exert anti-inflammatory and regenerative functions such as
BMP2 and IL-10 release, tissue repair, and regeneration (Scheme 1B and
C). In the femoral defect model, IL-4 decreases inflammatory damage
by inducing M2 polarization to create an osteogenic environment at
stage 1. Then at stage 2, M2 secreted factors promote angiogenesis and
provide basic support for osteogenesis. Finally, BMMSCs are differ-
entiated to osteoblasts and the stable osseointegration of Ti implant is
established at stage 3 (Scheme 1).

In this study, the CSZP coating recruited and induced M1 polar-
ization. Adding IL-4 at an appropriate time (at day 3 post-implantation)
induced M2 polarization and secretion of osteogenic cytokines (BMP2).
The supplementary effect of both CSZP coating and IL-4 promoted bone
repair and regeneration both in vitro and in vivo. With the delivery of
IL-4, CSZP+IL-4 became an excellent osteoimmunomodulatory bio-
material both during the early and late phase of wound healing and
tissue regeneration. Regarding the mechanism involved in IL-4-induced
M2 polarization, it has been reported that JNK and its downstream
effector c-Myc are involved in M2 polarization. Moreover, inhibition of
JNK suppressed the M2 polarization, as well as a decreased level in c-
Myc expression [57]. The mechanism of IL-4 in inducing M2 polariza-
tion may be an important issue that needs to be explored in the future.
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