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Background: Repairing critical-sized bone defects secondary to traumatic or tumorous damage is a complex conundrum in clinical 
practice; in this case, artificial scaffolds exhibited preferable outcomes. Bredigite (BRT, Ca7MgSi4O16) bioceramic possesses excellent 
physicochemical properties and biological activity as a promising candidate for bone tissue engineering.
Methods: Structurally ordered BRT (BRT-O) scaffolds were fabricated by a three-dimensional (3D) printing technique, and the 
random BRT (BRT-R) scaffolds and clinically available β-tricalcium phosphate (β-TCP) scaffolds were compared as control groups. 
Their physicochemical properties were characterized, and RAW 264.7 cells, bone marrow mesenchymal stem cells (BMSCs), and rat 
cranial critical-sized bone defect models were utilized for evaluating macrophage polarization and bone regeneration.
Results: The BRT-O scaffolds exhibited regular morphology and homogeneous porosity. In addition, the BRT-O scaffolds released 
higher concentrations of ionic products based on coordinated biodegradability than the β-TCP scaffolds. In vitro, the BRT-O scaffolds 
facilitated RWA264.7 cells polarization to pro-healing M2 macrophage phenotype, whereas the BRT-R and β-TCP scaffolds stimulated 
more pro-inflammatory M1-type macrophages. A conditioned medium derived from macrophages seeding on the BRT-O scaffolds 
notably promoted the osteogenic lineage differentiation of BMSCs in vitro. The cell migration ability of BMSCs was significantly 
enhanced under the BRT-O-induced immune microenvironment. Moreover, in rat cranial critical-sized bone defect models, the BRT-O 
scaffolds group promoted new bone formation with a higher proportion of M2-type macrophage infiltration and expression of 
osteogenesis-related markers. Therefore, in vivo, BRT-O scaffolds play immunomodulatory roles in promoting critical-sized bone 
defects by enhancing the polarization of M2 macrophages.
Conclusion: 3D-printed BRT-O scaffolds can be a promising option for bone tissue engineering, at least partly through macrophage 
polarization and osteoimmunomodulation.
Keywords: bredigite, three-dimensional printing, osteoimmunomodulation, macrophage polarization, tissue engineering

Introduction
The limited regenerative potential of endogenous bone repair in critical-sized defects remains a substantial clinical 
challenge. Along with the advancement of tissue engineering technology, biomaterial scaffolds have gradually shown 
advantages over autologous bone grafts by overcoming their limitations as a new clinical strategy.1–3 However, currently 
available scaffold biomaterials have deficiencies in complex bone regeneration applications, such as mismatched 
structural support, uncoordinated biodegradability and lack of osteoinductivity.4,5 To overcome these shortcomings, 
recent cutting-edge biomaterials have been explored for bone tissue engineering.6,7
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Considering their bioactive nature, magnesium-containing silicate bioceramics have been investigated as promising 
candidates for bone tissue engineering.8 Bredigite (BRT, Ca7MgSi4O16) contains various bioactive elements including 
calcium (Ca), magnesium (Mg), and silicon (Si).9–11 Previous studies have demonstrated that BRT bioceramics possessed 
excellent biocompatibility, apatite-mineralization ability, and mechanical properties.10−12 Furthermore, by releasing 
a variety of ionic products, BRT bioceramics may regulate the biological behavior of stem cells and enhance the ability 
of cell lineage differentiation.13,14

Based on the comprehension of osteoimmunology, the complex interaction between biomaterial and host cells is 
considered a determinant factor for the fate of biomaterial implantation.15,16 Immediately after the implantation of bone 
biomaterial, the host immune response is initiated. As the key player in biomaterial-related immune reactions, macro-
phages were first activated as the pioneer, and significantly determined the long-term immune reactions. Moreover, 
macrophages promote the recruitment, proliferation, and differentiation of effector cells. Therefore, macrophages play 
vital roles in regulating immune response and osteogenesis in the bone defect area.17–19 In addition, the dynamic nature 
and high plasticity of macrophages phenotype are essential features.20 After receiving stimulation, macrophages are 
polarized into different functional states through different pathways, mainly M1 pro-inflammatory type and M2 anti- 
inflammatory type, which are involved in multiple physiological processes such as immunomodulation, tissue repair and 
regeneration, respectively.21,22

Studies indicate that characteristics of biomaterials, especially physicochemical properties, have important effects on 
macrophage polarization states.21,23,24 The difference in the surface topology of biomaterials significantly shapes cell 
adhesion, morphology, and subsequent biological behavior and function, as well as determines the polarized fate of 
macrophages.25–27

Rapidly emerging three-dimensional (3D) printing technology is a digital manufacturing method that enables the 
quick preparation and precise manipulation of structural and morphological characteristics according to the requirements 
of targeted regenerative applications.28 To facilitate bone defect repair and regeneration, porous scaffolds prepared by 3D 
printing technology with appropriately controlled biodegradability and good biocompatibility are usually employed as 
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matrix materials to support critical cells attachment and growth in the area of bone defects, and furthermore to induce the 
regeneration of the target tissues and recover organ functions.29

Previously, BRT scaffolds were fabricated by the 3D printing method, however the synthetic scaffolds were 
structurally inhomogeneous and randomly arranged.1 In this study, we aimed to construct an ordered structural state of 
bredigite (BRT-O) scaffolds with better biological activity based on the excellent chemical properties for the first time 
using 3D printing method, and to further explore the role in modifying the immune microenvironment. The physico-
chemical properties of BRT-O scaffolds and their effects on bone marrow mesenchymal stem cells (BMSCs) and 
macrophages were systematically investigated in vitro and in vivo.

Materials and Methods
Synthesis of the Bioceramic Scaffolds
The bredigite powder was synthesized by sol-gel process using tetraethoxysilane (TEOS, Mg(NO3)2·6H2O), magnesium 
dinitrate hexahydrate (Mg(NO3)2·6H2O), and calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) and were ground in ethanol 
to get an average particle size (≤ 80 μm). The bioinks for printing BRT scaffolds were prepared by thoroughly mixing 
sodium alginate (0.15 g) and BRT powders (5.0 g) in 3.0 g of Pluronic F-127 (20.0 wt %). The ink was then extruded 
through a nozzle with an inner diameter of 0.22 mm, controlled by Nano-Plotter software (GeSiM, Rossendorfer, 
Radeberg, Germany). The obtained primary BRT scaffolds were heated at a constant rate (2°C min−1) and calcined for 
3 hours at 1350°C. Following the Standard Tessellation Language file of 3D models, BRT scaffolds with ordered square 
hole structure (BRT-O) and scaffolds with random morphology (BRT-R) were prepared by laying patterns of filaments 
(0°/90°). In addition, β-tricalcium phosphate (β-TCP) scaffolds were also prepared as a control group. The dimensions of 
the prepared scaffolds were expanded to a designed size to compensate for the linear shrinkage in the three dimensions. 
The prepared scaffolds were sterilized by UV irradiation and used for subsequent biological experiments.

Physicochemical Characterization of the Scaffolds
The surface morphology of the fabricated scaffolds (BRT-O, BRT-R and β-TCP) was analyzed by scanning electron 
microscope (SEM, Inspect F, FEI, Eindhoven, Netherlands) while the phase composition was examined using an X-ray 
diffractometer (XRD, Rigaku Co., Tokyo, Japan) under 40 kV voltage and 40 mA current. Fourier transform infrared 
spectroscopy (FTIR, Thermo Nicolet Co., Waltham, MA, USA) was employed to analyze the chemical composition and 
spatial distribution. To test the compressive strength of the scaffolds, a universal mechanical testing machine (3367; 
Instron, Norwood, MA, USA) was utilized with a constant crosshead speed (0.5 mm/min). Five samples of each material 
were tested.

The scaffold degradations were evaluated regarding weight change, pH values and ionic release. For this purpose, the 
scaffolds (200 mg/mL) were soaked in 30 mL of Tris solutions (pH 7.4) at 37°C for six consecutive weeks, and the buffer 
solution was changed every 3 days. At the time-point of observation, the solutions of groups were collected and 
refreshed. Then, the scaffolds were removed and dried at 120°C for 24 h prior to accurate weight measurement. The 
changes in the pH value of the solutions were detected by a pH meter (Metrohm, Herisau, Switzerland). In addition, 
inductively coupled plasma atomic emission spectrometry (ICP-AES, Varian Inc., Palo Alto, CA, USA) was used to 
calculate the ionic concentrations of Ca, Si and Mg at different time periods.

Macrophages Biological Response to the Scaffolds
Murine macrophage cell line RAW 264.7 was purchased from the Typical Culture Preservation Commission Cell Bank, 
Chinese Academy of Sciences (Shanghai, China), and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma- 
Aldrich, St. Louis, MO, USA) containing 10% FBS (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 100 
U mL−1 penicillin /streptomycin (Hyclone, Logan, UT, USA). After culturing for 24 h, the morphology of RAW 264.7 
cells seeding on different scaffolds was observed using SEM. Cell viability was performed by CCK-8 assay at 1, 3, and 5 
days of culture. At the observation time-point, a 50 µL aliquot of CCK-8 solution (Sigma-Aldrich) was added to each 
well and incubated for 4 h. Then, the supernatants were extracted into a new well plate for absorbance measurement at 
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450 nm using a microplate reader (Rayto RT-6000, Rayto Co., Shenzhen, Guangdong, China). To assess the polarization 
phenotypes of macrophages seeded on different scaffolds for 24 h, flow cytometry was performed to detect the 
expression levels of the classical surface molecules such as CD80 and CD206. After collecting the cells, the correspond-
ing antibodies (BioLegend Inc., San Diego, CA, USA) were incubated for 30 min and then detected by flow cytometry 
(Beckman Coulter Inc, Brea, CA, USA).

Immunofluorescence (IF) staining was performed to evaluate inducible nitric oxide synthase (iNOS, red, 1:200, 
ab49999, Abcam, Cambridge, UK) and CD 206 (red, 1:200, #24595, Cell Signaling Technology Corp., Danvers, MA, 
USA) expression levels after culturing for 24 h. Meanwhile, CD68 (green, 1:200, #29176, CST) as the pan marker, anti- 
F-actin antibody (red, 1:200, GTX20205, GeneTex, Irvine, CA, USA) for cytoskeletal protein staining and DAPI (blue, 
C1002, Beyotime Biotechnology, Shanghai, China) for nuclear staining were also used in this study. The macrophages 
were fixed in 4% paraformaldehyde and permeabilized with 0.25% Triton X-100 (Sigma-Aldrich), followed by blocking 
with 2% bovine serum albumin. After that, the primary and secondary antibodies were added. Laser scanning confocal 
microscopy (LSCM, Olympus Corp., Shinjuku, Japan) was utilized to visualize and capture images.

After RAW 264.7 cells were cultured on the scaffolds for 1 and 3 days, quantitative real-time PCR (qRT-PCR) was 
conducted to examine the transcriptional expression of iNOS, tumor necrosis factor-alpha (TNF-α), CD206 and arginase 
1 (Arg-1), M1 and M2 macrophage polarization markers. The primers synthesized were as follows: mouse-GAPDH, 
GGCAAATTCAACGGCACAGTCAAG and TCGCTCCTGGAAGATGGTGATGG; mouse-iNOS, ATCTTGG 
AGCGAGTTGTGGATTGTC and TAGGTGAGGGCTTGGCTGAGTG; mouse-TNF-α, GGACTAGCCAGG 
AGGGAGAACAG and GCCAGTGAGTGAAAGGGACAGAAC; mouse-CD206, GTCTGAGTGTACGCAGT 
GGTTGG and TCTGATGATGGACTTCCTGGTAGCC; mouse-Arg-1, AACCTTGGCTTGCTTCGGAACTC and 
GTTCTGTCTGCTTTGCTGTGATGC. After 3 days of RAW 264.7 culture, the medium was centrifuged (2500 rpm) 
for 10 min to obtain the supernatants. Enzyme-linked immunosorbent assays (ELISA, Dakewe Bioengineering, 
Shenzhen, Guangdong, China) were performed to calculate the concentrations of cytokines, IL-10 and TNF-α in the 
supernatants according to the instructions.

The Biological Response of BMSCs to Polarized Macrophages
To investigate the effects of polarized macrophages on osteogenesis in vitro, BMSCs were isolated from the femurs and 
tibias of male C57BL/6N mice (aged 6–8 weeks, weighing 21–26 g) and cultured following the modified whole bone 
marrow adherent method. Briefly, the bone marrow tissues were cultured in complete culture medium composed of α- 
minimal essential medium (α-MEM; Gibco), 10% FBS (Gibco) and 100 U mL−1 penicillin/streptomycin (Hyclone) in 
a humidified incubator at 37°C with 5% CO2. The adherent colonies were cultured for 7–10 days with medium changed 
every 3 days. The third to fifth passage cells (P3–5) were used for subsequent experiments. The obtained BMSCs were 
cultured with macrophages conditioned medium, which was derived from the supernatants of RAW 264.7 cells seeding 
on the β-TCP, BRT-R, and BRT-O scaffolds for 48 h culture. The vitality of BMSCs stimulated by the conditioned 
medium at 1 and 3 days was estimated by CCK-8 assay. In addition, the effect of macrophage polarization in response to 
different scaffolds on BMSCs migration was investigated by Transwell migration assay. Raw 264.7 cells were seeded on 
the scaffolds in the lower chambers, while BMSCs were plated in the upper chamber. After 24 h of incubation, the 
penetrated cells were stained and counted under an optical microscope (Olympus).

After osteogenic culture for 14 days, alkaline phosphatase (ALP) staining and ALP activity assays were performed 
following the instructions of the ALP assay kit (Sigma-Aldrich). Alizarin red S (ARS, Sigma-Aldrich) staining was 
conducted to evaluate calcium nodule formation on the 21st day of osteogenic culture, referring to the manufacturing 
instructions (Beyotime Biotechnology). The osteogenic induction medium was composed of a complete culture medium 
supplemented with 0.1 mM dexamethasone, 10 mM β-glycerophosphate, and 50 mM ascorbic acid (Sigma-Aldrich). The 
medium was changed every 3 days.

We administered qRT-PCR to evaluate the mRNA expression levels of osteogenic differentiation markers, bone 
morphogenetic protein-2 (BMP2) and runt-related transcription factor 2 (RUNX2) in BMSCs grown with macrophage 
conditioned medium after 3 days. The primers used are shown as follows: mouse-BMP2, ATCCAGTC 
TTGCCGCCTCCAG and CTTCGCCTCCTCCTCCTTCTCC; mouse- RUNX2, CCTTCAAGGTTGTAGCCCTC and 
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GGAGTAGTTCTCATCATTCCCG. To observe the morphology and cytoskeleton of BMSCs, F-actin (green, 1:200, 
GTX20205, GeneTex) and vinculin (red, 1:200, ab129002, Abcam) were stained by IF staining after culturing for 24 h as 
described above.

Bone Regeneration of the Scaffolds in the Rat Cranial Critical-Sized Defect Model
All animal procedures were approved by the Animal Experimental Ethics Committee at the Ninth People’s Hospital 
affiliated with the Shanghai Jiao Tong University School of Medicine, China (Ref No: SH9H-2020-A610). The animal 
experiments were designed and executed in accordance with the Guidelines for Animal Health and Use of the National 
Institutes of Health, and reported following the ARRIVE guidelines. To explore the effects of different scaffolds on new 
bone formation in vivo, a total of 48 Sprague–Dawley rats (8–10 weeks, male) were randomly divided into 4 groups to 
construct critical-sized cranial defect models, including blank group, β-TCP group, BRT-R group, and BRT-O group. 
After general anesthesia, circular bone drills with a copious water coolant were used to fabricate 5-mm diameter defects 
on the parietal bone of rats bilaterally. Then, the prepared scaffolds (Φ5 mm×1 mm), including the β-TCP, BRT-R, and 
BRT-O scaffolds were implanted into the defects. In addition, the blank group without any scaffold materials was set as 
a control. Cefazolin (10 mg/kg) was given for 3 days to prevent infection, and the condition of the rats were observed 
daily. After 6 and 12 weeks postoperatively the rats were euthanized, the skull samples were collected to evaluate bone 
regeneration.

The samples (n=4 in each group) were fixed with 4% paraformaldehyde and examined under the micro-computed 
tomography system (μ-CT, Scanco Medical, Bassersdorf, Zurich, Switzerland) to evaluate the newly regenerated bone 
regions (70 kV voltage, 114 mA current, and 700-ms integration time). The ratio of bone volume to total tissue volume 
(BV/TV) was calculated using the μ-CT 80 system. The tissue blocks were sliced into 200 μm thickness of sections 
without decalcification using a hard tissue microtome (Leica, Wetzlar, Germany) and sequentially polished to a thickness 
of 25 μm. Toluidine blue staining solution was used for 15 min, and the sections were observed under an optical 
microscope (Leica).

Meanwhile, the collected tissues were decalcified with 15% EDTA and prepared into 10-μm-thick sections. 
Hematoxylin and eosin (H&E) staining was performed for the histological evaluation of the newly formed bone. The 
images were observed and captured by a stereoscopic microscope (Eclipse E600, Nikon, Tokyo, Japan). The proportion 
of new bone formation was calculated using Image-Pro Plus v.7.0 (Media Cybernetics Inc., Rockville, MD, USA). In 
addition, at one week postoperatively, the expression of the osteogenic marker, RUNX2 (1:100, GTX38531, GeneTex) 
was detected by immunohistochemical (IHC) staining (n=4 in each group).

Macrophage Polarization Adjustment of the Scaffolds in vivo
Regarding the scaffolds for osteoimmunomodulation in vivo, the expression of macrophage phenotype-related markers in 
the defects was examined by IHC staining. After one-week postoperatively, pan marker CD68 (1:200, ab125212, 
Abcam), M1 marker iNOS (1:200, ab15323, Abcam), and M2 marker CD163 (1:200, ab182422, Abcam) were labeled. 
The images of IHC staining were visualized under an optical microscope (Leica). Four non-overlapping fields of the view 
were picked randomly for each section under a microscope (20x).

Statistical Analysis
All quantitative data were expressed as mean ± standard deviation (x ± SD) and were analyzed using GraphPad Prism 
v.9.0 (La Jolla, CA, USA) software. One-way analysis of variance (ANOVA) and Tukey’s multiple-comparisons test 
were utilized to perform data analysis. P values < 0.05 (two-sides) were accepted as statistically significant.

Results
Fabrication and Characterization of BRT-O
The prepared scaffolds were characterized for various structural parameters and mechanical properties. A clinically used 
β-TCP bioceramic was used as the control material. With a controlled design, the BRT-O scaffold demonstrated more 
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ordered gross morphology than the BRT-R scaffold. The SEM observation revealed the coarse surface of the β-TCP 
scaffold due to the scrambled deposition of β-TCP particles. High magnification SEM image showed clear grain 
boundaries and homogeneous pores size (400~500 µm) in case of the BRT-O scaffold (Figure 1A), which was favorable 
to facilitating the ingrowth of bone tissues.5 The XRD analysis of three materials demonstrated that identical chemical 
structures along with bredigite peaks existed between the BRT-O and BRT-R scaffolds (Figure 1B). In addition, the FTIR 
spectra demonstrated the existence of PO4

3- absorption bands from 900–1400 cm−1 in BRT ceramics (Figure 1C).
The compressive strength of the three scaffolds displayed significant differences (Figure 1D). The 3D-printed ordered 

BRT-O scaffold exhibited the highest compressive strength (>30 MPa) compared to the BRT-R scaffold, which ranged from 
20~25 MPa and the β-TCP scaffold (~5 MPa). The weight changes of the scaffold materials soaked in Tris solution for six 
consecutive weeks were compared in Figure 1E. With the increase in soaking time, the materials presented a sustained 
degradation with 20% weight loss in BRT-O and BRT-R, which were higher than β-TCP (<5%). Figure 1F showed that the pH 
values of the Tris solution increased with the soaking time in the BRT-O and BRT-R groups, while the pH values of solution 
containing the β-TCP were reduced to 7.1 ± 0.02. Meanwhile, the BRT-O and BRT-R materials released higher concentrations 
of Ca, Si, and Mg ion comparing to the β-TCP scaffold and exhibited a similar ions release profile (Figure 1G).

The Effects of BRT-O on M2-Type Macrophage Polarization
To explore the effects of ordered interface on macrophage polarization, RAW 264.7 cells were seeded on the BRT-O, 
BRT-R, and β-TCP scaffolds. SEM images showed that the macrophages spread on the BRT-O scaffold surface along the 

β-TCP BRT-R BRT-OA
B C

G

E FD

Figure 1 Characterization of the scaffolds. (A) Representative gross morphology (Scale bar, 2 mm) and surface topography SEM images (Scale bar, 1 mm and 5 μm). (B) 
X-ray diffraction patterns. (C) FTIR spectra. (D) Compressive strength. (E) Weight change of the scaffolds after soaking in Tris solution. (F) pH values. (G) Accumulated 
ionic release of Ca, Si, and Mg. Data are expressed as mean ± SD (n = 3). &P < 0.05 vs BRT-R scaffold; ###P < 0.001 vs β-TCP scaffold.
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cell fibrils (Figure 2A). CCK-8 assay demonstrated that macrophages cultured on different materials grew stably, and 
there were no significant differences in the absorbance values among groups (Figure 2B). CD80, iNOS, and TNF-α were 
used as M1 macrophage markers, while CD206, Arg-1, and IL-10 were considered the markers of M2 macrophage. After 
culturing for 24 h, flow cytometry analysis demonstrated that CD80 expression level was down-regulated in the BRT-O 
group, while CD206 expression was highly upregulated (Figure 2C). The IF staining revealed that the percentages of 
CD206+CD68+ M2 macrophages were higher in the BRT-O group relative to the other groups, whereas macrophages on 
the β-TCP surface highly expressed iNOS+CD68+ markers. Furthermore, macrophages grown on the BRT-O surface 
exhibited a highly branched, elongated morphology compared to the other groups (Figure 2D and E).

Transcriptional expression of macrophage polarization markers was assessed by qRT-PCR after culturing for 1 day 
and 3 days. The results showed that the mRNA expression levels of iNOS and TNF-α were markedly decreased in the 
BRT-O group, while the transcription of CD206 and Arg-1 were significantly increased. However, there was no 
significant difference in CD206 and Arg-1 expression between BRT-R and β-TCP groups (Figure 2F). In parallel, the 
TNF-α level was significantly reduced in the BRT-O scaffolds group, while the IL-10 level was increased as detected by 
ELISA (Figure 2G). Based on these findings, qRT-PCR examination, IF staining and flow cytometry results yielded 
a similar trend. Thus, the BRT-O scaffolds stimulated macrophage polarization to M2 phenotype.

Effects of Polarized Macrophages by BRT-O Scaffold on BMSCs Proliferation, 
Migration, and Differentiation in vitro
The biological behaviors of BMSCs cultured in macrophages conditioned medium exposed to different scaffold materials 
were detected. CCK-8 results revealed that BMSCs seeding on the scaffolds showed no significant difference in the 
absorbance (Figure 3A). Transwell migration assay of BMSCs in response to different materials and differentiated 
macrophages illustrated an enhanced penetration of BMSCs through Transwell membranes at the BRT-O group with 
a significant difference compared to the other groups (Figure 3B and C).

To further investigate the osteoinductive effects of differentiated macrophages induced by scaffolds in vitro, we 
detected BMSCs osteogenic differentiation qualitatively and quantitatively. According to the ALP detection and ARS 
staining data, the ALP activity and mineralization nodules formation of BMSCs were markedly enhanced in the BRT-O 
group, while no statistical difference was observed in the β-TCP group (Figure 3D–F). Moreover, mRNA expression 
levels of osteogenic differentiation-related genes (BMP2 and RUNX2) were significantly upregulated in the BRT-O 
group, followed by the BRT-R and β-TCP groups (Figure 3G), which was suggestive of a significant promotion of 
BMSCs osteogenic differentiation. IF staining observed that the cytoskeleton protein of BMSCs on the BRT-O group was 
highly extended with large attachment areas and high expression of adhesive plaque proteins (Figure 3H). Accordingly, 
M2-type macrophages polarized by the BRT-O scaffolds enhanced the migration and facilitated the osteogenic differ-
entiation of BMSCs.

The Effects of BRT-O on Repairing Critical-Sized Bone Defects
After 6 and 12 weeks post-implantation, the cranial samples were collected for gross observation and μ-CT analysis to 
detect new-bone formation (Figure 4). According to the three-dimensional reconstruction images by μ-CT, the degrada-
tion of these scaffolds was increased with time from weeks 6 to 12. Accompanying with the biodegradation of the 
scaffold material at 12 weeks, the BRT-R group and BRT-O groups showed growth of well-integrated new bone 
formation into the scaffolds, while a sizeable residual void space was observed in the β-TCP group.

Toluidine blue staining was performed to observe the morphology and quantity of newly formed bone (Figure 5A). It 
is evident that the scaffold materials were further degraded over time, and the ingrowth of new bone tissue was 
significantly accelerated between weeks 6 and 12. Notably, in the BRT-O and BRT-R groups, new bone thrived along 
the material edges and peripheral region of the defects, which followed in situ bone island formation pattern. The defects 
in the BRT-O group were filled with the integrated new bone which was composed of mature structure based on the 
histological staining. No fibers or other pathological tissues existed between the scaffold material with the host bone, 
indicating excellent osseointegration between the scaffold material and the host bone. The quantity of newly formed bone 
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Figure 2 Biological behavior and polarization phenotype of macrophages cultured on the scaffolds. (A) Representative images of macrophage morphology as visualized by 
SEM. (B) CCK-8 assay results after 1, 3, and 5 days of cell culture. (C) Representative peak plots and quantification of CD80+ (M1 polarization) and CD206+ (M2 
polarization) macrophage ratios examined by flow cytometry. (D) IF staining for phenotypic markers of macrophages was performed using F-actin (red), iNOS and CD206 
(red), CD68 (green), and nuclei (blue) by LSCM. (E) Percentages of iNOS+ and CD206+ cells based on LSCM images. (F) mRNA expression levels of M1 polarization 
markers (iNOS, TNF-α) and M2 (CD206, Arg-1) in macrophages at 1 and 3 days as quantified by qRT-PCR. (G) IL-10 and TNF-α levels as detected by ELISA. Data are 
expressed as mean ± SD (n = 3). Scale bar, 20 μm. Ns, no significance; *P < 0.05 vs Control group; #P < 0.05 vs β-TCP scaffold; &P < 0.05 vs BRT-R scaffold; **P < 0.01 vs 
Control group; ##P < 0.01 vs β-TCP scaffold; &&P < 0.01 vs BRT-R scaffold; ***P < 0.001 vs Control group; ###P < 0.001 vs β-TCP scaffold; &&&P < 0.001 vs BRT-R scaffold.
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significantly different between the BRT-R and BRT-O groups at weeks 6 and 12. Moreover, the percentage of newly 
formed bone in the BRT-R group was significantly increased compared to the β-TCP group. In the blank control group, 
limited bone formation was observed in the central region surrounded by fibrous connective tissues.
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Figure 3 BMSCs proliferation, migration, and differentiation in response to the polarized macrophages by scaffolds. (A) Effects of macrophage polarization on BMSCs 
proliferation using CCK-8 assay. (B) BMSCs migration induced by macrophage polarization using Transwell assays. Scale bar, 1 mm. (C) Quantification analysis of cells 
migration. (D) ALP staining for alkaline phosphatase activities and ARS images for calcium deposits of the BMSCs. (E) Semi-quantitative data of ALP activity assay. (F) 
Quantified analysis of ARS. (G) mRNA expression levels of BMP2 and RUNX2 as measured by qRT-PCR. (H) IF images for cytoskeletal proteins F-actin (green), vinculin 
(red), and DAPI (blue). Scale bar, 50 μm. Data are expressed as mean ± SD (n = 3). Ns, no significance; ##P < 0.01 vs β-TCP scaffold; ***P < 0.001 vs Control group; ###P < 
0.001 vs β-TCP scaffold; &&&P < 0.001 vs BRT-R scaffold.
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Consistent with the toluidine blue results at week 12, H&E staining exhibited a considerable amount of newly 
generated bone in the BRT-O group, which completely covered the defect center, in comparison with the other three 
groups (Figure 5B). In addition, there was a large amount of new bone formed in the defect area of the BRT-R group. In 
contrast, only limited bone formation was dispersed in the defect region of the β-TCP group (Figure 5C and D). Based on 
these results, the BRT-O scaffolds markedly enhanced bone regeneration and repaired critical-sized bone defects 
macroscopically and microscopically.

The Effects of BRT-O on Early-Stage Immunomodulation and Osteogenesis
The markers of osteogenesis and macrophage polarization at one week postoperatively were detected by IHC staining 
(Figure 6A). On the one hand, early osteogenic marker, RUNX2 positive cells were significantly increased in all three 
implantation groups, whereas fewer positive cells existed in the blank control group. The BRT-O group had the largest 
number of positive cells compared to the other two groups. There was hardly any difference between the β-TCP and 
BRT-R groups regarding RUNX2 expression. Further quantitative analysis of positive cells also confirmed that BRT-O 
significantly promoted the expression of markers at the early osteogenesis stage in the bone defect areas (Figure 6B).

On the other hand, the expression levels of CD68 (pan-macrophage marker), iNOS (M1 marker), and CD163 (M2 
marker) were examined to evaluate an early-stage immune response at the defect sites (Figure 6A). The β-TCP group was 
without obvious iNOS+-M1 or CD163+-M2 positive macrophage activation, indicating an inert immune response in the 
β-TCP group. There were markedly higher CD68+iNOS+ M1 macrophage infiltration and fewer CD68+CD163+ M2 
macrophage activation around the BRT-R group. More CD68+CD163+ M2 macrophages were gathering around the 
defect area in the BRT-O group than those in the other three groups. Moreover, cells distribution was roughly speculated 
from the histological sections. Stem cells and macrophages were at the forefront of tissue-material interface, namely the 
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Figure 4 New bone generation as detected by gross observation and μ-CT analysis at weeks 6 and 12 post-implantation. (A) Representative gross observation images. (B) 
μ-CT analysis. (C) BV/TV as calculated by μ-CT 80 system. Data are expressed as mean ± SD (n = 4). ***P < 0.001 vs Control group; ###P < 0.001 vs β-TCP scaffold; &&&P < 
0.001 vs BRT-R scaffold.
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Figure 5 Bone regeneration in the rat cranial critical-sized defect models. (A) Representative toluidine blue staining images postoperatively at weeks 6 and 12. (B) 
Representative H&E staining images at weeks 6 and 12 post-implantation. (C) Quantified data of new bone percentages in the defects. (D) Percentages of relative residual 
materials according to H&E staining. Data are expressed as mean ± SD (n = 4). The original areas of representative magnification images were outlined with the blank 
rectangles. Scale bar, 400 μm and 100 μm. *P < 0.05 vs Control group; #P < 0.05 vs β-TCP scaffold; &&P < 0.01 vs BRT-R scaffold; ***P < 0.001 vs Control group; ###P < 0.001 
vs β-TCP scaffold; &&&P < 0.001 vs BRT-R scaffold. 
Abbreviations: #, old bone; *, new bone; S, scaffolds; F, fibrous connective tissue.
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repairing area. These findings were further confirmed by semi-quantification of IHC staining (Figure 6B), indicating that 
in the early immune microenvironment of bone defect repair, the BRT-O scaffolds recruited macrophages and orche-
strated M1-to-M2 macrophage polarization to facilitate bone regeneration.

Discussion
Recent studies demonstrate that organized topography yields better results regarding tissue regeneration versus disorga-
nized structures,30,31 yet the concrete mechanism remains obscure. In this study, the fabricated BRT-O scaffolds were 
structurally ordered at the macro and micro levels using a 3D printing technology for the first time. The novelty of this 
study lies in that we prepared highly uniform BRT-O scaffolds with excellent physio-chemical properties and biological 
activities possessing better ability to promote pro-healing M2 macrophage polarization and following bone regeneration, 
highlighting the promising prospects of aligned bredigite material on osteoimmunomodulation and bone tissue 
engineering.

The differences in the surface topology of 3D-printed bredigite scaffolds significantly influenced the efficacy of 
implanted biomaterials. Meanwhile, our results partially demonstrated the relationship between biomaterial surface 
topography and macrophage polarization and bone regeneration, thereby revealing the potential value of biomaterial 
surface topography manipulation on the outcomes of bone regeneration. Critical-sized bone defects pose new require-
ments for the application of biomaterials to achieve the balance of cell viability, function, and mechanical integrity under 
load-bearing conditions.4 Unfortunately, the clinical performance of currently available calcium-phosphorus bioceramics 
is insufficient due to poor mechanical properties.5 Wu et al developed pure bredigite bioactive ceramic to overcome this 
shortcoming, demonstrating bending strength and Young’s modulus similar to that of natural cortical bone and providing 
initial stabilization.9,11 Moreover, Hu et al reposted dose-dependent antibacterial effects of bredigite ceramics.32 

Accompanied by the advancements in 3D printing technology and a better understanding of biomaterials surface 
topology, we designed structurally ordered bredigite scaffolds with uniform porosity distribution, and we found their 
enhanced physicochemical properties, higher release of bioactive ions, and reasonable biodegradation compared to the 
disordered scaffolds.

Macrophages play an important role in the process of biomaterials-induced bone regeneration, where the change of 
material surface topography modifies their shape and phenotype to some extent.31 In the present study, macrophages on 
the surface of BRT-O highly expressed M2 typical markers as detected by flow cytometry, PCR and IF detection, while 
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Figure 6 Immunomodulation and osteogenesis in the defect region at one-week post surgery. Positively stained cells are indicated by arrows. (A) Representative images of 
IHC staining for osteogenesis markers RUNX2 expression, macrophage polarization pan marker CD68, M1 marker iNOS, and M2 marker CD163 expression in defect 
tissues. (B) Semi-quantification of RUNX2, CD68, iNOS and CD163 positive cells. Data are expressed as mean ± SD (n = 4). Scale bar, 100 μm. Ns, no significance; ***P < 
0.001 vs Control group; ###P < 0.001 vs β-TCP scaffold; &&&P < 0.001 vs BRT-R scaffold.
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the BRT-R group expressed higher M1 marker molecules. Meanwhile, macrophages on the surface of BRT-O stretched 
longer elongation. Previous studies suggested a close relationship between macrophage shape and activation status, 
whereas the feedback from macrophage shape may regulate their phenotype.31,33,34 For instance, elongated macrophages 
secrete more IL-10 and anti-inflammatory cytokines associated with polarizing to the M2-type. Altogether, ordered and 
disordered BRT scaffolds can independently induce macrophage polarization toward anti-inflammatory M2 and pro- 
inflammatory M1 phenotypes.

In addition to the effects on inflammatory and immune response, macrophages are widely recognized to influence the 
stem cell recruitment and differentiation in biomaterials-related bone healing.35,36 Considering the differences in 
macrophage polarization on different scaffold surfaces, we examined how macrophages plasticity shaped the BMSCs 
osteogenesis. Our data suggested that polarized macrophages induced by the BRT-O scaffolds significantly contributed to 
the mineralization capacity and osteogenic differentiation of BMSCs in vitro and bone regeneration in vivo, particularly 
upregulating the transcriptional and translational expression of BMP2 and RUNX2. As an osteoinductor to promote 
osteogenic differentiation of mesenchymal stem cells, BMP2 is a key protein in the development and homeostasis of 
skeletal tissues.37 BMP2 is also produced and regulated by macrophages, especially the M2 type.38–40 Furthermore, our 
results showed a noticeable increase in the longitudinal migration capacity of stem cells compared to the BRT-R and β- 
TCP scaffolds, suggesting a continuous process of bone regeneration. Previous study showed that bredigite ceramics 
scaffolds facilitated the adherence and spread of osteoblasts on the surface.9,10 Meanwhile, as reported by Chen et al, 
bredigite extracts significantly promoted human dental pulp cells (hDPCs) growth, proliferation, and multilineage 
differentiation, whereas β-TCP extracts lacked these properties.13

On the one hand, the osteoimmunomodulation of biomaterials originates from the release of bioactive ions. Ca and 
Mg are two essential elements in the natural bone tissues affecting bone regeneration directly.1 The intracellular and 
extracellular calcium levels can also regulate the polarized phenotype of macrophages.41 Magnesium is thought to fight 
inflammation, regulate macrophage-mediated inflammatory responses, and promote osseointegration.42 Si is another 
important bioactive ion in the human body, whereas the SiO4-group in silicate-based biomaterials is essential for 
inducing early mineralization during new bone formation,43–45 and markedly facilitating osteoblast growth and 
differentiation.46,47 Accordingly, Si ions released from the 3D-printed silicate scaffolds can polarize macrophages to 
the M2 phenotype.48 Wu et al observed that ionic products from bredigite dissolution significantly promoted the 
proliferation and cementogenic differentiation of periodontal ligament stem cells (PDLSCs).14 Bioactive ions can also 
modulate immunity and macrophage polarization phenotype.49 Our study reported similar findings as stable and mild 
degradation and continuous release of ionic products was observed over a long period of time in Tris solution.

On the other hand, physical cues particular in topology contributes to the osteoimmunomodulatory properties of the 
biomaterial.49,50 First, scaffold materials with appropriate porosity and porous structure facilitate the growth and 
differentiation of stem cells, adhesion and activation of macrophages, which are crucial for the fate of macrophage 
activation.51,52 Mesopores (>100 µm) and macropores (>300 µm) were believed to enhance cell adhesion, proliferation, 
and ingrowth of newly formed tissues.53 The BRT-O materials synthesized in this study had a large-sized porosity 
(400~500 µm), providing better affinity for BMSCs and macrophages. Natural bone is a highly ordered tissue, and 
structurally ordered 3D printed materials achieved greater degree of biomimicry. Structurally ordered nanofiber scaffolds 
significantly enhanced the proliferation and differentiation of stem cells compared to disordered fibers and promoted the 
differentiation of macrophages to the M2 type.31

Therefore, it is reasonable to assume that 3D-printed BRT-O scaffolds can significantly modulate the immune 
microenvironment of macrophages that may satisfy the demand for physicochemical properties and biological activity 
for biomaterials, especially for the repair of critical-sized bone defects. In this study, topographical cues were proposed to 
influence the outcome of macrophage polarization and bone regeneration following the implantation of 3D-printed 
scaffolds, while excluding differences in chemical composition. These findings suggested that manipulating the physical 
structure may provide important directions for future biomaterial design.36 However, further experimental evidence and 
clinical studies are still needed to explore the deep mechanism of materials topology and to update the clinical usability 
of BRT-O materials in the future. Furthermore, considering the multiple intermediate states of macrophages transition, 
sequencing technology can be used to determine more accurate polarization in further studies.
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Conclusion
In this study, we successfully fabricated ordered bredigite (BRT-O) scaffolds with a well-organized structure and regular 
morphology. The 3D-printed BRT-O scaffolds exhibited excellent mechanical properties and controlled release of 
bioactive ionic products. More importantly, the BRT-O scaffolds significantly promoted macrophage polarization to 
the M2 phenotype, which provided favorable conditions for BMSCs migration and osteogenic differentiation. In vivo, 
BRT-O scaffolds constructed the osteoinductive microenvironment benefiting bone regeneration in the rat cranial bone 
defect models by adjusting the immune response. Therefore, the 3D-printed BRT-O scaffolds can be a promising option 
for bone tissue engineering through macrophages polarization and osteoimmunomodulation.
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