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A B S T R A C T   

The immunomodulatory of implants have drawn more and more attention these years. However, the immuno
modulatory of different elements on the same biomaterials have been rarely investigated. In this work, two 
widely used biosafety elements, iron and zinc added silicocarnotite (Ca5(PO4)2SiO4, CPS) were applied to explore 
the routine of elements on immune response. The immune reactions over time of Fe-CPS and Zn-CPS were 
explored at genetic level and protein level, and the effects of their immune microenvironment with different time 
points on osteogenesis were also investigated in depth. The results confirmed that both Fe-CPS and Zn-CPS had 
favorable ability to secret anti-inflammatory cytokines. The immune microenvironment of Fe-CPS and Zn-CPS 
also could accelerate osteogenesis and osteogenic differentiation in vitro and in vivo. In terms of mechanism, 
RNA-seq analysis and Western-blot experiment revealed that PI3K-Akt signaling pathway and JAK-STAT 
signaling pathways were activated of Fe-CPS to promote macrophage polarization from M1 to M2, and its im
mune microenvironment induced osteogenic differentiation through the activation of Hippo signaling pathway. 
In comparison, Zn-CPS inhibited polarization of M1 macrophage via the up-regulation of Rap1 signaling pathway 
and complement and coagulation cascade pathway, while its osteogenic differentiation related pathway of im
mune environment was NF-κB signaling pathway.   

1. Introduction 

Immune responses were recognized as harmful to host after im
plantation in the past, hence, bioinert biomaterials were designed to 
minimize the immune reactions [1]. However, with the importance of 
immune cells on osteogenesis were found during 1970 s [2], Arron and 
Choi first proposed the concept of “osteoimmunology” at 2000, which 
noted T cells can regulate the activities of osteoclasts through secreting 
RANKL and interferon-γ molecule [3], indicating that appropriate in
flammatory reaction can stimulate new bone formation. Afterwards, the 
effect of inflammatory reaction of bone repair materials on osteogenesis 

were investigated widely [4,5]. Among all immune cells, macrophages 
take an important role in the immune responses induced by bio
materials, which have high plasticity, can easily switching phenotype to 
another in response to the stimulation, the proinflammatory “M1” and 
the anti-inflammatory “M2” [6–8]. Moreover, the activation of M1 may 
suppress the differentiation and collagen synthesis by secreting inflam
matory cytokines such as tumor necrosis factor alpha (TNF-α), inter
leukin 6 (IL-6) and interleukin 1 beta (IL-1β) [9]. In contrast, the 
anti-inflammatory cytokines including interleukin 4 (IL-4), interleukin 
10 (IL-10), interleukin 13 (IL-13) and transforming growth factor-β 
(TGF-β) produced by M2 macrophages are proven to promote migration 
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and proliferation of osteoblasts, and inhibit osteoclast formation and 
bone resorption [10,11]. Hence, various results indicate that stimulating 
the transformation of macrophages from M1 to M2 phenotype is bene
ficial for bone formation. 

The phenotype of macrophages is well known to be affected by a 
variety of elements including surface topography and architecture, 
wettability, chemistry, surface charge or stiffness [12–15]. Likewise, the 
osteogenic activity of implants can be influenced by these factors [16]. 
Therefore, it is very necessary to investigate from multiple cells when 
exploring the osteogenic activity mechanism of bone repair materials. 
Silicocarnotite(Ca5(PO4)SiO4, CPS) bioceramic is a promising bone 
repair materials with good biocompatibility, favorable osteogenic ac
tivity and biodegradability [17,18]. Our previous works have found that 
the addition of zinc (Zn) and iron (Fe) elements can significantly 
improve the mechanical strength and osteogenic ability, the bending 
strength of 1Zn-CPS and 1Fe-CPS at 1300 ◦C can up to 80.8 MPa and 
88.8 MPa, which are quite equivalent [19,20]. Nevertheless, the 
mechanism of osteogenic activity only investigated from the perspective 
of osteoblasts, and only the expression of genes related to osteoblastic 
differentiation were determined [21,22]. Furthermore, when Zn or Fe 
was added into CPS, it is an interesting project to investigate the effects 
of different additives with same weight percentage on osteoimmunology 
of CPS bioceramic. 

Both Zn and Fe, as well known as essential trace elements for many 
normal physiological functions in humans, play vital role in human 
body, bone growth and metabolism [23,24]. In addition to the positive 
effects of Zn and Fe elements on bone regeneration, the effects of Zn and 
Fe on immune response have also been discussed. Results have shown a 
promoted expression of pro-inflammatory cytokines including IL-1β, 
IL-1α and IL-6 with Zn deficiency, indicating Zn deficiency might cause 
pro-inflammatory response [25–27]. In comparison, the effect of Fe on 
immune regulation reveals contradictory trends, Fe deficiency have 
shown influences on the normal functions of immune cells, while Fe 
supplements have increased death rate of malaria and other health 
problems [28,29]. Besides, the effect of Fe on osteoimmunology has 
been rarely studied so far. In this work, the immune reaction over time of 
Fe-CPS and Zn-CPS were investigated at genetic level and protein level 
in depth. In addition, the influences and underlying mechanism of im
mune microenvironment caused by Fe-CPS and Zn-CPS on osteogenesis 
were also studied in vitro and in vivo. 

2. Materials and methods 

2.1. Materials preparation and characterization 

To investigate the effect of Fe or Zn addition on bone immunomod
ulatory ability of CPS bioceramic, 1 wt% Fe2O3 or 1 wt% ZnO were 
added into CPS and sintered at 1300 ◦C to prepare Fe-CPS or Zn-CPS 
bioceramics, and pure CPS ceramics sintered at 1300 ◦C were used as 
the control group, while CPS powders were prepared by sol-gel method 
and calcined at 1350 ◦C. After sintered, to decrease the effect of surface 
characteristic on bone immunomodulatory ability, experiments were 
carried out using extracts of ceramic particle, CPS, Fe-CPS and Zn-CPS 
bioceramics were ground and sieved to get particles between 20 and 
60 mesh. The particles were soaked in DMEM solution at a mass/volume 
ration of 0.2 g/ml. After soaking 24 h at 37 ◦C, the extracts were 
collected and stored at 4 ◦C. X-ray diffraction (XRD, D/MAX-RBX, 
Rigaku, Japan) and field-emission scanning electron microscope (FE- 
SEM, SU8220, HITACHI, Japan) were used to detect the phase compo
sition and morphologies of CPS, Fe-CPS and Zn-CPS particles, respec
tively. Inductively coupled plasma atomic emission spectroscopy (Vista 
AXE, Varian, Palo Alto, CA) was used to test the concentration of 
extracts. 

2.2. In vitro experiments 

2.2.1. Cell culture 
Mouse macrophage cells (RAW 264.7) and rat bone marrow 

mesenchymal stem cells (rBMSCs) were used to investigate the bone 
immunomodulatory abilities of samples. RAW 264.7 and rBMSCs were 
purchased from the Shanghai Institutes for Biological Science, Chinese 
Academy of Science (Shanghai, China), and cells cultured in DMEM 
(HyClone) containing 10 % fetal bovine serum (Gibco) and 1 % peni
cillin/streptomycin (Gibco) at 37 ◦C with a 5 % CO2 humidified atmo
sphere. Cells were cultured for 3 days for detection of macrophage 
polarization. 

2.2.2. Immune reaction of RAW 264.7 to Fe-CPS/Zn-CPS at genetic level 

2.2.2.1. RNA isolation, RNA-sequencing and bioinformatic data analysis. 
To investigate the effect of Fe/Zn addition into CPS on transcription of 
RNA of RAW 264.7, RNA of RAW 264.7 was extracted using a Qiagen 
RNeasy® Mini Kit (Qiagen, Hilden, Germany) after culturing with ex
tracts of CPS, Fe-CPS and Zn-CPS for 3 days, respectively, and three 
parallel samples for each group. After extraction, RNA-sequencing of 
samples was performed in Genesky Biotechnologies, Inc (Shanghai, 
China). The heatmap of differentially expressed genes (DEGs) was 
generated with Heatmap Builder, and gene ontology (GO) and KEGG 
enrichment analysis were conducted by DAVID software (http://david. 
abcc.ncifcrf.gov/). 

2.2.2.2. Real-time fluorescent quantitative PCR (qRT-PCR) analysis. qRT- 
PCR analysis was performed to detect the relative gene expression level 
of RAW 264.7 after culturing with extracts of CPS, Fe-CPS and Zn-CPS 
for different time, respectively. RAW 264.7 cells were seeded at a den
sity of 5 × 105 cells/cm2, the cell culture medium was replaced with 
extracts after 6 h of incubation. After culturing for different time, the 
relative gene expression levels of RAW 264.7 cells were determined by 
qRT-PCR including M1 macrophage markers TNF-α, IL-6, CCR7, CD11c, 
IL-1β, INOS and M2 macrophage markers CD206, IL-4, IL-10, IL-1Ra and 
Arg1. The sequences of primers are listed in Supplementary Table 1. 
RAW 264.7 cultured with normal medium were used as control, and 
relative mRNA levels of the target genes were normalized to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

2.2.3. Immune reaction of RAW 264.7 to Fe-CPS/Zn-CPS at protein level 

2.2.3.1. Enzyme linked immunosorbent assay (ELISA) of secreted 
cytokines. After culturing with extracts of CPS, Fe-CPS and Zn-CPS for 3 
or 5 days, respectively, the culture supernatant of RAW 264.7 was 
collected. Subsequently, ELISA kits (MultiSciences Biotech, China) were 
used to measure the concentrations of TNF-α for M1 macrophage marker 
and IL-10 for M2 macrophage marker in the supernatants. 

2.2.3.2. Flow cytometry analysis of polarization markers. Flow cytometry 
analysis was performed to examine the surface markers of M0 (F4/80), 
M1 (CD11c) and M2 (CD206) of RAW 264.7 culturing with extracts of 
CPS, Fe-CPS and Zn-CPS, respectively. After incubation for 1, 2, 3, 4 and 
5 days, respectively, cells were collected and incubated with Fluorescein 
isothiocyanate (FITC)-conjugated anti-F4/80, allophycocyanin (APC)- 
conjugated CD11c and phycoerythrin (PE)-conjugated CD206 for 30 min 
at 4 ◦C. After washing twice, cells were resuspended using DAPI and 
then transferred into fluorescence activated cell sorting (FACS) tubes, 
followed analysis was carried out on a flow cytometer (Cytoflex LX, 
Beckman Coulter). M1-or M2-like macrophages were identified as F4/ 
80-positive/CD11c-positive or F4/80-positive/CD206-positive cells, 
respectively. 
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2.2.4. Effects of immune microenvironment of Fe-CPS/Zn-CPS on 
osteogenesis 

The effects of immune microenvironment of Fe-CPS or Zn-CPS on 
osteogenesis was determined by incubating rBMSCs with extracts of 
CPS, Fe-CPS and Zn-CPS, and macrophage-conditioned culture medium 
of CPS, Fe-CPS and Zn-CPS, respectively. The immune microenviron
ment of Fe-CPS or Zn-CPS was prepared in the following steps, after 2 or 
4 days of culture with extracts of samples, the supernatant of RAW 264.7 
is collected and passed through a 0.22μm filter. Macrophage condi
tioned medium was prepared by mixing the collected supernatant with 
complete DMEM medium at a ratio of 1:2, indicated as CPS-CM-2, Fe- 
CPS-CM-2, Zn-CPS-CM-2, CPS-CM-4, Fe-CPS-CM-4 and Zn-CPS-CM-4, 
respectively, the extracts of CPS, Fe-CPS and Zn-CPS were used as con
trol. The osteogenic differentiation medium was supplemented with 50 
μg/ml ascorbic acid, 10 mM β-glycerophosphate and 100 nM dexa
methasone. rBMSCs were seeded in DMEM complete medium for 12 h 
and then replaced with conditioned medium. 

2.2.4.1. Cell proliferation and viability. The CCK-8 assay was performed 
to evaluate the proliferation of rBMSCs with samples. Cells were seeded 
in extracts or immune environment at 1 × 103 per well in 96-well plate. 
After culturing for 1, 3 and 7 days, the cells were cultured in fresh me
dium containing 10 % CCK-8 for 2 h at 37 ◦C. Subsequently, the 
absorbance was detected at 450 nm with a microplate spectrophotom
eter (Benchmark Plus, Tacoma, Washington, USA). Cells cultured with 
normal medium were used as control. 

2.2.4.2. ALP activity assay. After induction with CPS, Fe-CPS, Zn-CPS, 
CPS-CM-2, Fe-CPS-CM-2, Zn-CPS-CM-2, CPS-CM-4, Fe-CPS-CM-4 and 
Zn-CPS-CM-4 for 7 days, the activity of ALP of each group was assessed 
with the Alkaline Phosphatase Assay Kit. 

2.2.4.3. ALP and Alizarin red staining. To investigate the effects of im
mune environment of Fe-CPS/Zn-CPS on differentiation and calcination 
of rBMSCs, after inducing for 7 days, the cells were fixed and stained 
with ALP staining kits (Beyotime, Haimen, Jiangsu, China). After 
inducing for 14 and 21 days, respectively, the calcified deposits of cells 
were measured by staining with Alizarin Red (Cyagen Biosciences, 
Guangzhou, Guangdong, China). 

2.2.4.4. RNA isolation and qRT-PCR analysis. These protocols were the 
same with the above 2.2.2.2. section. Briefly, after inducing for 3 and 7 
days, respectively, the relative gene expression levels of BMP2, ALP, 
VEGF, OPN, OCN, SP7 and COL1 of CPS, Fe-CPS, Zn-CPS, CPS-CM-4, Fe- 
CPS-CM-4 and Zn-CPS-CM-4 groups were measured, the sequences of 
primers were listed in Supplementary. Relative mRNA levels of the 
target genes were normalized to β-actin, and rBMSCs cultured with 
neither extracts nor conditioned medium were used as control. 

2.2.4.5. Western blot. Western blot was used to verify the mechanism of 
the effects of immune environment of Fe-CPS or Zn-CPS on osteogenesis. 
After incubation, cells were lysed with Radio-Immunoprecipitation 
Assay (RIPA) buffer (Beyotime, Haimen, Jiangsu, China) and total pro
tein was then quantified by BCA kits (Beyotime, Haimen, Jiangsu, 
China). Separating proteins, transferring membranes, blocking, incu
bating and washes was carried out as described previously. The incu
bated primary antibodies were YAP, P-YAP or α-tubulin (all 1:1000, 
rabbit anti-mouse; CST) for CPS, CPS-CM-4, Fe-CPS and Fe-CPS-CM-4; 
phospho–NF–κB p65 (p–NF–κB P-p65, CST#3033) and NF-κB p65 
(CST#8242) or α-tubulin (all 1:1000, rabbit anti-mouse) for CPS, CPS- 
CM-4, Zn-CPS and Zn-CPS-CM-4. 

2.3. In vivo experiments 

The operation of this animal experiment was approved by the Animal 
Ethics Committee of Shanghai Normal University. In order to investigate 
the effect of Fe/Zn addition on the osteoimmune properties of CPS 
bioceramics at the early stage of implantation, a bone defect model of rat 
skull was established and implanted with porous CPS, Fe-CPS and Zn- 
CPS scaffolds. Samples were collected on days 4, 7 and 14 after defect 
surgery, H&E, Masson staining and immunohistochemical staining for 
polarization-related INOS, ARG1, and osteogenesis-related OCN were 
performed. 

2.4. Statistical analysis 

All data in vitro and in vivo was from three or more than three ex
periments. Statistical analysis was performed by GraphPad Prism 
(GraphPad) using one-way analysis of variance (ANOVA) or Student’s t- 

Fig. 1. Characterization of CPS, Fe-CPS and Zn-CPS bioceramics, (a) SEM images, (b) XRD patterns and (c) ions concentration of particle extracts.  
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test. 

3. Results 

3.1. Characterization of the bioceramics 

Characterization of CPS, Fe-CPS and Zn-CPS bioceramic particles 
were shown in Fig. 1, the prepared CPS, Fe-CPS and Zn-CPS particles 
presented the same micron-scale range as shown in Fig. 1(a), and the 
magnification images showed that all particles had a smooth surface. 
Besides, a loose and porous structure could be observed of CPS particles, 
on the other hand, Fe-CPS and Zn-CPS particles had dense surface owing 
to the addition of Fe2O3 and ZnO. XRD patterns of the samples as shown 
in Fig. 1(b) indicated that both of the main phase of Fe-CPS and Zn-CPS 
were still CPS, with no other significant peak been detected, which may 
due to the limitation of XRD detection. 

After 24 h of extraction, the ionic concentrations of each group were 
shown in Fig. 1(c). The ICP results showed that the concentration of Ca, 
P, Si, Fe and Zn ions in the DMEM significantly changed after immersion. 
The concentration of Ca and Si ions in the pure CPS extracts were 
significantly higher compared to DMEM, the concentration of Si ion 
reached 179.7 μg/ml while the concentration of P ion was slightly 
reduced. Moreover, the addition of Fe2O3 significantly inhibited ions 
release rate of Ca, P and Si compared to CPS, the concentration of Ca and 
Si ions in the extract of Fe-CPS particles were less than 1/2 times of them 
of CPS. On the other hand, the addition of ZnO also inhibited the release 

rate of Ca, P and Si compared to CPS, but unlike Fe-CPS, the Ca ion 
concentration of Zn-CPS extract was only slightly lower than that of CPS, 
and the concentrations of P and Si ions were much less than them of Fe- 
CPS. 

Besides, when the same mass percentage of Fe2O3 or ZnO was added 
into CPS, the concentration of Fe ion of Fe-CPS was only 0.26 μg/ml 
while the concentration of Zn ion of Zn-CPS extract was 28.3 μg/ml, 
which is 109 times of the concentration of Fe ion. The ICP results indi
cated a significantly difference between Fe-CPS and Zn-CPS. 

3.2. Immune response of RAW 264.7 to Fe-CPS/Zn-CPS at genetic level 

3.2.1. RNA-sequencing analysis identified differentially expressed genes of 
RAW 264.7 to Fe-CPS/Zn-CPS 

RNA-sequencing was used to identify DEGs of RAW 264.7 treated 
with Fe-CPS/Zn-CPS, and CPS was used as a control group. RNA- 
sequencing was performed in three biological replicates with a cut-off 
criterion of a fold change of more than 2, and a p-value of less than 
0.05. When Fe-CPS and CPS groups were compared, 134 DEGs could be 
detected, including 69 up-regulated and 65 down-regulated DEGs, as 
shown in the volcano plot (Supplementary Fig. 1). The top 50 DEGs for 
the Fe-CPS and CPS groups were presented by heat map (Fig. 2(a)). GO 
analyses were also performed to investigate the function of DEGs, 
including biological process (BP), cellular components (CC) and mo
lecular function (MF) (Supplementary Fig. 2). The BP analysis indicated 
that these DEGs were associated with 10 biological processes, including 

Fig. 2. Analysis of sequencing results of Fe-CPS/Zn-CPS reactions with macrophages with CPS as a control. Heat map of the top 50 DEGs for (a) Fe-CPS, (b) Zn-CPS 
with CPS, KEGG pathways for (c) Fe-CPS, (d) Zn-CPS with CPS. 
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the regulation of the transmembrane receptor protein serine/threonine 
kinase signaling pathway, negative regulation of monocyte, lymphoid 
and leukocyte proliferation and positive regulation of endothelial cell 
proliferation, etc. The molecular function of DEGs including monovalent 
inorganic cation transmembrane transporter activity, cation symporter 
activity, proton transmembrane transporter activity, cytokine receptor 
activity, transforming growth factor beta receptor binding and platelet- 
derived growth factor binding, etc. 

Moreover, the above DEGs were found to be involved in 10 KEGG 
pathways as shown in Fig. 2(c), including ECM-receptor interaction, 

PI3K-Akt signaling pathway, JAK-STAT signaling pathway, rheumatoid 
arthritis, allograft rejection and cytokine-cytokine receptor interaction, 
etc. 

When Zn-CPS and CPS groups were compared, we eventually iden
tified 105 DEGs, including 56 up-regulated and 49 down-regulated 
DEGs, as shown in the volcano plot (Supplementary Fig. 3). The top 
50 DEGs of Zn-CPS and CPS groups were presented by heat map (Fig. 2 
(b)). GO analysis of DEGs was performed including BP, CC and MF 
(Supplementary Fig. 4). The results of the biological process analysis 
indicate that these DEGs are closely associated with involvement in 

Fig. 3. Relative expression of inflammation-related genes M1, TNF-α, INOS, CD11c, CCR7, IL-1β, IL-6; M2,ARG1, CD206, IL-10, IL-4, IL-1Ra in three groups. RAW 
264.7 cultured on tissue culture dishes was taken as control and these values were normalized to the housekeeping gene GAPDH. * indicates statistically significant 
(P < 0.05) compared to control, while **** indicates P < 0.0001, *** indicates P < 0.001 and ** indicates P < 0.01. 
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Fig. 4. Percentage of RAW264.7 of (a) (F4/80+, CD11c+) M1 macrophage marker and (F4/80+, CD206+) M2 macrophage marker cells in each group for CPS, Fe- 
CPS and Zn-CPS at 1, 2, 3, 4 and 5 days, (b) Percentage (%) of CD11c and CD206 positive cells at each time point. * indicates statistically significant (P < 0.05) 
compared to control, while **** indicates P < 0.0001, *** indicates P < 0.001, and ** indicates P < 0.01. (c) Protein expression levels of macrophage-associated 
cytokines, including TNF-α, and IL-10 in CPS, Fe-CPS and Zn-CPS-treated supernatants at 3 and 5 days as determined by ELISA, * indicates statistically significant (p 
< 0.05) compared to control. 
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fibroblast migration, cellular response to zinc ions, regulation of gran
ulocyte macrophage colony-stimulating factor production, angiogen
esis, cell adhesion molecule binding, integrin binding, 
glycosaminoglycan binding, fibroblast growth factor binding, cytokine- 
binding G protein-coupled peptide receptor activity, and structural 
components of the extracellular matrix are closely related. The regula
tory process of granulocyte macrophage colony-stimulating factor pro
duction may be associated with the migration of BMSC into the region of 
bone defects. In addition, cell adhesion molecule binding, integrin 
binding, glycosaminoglycan binding, and CC-acquired membrane rafts, 
membrane microdomains, membrane zones, receptor complexes, base
ment membranes, and endocytic vesicles are associated with macro
phage adhesion and may further influence the osteogenic role of BMSC. 

Moreover, these DEGs were associated with fibroblast growth factor 
binding, cytokine-binding G protein-coupled peptide receptor activity, 
and structural components of the extracellular matrix. KEGG analysis 
was also conducted, which showed that these DEGs were mainly 
involved in the phosphatidylinositol signaling system as well as inositol 
phosphate metabolism, Rap1 signaling pathway, complement and 
coagulation cascades, longevity regulatory pathways, ECM-receptor 
interactions and neuroactive ligand-receptor interactions, etc (Fig. 2 
(d)). 

3.2.2. qRT-PCR analysis of genes expression of RAW 264.7 to Fe-CPS/Zn- 
CPS 

The relative gene expression level of RAW 264.7 was determined by 
qRT-PCR to investigate the expression levels of the M1 macrophage 
marker TNF-α, IL-6, CCR7, CD11c, IL-1β and INOS; M2 macrophage 
marker, CD206, IL-4, IL-10, IL-1Ra and Arg1. qRT-PCR was performed at 
different time points (20min, 2 h, 4 h, 6 h, 12 h, 24 h, 48 h, 72 h) on the 
genes related to macrophage polarization induced by Fe-CPS and Zn- 
CPS, and CPS was used as control. 

After cultured for 20 min, both Fe-CPS and Zn-CPS started to show a 
trend towards an inhibiting effect of pro-inflammation and a promotion 
of anti-inflammation as shown in Fig. 3(a). Compared to CPS, both Fe- 
CPS and Zn-CPS groups showed down-regulation of the relative 
expression of TNF-α, with a significant down-regulation in Fe-CPS group 
(p < 0.05), while the Zn-CPS group only showed a modest down- 
regulation. Moreover, Fe-CPS and Zn-CPS also promoted the relative 
expression of ARG1 at 20 min, with a significant difference in the Zn-CPS 
group (P < 0.05), while the Fe-CPS group showed a slight up-regulation 
in the trend. 

At 2 h, Fe-CPS and Zn-CPS also showed a diminution of pro- 
inflammation and a stimulation of anti-inflammation as shown in 
Fig. 3(b). Both Fe-CPS and Zn-CPS groups showed down-regulation of 
the relative expression of INOS, with a significant down-regulation in 
Fe-CPS group (p < 0.05). For M2, the relative expression of CD206 in Fe- 
CPS and Zn-CPS groups was elevated and showed significant differences 
(p < 0.05). 

At 4 h, the relative expression of INOS, ARG1 and CD206 of Fe-CPS 
and Zn-CPS had the same trend with the culture time were 20min and 2 
h as shown in Fig. 3(c). The relative expression of both TNF-α and INOS 
was down-regulated in Zn-CPS group at 6 h with a significant difference 
(P < 0.05), and the relative expression of INOS was down-regulated in 
Fe-CPS group with a significant difference (P < 0.05), while the pro
motion extent of Fe-CPS and Zn-CPS groups on the relative expression of 
ARG1 and CD206 started to decrease as shown in Fig. 3(d). 

As the co-culture time increased to 12 h as shown in Fig. 3(e), Fe-CPS 
and Zn-CPS presented inhibitory or promoting effects on more genes. 
For M1 pro-inflammatory genes, besides TNF-α, ARG1 and CD206, there 
was a certain down-regulation of the relative expression of IL-1β and 
CD11c in both Fe-CPS and Zn-CPS groups. For M2 anti-inflammatory 
genes, the relative expression of IL-10 and IL-4 in Fe-CPS and Zn-CPS 
groups were all elevated and significantly different (P < 0.0001), 
especially, the relative expression of IL-4 in Zn-CPS groups were up- 
regulated up to about 40-fold, while Fe-CPS group only showed slight 

up-regulation in trend, with no significant difference. 
The results after 24 h co-culture as shown in Fig. 3(f) also presented 

excellent “anti-pro-inflammatory and pro-anti-inflammatory” effects. 
The relative expression of IL-1β and INOS was down-regulated in Fe-CPS 
and Zn-CPS group, with significant differences (P < 0.05). The relative 
expressions of IL-10, IL-4, CD206 and ARG1 were all elevated and 
significantly different in Zn-CPS group (P < 0.05), while the relative 
expressions of IL-4, CD206 and IL-1Ra were all elevated and signifi
cantly different in Fe-CPS group (P < 0.05). 

When the incubation time increased to 48 h (Fig. 2(g)), both Fe-CPS 
and Zn-CPS groups had a significant down-regulation of the relative 
expression of IL-6 and CCR7 and a remarkable increase in the expression 
of IL-4, both of which were significantly different (p < 0.0001) as shown 
in Fig. 3(g). At 72 h, Fe-CPS and Zn-CPS presented an inhibition on pro- 
inflammation, the relative expression of IL-6, INOS and CCR7 were 
down-regulated in Fe-CPS and Zn-CPS groups with a significant differ
ence (p < 0.05), and only a promotion of the expression of IL-10 for M2 
as shown in Fig. 3(h). 

Overall, Zn-CPS had a significant M2 polarizing effect at the early 
phase, the expression of ARG1 and CD206 at 20min and 2 h in Zn-CPS 
were much higher than those in the other two groups, CPS and Fe- 
CPS. At 12 h, Zn-CPS group produced a 30-40-fold elevation in the 
relative expression of IL-4 to CPS group, while the expression of ARG1 
was as much as six times higher than that of CPS and Fe-CPS groups. The 
expression of IL-10 at 24 h was also significantly higher in Zn-CPS than 
in the other two groups(p < 0.05). The expression of IL-4 at 48 h was 
also significantly greater in Zn-CPS than in the other two groups, CPS 
and Fe-CPS (p < 0.05). 

Compared to Zn-CPS, Fe-CPS induced a slightly weaker effect on the 
polarization of macrophages towards M2. Specifically, the expression of 
CD206 at 4 h was significantly higher than in the other two groups, CPS 
and Zn-CPS (p < 0.05), the expression of IL-10 at 12 h and IL-1Ra at 24 h 
and 48 h was also significantly higher in Fe-CPS group than in the other 
two groups(p < 0.05). 

Moreover, Fe-CPS and Zn-CPS showed similar trends in the regula
tion of M1. The inhibition of TNF-α and INOS of Fe-CPS was superior to 
that of Zn-CPS at early stages of incubation (20 min, 2 h and 4 h). As the 
incubation time continued to increase, Zn-CPS began to show a better 
inhibitory effect on M1. 

The changes of the relative expressions of M1 markers (TNF-α and 
INOS), and M2 markers (CD206 and ARG1) with increasing cultivation 
time for both Fe-CPS and Zn-CPS groups were investigated and the re
sults were shown in Fig. 3(i). It could be found that at the early stage of 
incubation (6 h and 12 h), Fe-CPS had no significant inhibitory effect on 
TNF-α, whereas, Zn-CPS significantly inhibited the expression of TNF-α. 
Moreover, both Fe-CPS and Zn-CPS had a clearly down-regulation effect 
on INOS, and the down-regulation was more obvious at the early stage 
(2 h and 4 h) in Fe-CPS group, while Zn-CPS had a more significant 
down-regulation effect in the middle-late stages of incubation. 

In addition, both Fe-CPS and Zn-CPS exhibited a beneficial effect on 
the expression of M2 marker of CD206. For ARG1, Fe-CPS and Zn-CPS 
showed a moderate promotion effect at the middle of the incubation 
period (12 h and 24 h), and the expression of ARG1 of RAW 264.7 
culturing with Zn-CPS reached its peak at 12 h. Notably, pure CPS group 
also exhibited a peak in the expression of ARG1 at 48 h, which may 
indicate the excellent anti-inflammatory effect of pure CPS. 

3.2.3. Flow cytometry analysis of polarization markers of RAW 264.7 to 
Fe-CPS/Zn-CPS 

To investigate the influence of Fe-CPS or Zn-CPS on the classical M1 
and M2 markers of macrophages, flow cytometry was used to analyze 
the expression of the surface markers (CD11c and CD206), time points of 
1, 2, 3, 4 and 5 days were chosen. The F4/80-FITC+, CD11c-APC + cell 
subpopulation was recorded as M1 polarization and the F4/80-FITC+, 
CD206-PE + cell subpopulation was recorded as M2 polarization. 

The results as shown in Fig. 4(a) indicated that both Fe-CPS and Zn- 
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Fig. 5. Results of the effects of CPS, CPS-CM-2, CPS-CM-4, Fe-CPS, Fe-CPS-CM-2, Fe-CPS-CM-4, Zn-CPS, Zn-CPS-CM-2 and Zn-CPS-CM-4 on rBMSCs, (a) proliferation, 
(b) quantification of ALP activity and (c) ALP staining. * indicates statistical significance (P < 0.05), **** indicates P < 0.0001, *** indicates P < 0.001 and ** 
indicates P < 0.01. 
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CPS groups reduced the proportion of CD11c positive cells. For Zn-CPS, 
the proportion of CD11c positive cells was significantly lower than that 
in CPS group at 1 d, with a significant difference (P < 0.05), and the 
difference between Zn-CPS and CPS of CD11c positive cells was the 
largest at 3 d. Besides, the proportion of CD11c positive cells in Zn-CPS 
was lower than that in CPS at 1-4 d, indicating Zn-CPS may had a better 
“anti-pro-inflammatory” ability than Fe-CPS. For Fe-CPS, the proportion 
of CD11c-positive cells was obviously lower than that in CPS until the 
third day, with a significant difference (P < 0.05). At 5 d, the proportion 
of CD11c positive cells in Fe-CPS group was not only lower than that in 
CPS group, but also began to show a trend lower than that in Zn-CPS 
group, indicating that the immune response of Fe-CPS and Zn-CPS 
may presented differently owing to the addition of Fe and Zn. Surpris
ingly, Fe-CPS and Zn-CPS groups did not reach the proportion of CD206- 
positive M2 macrophage in CPS group at the selected time points, but 
the proportion of CD206-positive cells was significantly higher in Zn- 
CPS group compared to Fe-CPS group at 1st and 2nd day, with a sig
nificant difference (p < 0.05). With the increase of culture time, the 
proportion of CD206-positive cells in Fe-CPS and Zn-CPS groups was 
basically same at 3 d, 4 d and 5 d, and was lower than that in CPS group. 

Overall, Fe-CPS, Zn-CPS and CPS all reduced the percentage of pos
itive cells for the M1 marker of CD11c to some extent, with Zn-CPS 
group showed better effects at early stage, which was consistent with 
the qRT-PCR trend. With the increase of incubation time, both Fe-CPS 
and Zn-CPS could decrease the proportion of CD11c positive cells. 
Whereas for the percentage of positive cells for CD206, Zn-CPS signifi
cantly outperformed Fe-CPS group at 1 d and 2 d (p < 0.05), but Fe-CPS 
and Zn-CPS could not reach the proportion of CD206-positive M2 
macrophage in CPS group at the selected time points, and at 3 d-5d, no 
significant difference was found between the percentage of CD206 
positive cells for Fe-CPS and Zn-CPS. 

3.2.4. ELISA analysis of secreted cytokines of RAW 264.7 to Fe-CPS/Zn- 
CPS 

To further confirm the phenotype switch of RAW264.7, ELISA was 
employed to determine the concentrations of TNF-α and IL-10. The re
sults were presented in Fig. 4(c), it could be seen that Zn-CPS achieved 
effects of “anti-pro-inflammatory and pro-anti-inflammatory” earlier 
than Fe-CPS. At 3 d, the content of pro-inflammatory factor of TNF-α 
secreted by Zn-CPS was significantly lower than that of CPS and Fe-CPS, 
and the content of anti-inflammatory factor of IL-10 was also higher 
than that of CPS and Fe-CPS. In contrast, Fe-CPS achieved “anti-pro- 
inflammatory and pro-anti-inflammatory” effect at the ELISA level until 
the 5th day. At 5 d, the content of the pro-inflammatory factor of TNF-α 
secreted by Fe-CPS was significantly lower than that of CPS and Zn-CPS, 
and the content of anti-inflammatory factor of IL-10 was also higher 
than that of CPS and Zn-CPS, which further verified distinct immune 
response of Fe-CPS and Zn-CPS. 

Due to the fast release of zinc ions, the concentration in the extract 
reached 28.3 μg/ml, while the slower release of iron ions, the concen
tration in the extract was only 0.26μg/ml. The same trend was observed 
for TNF-α, which was seen to be lower in the Zn-CPS group than in the 
CPS and Fe-CPS groups at 3 d. In turn, at 5 d, the secretion of pro- 
inflammatory factors was lower in Fe-CPS group than in Zn-CPS and 
CPS groups. 

It is therefore believed that the level of metal ion concentration 
contributes to the temporal phase of the anti-inflammatory effect of the 
material, higher concentrations of ions produce faster effects, while 
lower concentrations take longer to act or can produce similar anti- 
inflammatory effects. 

3.3. Effects of immune microenvironment of Fe-CPS/Zn-CPS on 
osteogenesis of rBMSCs 

The results of the interaction between Fe-CPS/Zn-CPS bioceramics 
and macrophages indicated that Fe-CPS and Zn-CPS triggered different 

immune responses at different time points, the supernatant was there
fore collected on the 2nd and 4th day to prepare the immune microen
vironment. Therefore, there are nine groups of CPS, CPS-CM-2, CPS-CM- 
4, Fe-CPS, Fe-CPS-CM-2, Fe-CPS-CM-4, Zn-CPS, Zn-CPS-CM-2 and Zn- 
CPS-CM-4. The rBMSCs were cultured with nine groups, respectively, 
and a comparison of the results of different materials under the same 
culture conditions, as well as a comparison of the effects of different 
immune microenvironments on cell proliferation for the same material, 
were shown in Fig. 5(a). The results showed that the extracts of CPS, Fe- 
CPS and Zn-CPS groups all showed good cytocompatibility, and cell 
viability increased with increasing culture time, with no significant 
difference between three groups. The same trend was observed for the 
groups CPS-CM-2, Fe-CPS-CM-2 and Zn-CPS-CM-2 and for the groups 
CPS-CM-4, Fe-CPS-CM-4 and Zn-CPS-CM-4, which suggested that the 
addition of Fe and Zn elements and the immune microenvironment 
generated by Fe-CPS and Zn-CPS had no negative side effects on the 
good cytocompatibility of CPS bioceramic, all of which were beneficial 
to the proliferation of rBMSCs. 

Comparing CPS, CPS-CM-2 and CPS-CM-4, Fe-CPS, Fe-CPS-CM-2 and 
Fe-CPS-CM-4, and Zn-CPS, Zn-CPS-CM-2 and Zn-CPS-CM-4, the three 
groups still showed the same trend, at the early stage of culture (1–3 d), 
the immune microenvironment of CPS, Fe-CPS and Zn-CPS bioceramics 
all contributed to the proliferation of rBMSCs, and the immune micro
environment of 4 days was the most effective in promoting proliferation 
with significant difference (P < 0.001). Whereas the 2-day immune 
microenvironment of samples suppressed further cell growth to some 
extent at 7 d as the incubation time continued to increase, and no sig
nificant difference was observed between the 4-day immune microen
vironment and the extract alone. 

To investigate the effects of immune microenvironment of Fe-CPS/ 
Zn-CPS on the early osteogenic differentiation ability of rBMSCs, the 
ALP activity of each group was analyzed quantitatively after 7 d of 
culture, and the results were shown in Fig. 5(b). When compared be
tween three materials, CPS, Fe-CPS and Zn-CPS, the ALP activity was Zn- 
CPS > Fe-CPS > CPS, indicating that the addition of Zn elements 
accelerated the differentiation of rBMSCs towards osteogenesis. The ALP 
activity between CPS-CM-2, Fe-CPS-CM-2 and Zn-CPS-CM-2 groups was 
Zn-CPS-CM-2 > Fe-CPS-CM-2 > CPS-CM-2, in agreement with the trend 
of the materials-only group. As the duration of the immune reaction 
increased, the ALP activity of Fe-CPS-CM-4 group was comparable to 
that of Zn-CPS-CM-4 group and all were significantly better than that of 
CPS-CM-4 when comparisons were made between CPS-CM-4, Fe-CPS- 
CM-4 and Zn-CPS-CM-4 groups. 

Analyses of the impact of different immune reaction durations on 
ALP activity, for pure CPS, the immune microenvironment of CPS bio
ceramic was favorable to osteogenic differentiation and that the CPS- 
CM-4 group had the optimum ALP activity. ALP activity of the im
mune microenvironment of Fe-CPS also exhibited a trend of Fe-CPS-CM- 
4 > Fe-CPS-CM-2 > Fe-CPS, and the ALP activity of Fe-CPS-CM-4 group 
was significantly better than that in the other two groups with signifi
cant difference (P < 0.05), which suggested that the increase of immune 
reaction duration benefited the osteogenic differentiation in Fe-CPS 
group. Regarding Zn-CPS, the Zn-CPS-CM-2 group showed the best 
ALP activity, and the increase of immune response duration instead led 
to a moderate decrease in ALP activity, thereby presuming that the long- 
term immune microenvironment was not conducive to osteogenic dif
ferentiation of Zn-CPS bioceramic. 

The ALP staining results followed the same trend as the quantitative 
ALP analysis as shown in Fig. 5(c), the addition of Fe or Zn could further 
enhance the osteogenic differentiation ability of CPS bioceramic, while 
Zn-CPS presented the greatest ability to contribute to osteogenic dif
ferentiation. Furthermore, the immune microenvironment of three ma
terials, CPS, Fe-CPS and Zn-CPS, was favorable to osteogenic 
differentiation, with an increase in immune reaction period being 
favorable to an increase in ALP activity for CPS and Fe-CPS bioceramics, 
resulting in the darkest color in CPS-CM-4 and Fe-CPS-CM-4 groups, 

F. Deng et al.                                                                                                                                                                                                                                    



Materials Today Bio 26 (2024) 101086

10

Fig. 6. Results of the effects of CPS, CPS-CM-4, Fe-CPS, Fe-CPS-CM-4, Zn-CPS and Zn-CPS-CM-4 on the osteogenesis of rBMSCs, (a) 3-day, (b) 7-day osteogenic 
differentiation-related genes expression, (b) 14-day, (d) 21-day ARS staining and (e) Western blot banding and grey-scale calculations. * indicates statistical sig
nificance (P < 0.05), **** indicates P < 0.0001, *** indicates P < 0.001 and ** indicates P < 0.01. 
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while the darkest ALP staining in the Zn-CPS-CM-2 group for Zn-CPS 
material group. When the nine groups were compared, the Zn-CPS- 
CM-2 group showed the darkest ALP staining, followed by the Zn-CPS- 
CM-4 and Fe-CPS-CM-4 groups, further demonstrating that Zn-CPS 
and Fe-CPS and their immune microenvironment are beneficial for 
osteogenic differentiation. 

Given that the immune microenvironment with an immune response 
duration of 4 days had the best promotion on the osteogenic differen
tiation of rBMSCs, the 4-day immune microenvironment was chosen for 
subsequent experiments to investigate the osteogenic differentiation 
promotion mechanism in depth. 

Two time points (3 d and 7 d) were selected to detect the expression 
of osteogenic genes, as shown in Fig. 6(a) and (b). At 3 d, for the material 
groups, Zn-CPS group had the optimum ability to promote the expres
sion of BMP2, OPN, VEGF and ALP, while Fe-CPS group could signifi
cantly promote the expression of OCN, and CPS could obviously 
promote the expression of SP7, indicating that all three materials were 
beneficial to osteogenic differentiation of rBMSCs. With respect to the 
immune microenvironment of the materials, both CPS-CM and Zn-CPS- 
CM favored the expression of genes related to osteogenic differentiation, 
with the highest expression of BMP2, VEGF and OCN in Zn-CPS-CM-4 
group and the best promotion effects on OPN, SP7 and ALP expression 
by CPS-CM-4 as shown in Fig. 6(a). At 7 d, the promotion effect of 

immune microenvironment of CPS, Fe-CPS and Zn-CPS on the expres
sion of genes related to osteogenic differentiation of rBMSCs all were 
better than that of the pure material group, especially the expression of 
ALP, OCN and COL1. In addition, the expression of OPN was found to be 
the highest in Zn-CPS-CM-4 group, while the bone differentiation ability 
of Fe-CPS-CM-4 group was significantly enhanced after 7 days of culture, 
with the greatest promotion effect on the expression of ALP, OCN and 
COL1. 

Two time points, 14 d (Fig. 6(c)) and 21 d (Fig. 6(d)) were chosen to 
compare the mineralization of rBMSCs treated with the immune 
microenvironment or the materials alone, respectively. As could be seen, 
CPS, Fe-CPS and Zn-CPS groups all facilitated the mineralization of 
rBMSCs, with pronounced mineralization in all material groups at 14 
days, and the overall mineralization at 21 d was greater than those at 14 
d. In general, the mineralization capacity of material groups was supe
rior to those of the immune microenvironment groups, and the Zn-CPS- 
CM-4 group had the weakest mineralization capacity, suggesting that 
the immune microenvironment accelerates osteogenesis and osteogenic 
differentiation during the early stages, while it is not beneficial for long- 
term osteogenic differentiation. 

To further determine the intrinsic mechanism of Fe-CPS-CM and Zn- 
CPS-CM promoting osteogenic differentiation of rBMSCs, the Hippo 
signaling pathway activation of Fe-CPS-CM and the nuclear factor-κB 

Fig. 7. In vivo results of CPS, Fe-CPS and Zn-CPS scaffolds implanted for 4, 7 and 14 days, (a) HE staining, (b) Masson staining, immunohistochemical staining of (c) 
NOS2 and (d) Arg1. 
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(NF-κB) signaling pathway activation of Zn-CPS-CM were detected, yap 
and its phosphorylation, p65 and its phosphorylation were analyzed by 
Western blot, and the grey-scale values of the Western blot bands were 
obtained by ImageJ. The percentage of phosphorylated and non- 
phosphorylated protein grey values were calculated as in Fig. 6(e). 
From the percentage of phosphorylated proteins in the grey-scale values, 
the phosphorylation of yap was significantly lower in Fe-CPS, Fe-CPS- 
CM compared to CPS and CPS-CM, indicating that the Hippo signaling 
pathway was being activated in Fe-CPS and Fe-CPS-CM groups, and the 
phosphorylation of p65 was significantly reduced in the rBMSCs of Zn- 
CPS and Zn-CPS-CM, indicating that the NF-κB signaling pathway was 
being activated in the Zn-CPS and Zn-CPS-CM groups. suggesting that 
the NF-κB signaling pathway was suppressed in Zn-CPS and Zn-CPS-CM 
groups. 

3.4. Osteo-immunomodulation of Fe-CPS and Zn-CPS bioceramics in vivo 

The four groups, blank control, CPS, Fe-CPS and Zn-CPS scaffolds 
were implanted into a skull defect of SD rat model for 4, 7 and 14 days. 
HE staining, Masson staining and immunohistochemical staining of OCN 
were used to evaluate the osteogenesis of scaffolds in vivo, and the results 
were shown in Fig. 7(a) and (b) and Supplementary Fig. 5. At 4 days, the 
trends of new bone formation were CPS > Zn-CPS > Fe-CPS > Control, 
while the number of positive cells in immunohistochemical staining of 
OCN were CPS > Control > Zn-CPS > Fe-CPS. After implantation for 7 
days, Zn-CPS and Fe-CPS started to exhibit advantages on osteogenesis, 
while the trends of new bone formation were Zn-CPS > Fe-CPS > CPS >
Control, and the number of positive cells in immunohistochemical 
staining of OCN were Fe-CPS > Zn-CPS > CPS > Control. At 14 days, the 
new bone formation of CPS, Fe-CPS and Zn-CPS groups were much 
better than that of Control group, while Fe-CPS was the highest and 
followed by Zn-CPS group, and the number of positive cells in immu
nohistochemical staining of OCN were Fe-CPS > Zn-CPS > CPS >
Control. 

To detect the immune microenvironment among defect area after 
implantation, the immunohistochemical staining of M1 macrophage 
marker, NOS2, and M2 macrophage marker, Arg1 were performed and 
shown in Fig. 7(d) and (e). At 4 days, the number of positive cells in 
immunohistochemical staining of NOS2 and Arg1 both presented a trend 
of CPS > Control > Zn-CPS > Fe-CPS, indicating the implantation of Zn- 
CPS and Fe-CPS clearly reduced inflammatory reaction. After implanted 
for 7 days, barely no inflammatory reaction could be observed among all 
groups, the number of positive cells in immunohistochemical staining of 
NOS2 and Arg1 obviously decreased, only the number of positive cells in 
immunohistochemical staining of Arg1 of Fe-CPS was higher than other 
groups. At 14 days, the number of positive cells in immunohistochemical 
staining of NOS2 and Arg1 both presented a trend of Fe-CPS > Zn-CPS >
Control > CPS, implying an intimate relationship between immune 
microenvironment and osteogenesis. 

4. Discussion 

Osteoimmunology has attracted much attention since the close 
relationship be discovered between immune response and osteogenic 
capacity, and people gradually realized that regulating the composition 
of biomaterials can promote bone formation via building a beneficial 
immune microenvironment. To investigate the osteo- 
immunomodulation mechanisms of Fe and Zn elements, in present 
study, we selected novel CPS as research object and investigated 
osteoimmunology of Fe-CPS and Zn-CPS bioceramics. In addition, the 
immune response and osteogenic immune microenvironment of Fe-CPS 
and Zn-CPS were systematically studied, and the underlying mechanism 
were also explored in vitro and in vivo. 

We firstly prepared Fe-CPS (1 wt% Fe2O3 added CPS) and Zn-CPS (1 
wt% ZnO added CPS) bioceramics, to decreased the influences of 
porosity and surface characteristics, bioceramics were ground to 

particles with same sizes and then made extracts of Fe-CPS and Zn-CPS 
as shown in Fig. 1. The concentration of Fe and Zn ions were 0.26 and 
28.3 μg/ml respectively, which presented substantially different. The 
phase composition of Fe-CPS and Zn-CPS have been explored in our 
previous works, while Fe-CPS are composed of CPS, Fe2O3 and 
α′-CaSiO3, and Zn-CPS consists of CPS and Ca2ZnSi2O7 [20,30]. The 
release trends of Fe and Zn after adding into bioceramics are consistent 
with our results in some studies. The concentration of Zn in Ca2Zn
Si2O7-PLA after soaking in PBS for 24 h is 13.4 μg/ml [31], and the 
concentration of Zn of 0.5 % aspartic acid and 2 % Ca2ZnSi2O7 ceramic 
soaking in deionized water for 10 min is 10.2 μg/ml [32], indicating the 
release of Zn in bioceramics is relatively fast. In contrast, the concen
tration of Fe in 40F10BGC (40 % F10BG (Bioglasses containing 10 wt% 
iron)/Chitosan) after soaking in PBS for 14 days is only 2.5 μg/ml [33], 
suggesting the release of Fe in Ca–P–Si biomaterials is comparatively 
slow. 

Gene is known to responsible for the regulation of protein synthesis, 
thus, we began the immune response of RAW 264.7 to Fe-CPS/Zn-CPS at 
genetic level, DEGs of RAW 264.7 treated with Fe-CPS/Zn-CPS were 
compared with CPS, respectively. The results as shown in Fig. 2 and 
Supplementary Fig. 1- Fig. 4, the expression of 134 genes and 105 genes 
were changed owing to the addition of Fe and Zn, respectively. Among 
GO enrichment and KEGG pathway analyses, both the addition of Fe and 
Zn changed immune response behavior and subsequent cell behaviors. 
For Fe-CPS compared with CPS, negative regulation of leukocyte, 
lymphocyte and mononuclear cell can significantly reduce the immune 
inflammatory reaction. Cytokine activity and cytokine receptor activity, 
as well as cytokine-cytokine receptor interaction pathway, are associ
ated with macrophage adhesion and may further influence the osteo
genic effect of BMSC [34]. In addition, ECM-receptor interaction 
pathway can also regulate cellular behaviors including adhesion, pro
liferation and differentiation [35]. Specially, PI3K-Akt signaling 
pathway and JAK-STAT signaling pathway, key pathways in regulating 
polarization of macrophages, were activated in the DEGs of Fe-CPS with 
CPS. Both PI3K-Akt signaling pathway and JAK-STAT signaling pathway 
play important roles in mediating cell growth, proliferation, differenti
ation and apoptosis [36–38], evidences have proven that the 
down-regulation of PI3K-Akt signaling pathway can inhibit inflamma
tion by promoting macrophage polarization from M1 to M2 [39–42], 
and IL-10 can up-regulate JAK-STAT signaling pathway to promote M2 
polarization through binding surface receptors to activate JAK/STAT3 
pathway [43,44]. In this work, the deceased expression of Itga8, Fgfr3, 
Col6a1, Col1a2 and Il7 as shown in Supplementary Fig. 6 could activate 
PI3K-Akt signaling pathway, and the increased expression of IL-10 as 
shown in Supplementary Fig. 7 could activate JAK-STAT signaling 
pathway. Above all, Fe-CPS can modulate macrophage polarization to 
M2 through activating PI3K-Akt signaling pathway and JAK-STAT 
signaling pathway. For Zn-CPS compared with CPS, response to zinc 
ion and cellular response to zinc ion biological process demonstrated 
zinc ion released from Zn-CPS participated in cell behaviors. Besides, 
Rap1 signaling pathway, which controls cell adhesion, migration and 
polarity, was activated in the DEGs of Zn-CPS with CPS as shown in 
Supplementary Fig. 8. Studies have revealed that the activation of Rap1 
signaling pathway can inhibit polarization of M1 macrophage [45,46], 
indicating the addition of Zn could promote polarization of M2 macro
phage through the activation of Rap1 signaling pathway in this work. 
Moreover, F7 (coagluation factor) also could activate complement and 
coagulation cascade pathway as shown in Supplementary Fig. 9, and the 
activation of complement and coagulation cascade pathway activate 
platelet activation to promote anti-inflammatory [47,48]. 

qRT-PCR, flow cytometry and ELISA analyses were then performed 
to analyze the immune response of RAW 264.7 to Fe-CPS and Zn-CPS at 
genetic and protein levels, and the results were shown in Figs. 3 and 4. 
Overall, both Fe-CPS and Zn-CPS have positive effects on reducing in
flammatory reactions of RAW 264.7. Moreover, the inhibition effects of 
Fe and Zn on immune response showed a time difference trend, 
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indicating the immune microenvironment of Fe-CPS and Zn-CPS might 
also have time difference on osteogenesis. Conditioned mediums of 
different time points were prepared to verify the time difference char
acteristics of Fe-CPS and Zn-CPS bioceramics, and the results were 
shown in Figs. 5 and 6. The immune microenvironment of CPS, Fe-CPS 
and Zn-CPS presented a favorable effect and time difference trend on 
osteogenesis, specifically, both Zn-CPS-CM-2 and Zn-CPS-CM-4 could 
promote osteogenesis and osteogenic differentiation in shorter time, 
while in Fe-CPS group, only Fe-CPS-CM-4 had significantly positive ef
fect on osteogenesis and osteogenic differentiation. In addition, CPS, Fe- 
CPS and Zn-CPS showed selectively promotion on expression of osteo
genesis related genes, CPS could obviously promote the expression of 
SP7, CPS-CM-4 selectively promoted the expression of OPN, Fe-CPS-CM- 
4 significantly promoted the expression of COL1, while Zn-CPS clearly 
promoted the expression of ALP, and Zn-CPS-CM-4 selectively promoted 
the expression of VEGF, OCN and OPN. SP7, a transcription factor re
lates to bone development, which is indispensable to preosteoblastic cell 
differentiation [49]. Varanasi et al. have compared the osteogenic dif
ferentiation of 45S5 and 6P53-b, and found an enhanced expression of 
SP7 induced by Si element [50], which is consistent with our results. 

Implantation experiments in vivo comprehensively evaluated the 
inflammatory response and osteogenic activity of Fe-CPS and Zn-CPS, as 
shown in Fig. 7, in vivo results were consistent with in vitro results, both 
Fe-CPS and Zn-CPS exhibited effective inhibition on inflammatory 
response and significant promotion on new bone formation. When it 
comes to the mechanism of Fe on osteogenesis, most studied have 
focused on ferroptosis, lactoferrin and magnetic iron oxide nano
particles [51–53], as for Fe-doped biomaterials, the current studies only 
investigated the effects of Fe addition on mechanical and biological 
performances [54,55]. In humans, about 65 % of the total iron is 

allocated in red blood cells (RBCs), 14 % in macrophages, and 5 % in 
bone marrow [56]. In M1 macrophages, studies have found iron can 
significantly reduce the secretion of IL-6, IL-1β, TNF-α, and iNOS pro
duced by IFN-γ-polarized M1 macrophages, indicating moderate Fe can 
decrease immune inflammatory response [57]. Our research in this work 
also found the favorable effect of Fe on inhibiting immune inflammatory 
response in vitro and in vivo, moreover, Fe-CPS and its immune micro
environment might play a role on bone formation through Hippo 
signaling pathway. Yap is a downstream factor and negative regulator of 
Hippo signaling pathway, which plays a key role in proliferation and 
differentiation of osteoblasts [58,59]. Zhu et al. have proven that the 
upregulation of yap can activate Hippo signaling pathway to inhibit 
osteoblast growth [60]. Our works also verified the inhibition effect of 
yap on osteogenesis as shown in Fig. 6(e), the expression amount of yap 
and p-yap on Fe-CPS and Fe-CPS-CM groups were significantly lower 
than those of CPS and CPS-CM groups, indicating Fe element might 
promote osteogenesis via activating Hippo signaling pathway to sup
press the expression of yap. 

For Zn, evidences have proven that the incorporation of Zn signifi
cantly promotes the cell proliferation and osteogenic differentiation [61, 
62]. It has also been reported that the addition of Zn can reduce the 
expression of TNF-α and IL-1β of M1, and promote the expression of 
TGF-β of M2, and thus create a favorable immune environment to 
accelerate bone formation [63–65]. In our present work, we also found 
the gene expression of TNF-α and INOS of M1 in Zn-CPS group signifi
cantly lower than those in CPS group, and the expression of CD206 and 
Arg1 of M2 in Zn-CPS group clearly higher than those in CPS group, 
which demonstrated Zn-CPS downregulated pro-inflammatory pheno
type and upregulated anti-inflammatory phenotype of RAW264.7. In 
addition, both in vitro and in vivo results proved that the immune 

Fig. 8. Osteo-immunomodulation schematic diagram of Fe-CPS and Zn-CPS promoting osteogenesis.  
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microenvironment of Zn-CPS further promoted bone formation ability of 
CPS, and Western blot experiment discovered the amount of p65 and 
p-p65 were significantly lower than those of control group, indicating 
Zn-CPS and its immune microenvironment might improve osteogenesis 
through the activation of nuclear NF-κB signaling pathway. NF-κB 
signaling pathway is a transcription factor which is participate in 
regulating inflammation and immune response, while TNF-α and other 
inflammatory cytokines can activate NF-κB classical pathway. More
over, studies have detected the activation of NF-κB signaling pathway is 
essential for osteoclast differentiation, and the inhibition of NF-κB 
signaling pathway simultaneously suppresses osteoclast and promote 
osteogenesis [66,67]. Masayoshi et al. have investigated the mechanism 
of Zn regulating bone formation and resorption, and results have shown 
that Zn achieves stimulating bone formation by suppressing the 
expression of TNF-α to inhibit NF-κB signaling pathway [68], which is 
consistent with our results. 

Above all, both Fe-CPS and Zn-CPS bioceramics have extraordinary 
ability to promote bone formation, but, the mechanism of osteo- 
immunomodulation of Fe-CPS and Zn-CPS showed distinct. The dia
gram of Fe-CPS and Zn-CPS on osteo-immunomodulation was presented 
in Fig. 8, both Fe-CPS and Zn-CPS have good ability on osteo- 
immunomodulation, and Zn-CPS achieves promotion on polarization 
of M2 macrophage and osteogenesis in vitro and in vivo in a shorter time 
than Fe-CPS. Furthermore, the mechanism of Fe-CPS on osteo- 
immunomodulation are PI3K-Akt signaling pathway, JAK-STAT 
signaling pathway and Hippo signaling pathway. In comparison, Zn- 
CPS via the activation of Rap1 signaling pathway and complement 
and coagulation cascade pathway to promote the polarization of M2 
macrophage, and then Zn-CPS with its immune microenvironment 
activate NF-κB signaling pathway to promote osteogenesis. 

5. Conclusions 

In conclusion, the immunomodulatory performance and its effect on 
osteogenesis of iron and zinc were investigated through preparing 1 wt% 
Fe2O3 added-CPS and 1 wt% ZnO added-CPS. Both in vitro and in vivo 
results confirmed that Fe-CPS and Zn-CPS could inhibit polarization of 
M1 macrophage and further improve osteogenesis, and presented a time 
difference trend of osteo-immunomodulation. Results indicate that the 
mechanism of Fe-CPS and Zn-CPS on osteo-immunomodulation are 
distinct, Fe-CPS achieves osteo-immunomodulation via PI3K-Akt 
signaling pathway, JAK-STAT signaling pathway and Hippo signaling 
pathway, while Rap1 signaling pathway, complement and coagulation 
cascade pathway and NF-κB signaling pathway are activated in Zn-CPS. 
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