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The vascularization of bone repair materials is one of the key issues that urgently need to be addressed in the
process of bone repair. The changes in macrophage phenotype and function play an important role in the process
of vascularization, and endowing bone repair materials with immune regulatory characteristics to enhance
angiogenesis is undoubtedly a new strategy to improve the effectiveness of bone repair. In order to improve the
effect of tricalcium phosphate (TCP) on vascularization and bone repair, we doped strontium ions (Sr) into TCP
(SrTCP) and prepared porous 3D printed SrTCP scaffolds using 3D printing technology, and studied the scaffold
mediated macrophage polarization and subsequent vascularization and bone regeneration. The results of the
interaction between the scaffold and macrophages showed that the SrTCP scaffold can promote the polarization
of macrophages from M1 to M2 and secrete high concentrations of VEGF and PDGF-bb cytokines, which shows
excellent angiogenic potential. When human umbilical vein endothelial cells (HUVECs) were co-cultured with
macrophage-conditioned medium of SrTCP scaffold, HUVECs exhibited excellent early angiogenesis-promoting
effects in terms of scratch healing, angiogenic gene expression, and in vitro tube formation performance. The
results of in vivo bone repair experiments showed that the SrTCP scaffold formed a vascular network with high
density and quantity in the bone defect area, which could increase the rate of new bone formation and advance
the period of bone formation, and finally achieved a better bone repair effect. We observed a cascade effect in
which Sr-doped SrTCP scaffold regulate macrophage polarization to enhance angiogenesis and promote bone
repair, which may provide a new strategy for the repair of clinical bone defects.

1. Introduction

The repair of bone defects has long been a medical problem that
needs to be solved urgently, and whether bone repair materials can
induce angiogenesis in the early stage and form a mature vascular
network in the later stage determines the success or failure of bone
defect repair [1,2]. When bone repair materials are implanted, the im-
mune response generated by macrophages, the core of the immune
system, not only produces a foreign body reaction to the bone repair
materials, but also participates in and mediates the vascularization
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process, which is the key to the success of bone repair. Research has
shown that macrophages with different phenotypes play a unique role in
vascular sprouting and remodeling [3-6]. Typically, M1 type macro-
phages initiate angiogenesis by secreting vascular sprouting related
factors, while M2 type macrophages primarily promote vascular
regeneration and remodeling by releasing vascular related cytokines
[7-10]. In recent years, the importance of angiogenesis during bone
regeneration by endowing bone repair materials with immunomodula-
tory properties has been recognized [11,12]. Therefore, “smart” bone
repair materials with immunoregulatory effects should be able to
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regulate the M1/M2 phenotype transformation of macrophages, release
growth factors, and promote angiogenesis and bone regeneration [13,
14].

Studies have shown that macrophages are not only regulated by their
structural environment in the process of bone defect repair, but the
biochemical environment of materials (growth factors, proteins, ions)
also plays an important role in regulating the polarization phenotype of
macrophages. Indispensable role [15]. Li et al. found that 3D printed
calcium silicate-B-tricalcium phosphate composite scaffolds loaded with
IFN-y activated M1-M2 macrophages through the sequential release of
IFN-y and silicon, which ultimately promoted the vascularization of the
scaffold [16]. Spiller et al. found that the slow release of immune reg-
ulatory factors can regulate the secretion of VEGF and PDGF-bb cyto-
kines from M1 and M2 phenotype macrophages, which initiates the
angiogenesis process and promotes the later vascular development and
maturation process, thereby promoting Vascularization of bone repair
materials [17,18]. Qiu et al. found a hydrogel derived from porcine
acellular periosteum, which promoted the transformation of macro-
phage M1 to M2, angiogenesis and bone regeneration [19]. In general,
the current research results show that macrophages can respond to
changes in the biochemical environment of bone repair materials and
release corresponding cytokines to promote the vascularization of ma-
terials, and further accelerate the repair of bone defects.

Strontium (Sr) has been proven to be a bone immune regulatory
element, which can regulate immune cells to secrete osteoblast cyto-
kines to promote osteogenesis and inhibit the activity of osteoclasts to
promote rapid bone repair [20-22]. Guo et al. demonstrated that
Sr-loaded sodium titanate nanorods can regulate the transformation of
M1 macrophages to M2 macrophages by slowly releasing Sr, thereby
promoting vascular formation and generation, and finally good bone
formation and integration effects were observed [23]. In addition, some
studies have shown that Sr has the ability to promote angiogenesis. Lu
et al. found that strontium in strontium-modified titanium implants has
a significant role in improving angiogenesis and regulating macrophage
polarization [10]. Zhao et al. found that strontium-containing bio-glass
microspheres could sequentially activate M1 and M2 macrophages
through sustained release of strontium ions and Si ions, thereby effec-
tively promoting vascularization of the scaffold [24]. Our previous
studies have shown that 3D printed tricalcium phosphate ($-TCP) scaf-
folds have good bone repair effects [25]. However, whether Sr-doped 3D
printed B-TCP scaffolds can enhance early angiogenesis and promote
bone defect repair by regulating the phenotypic polarization of macro-
phages and their functions remains unknown. To verify this hypothesis,
we doped Sr ions into -TCP and prepared a porous SrTCP scaffold with
Sr contents of 0 %, 5 %, 10 % and 20 % by 3D printing method, and used
in vitro and in vivo experiments to study the scaffold-mediated macro-
phage polarization and subsequent vascular effects on osteogenesis and
bone regeneration.

2. Material and methods
2.1. Preparation of SrTCP powder

Tricalcium phosphate (3-TCP) powder was prepared by solid-state
reaction sintering method [26]. Specifically, CaHPO4-2H20 (Aladdin)
and CaCOs (Aladdin) were fully mixed at a molar ratio of 2.13:1 to
obtain a mixed powder, and then the mixed powder was calcined at
900 °C for 4 h, and the TCP powder was obtained after cooling down to
room temperature. For strontium-doped tricalcium phosphate (SrTCP),
its preparation method is the same as that of p-TCP, only CaCOj3 is
replaced by SrCOj3 (Aladdin) in proportion, and SrTCP with Sr/(Sr + Ca)
ratio of 5 %, 10 % and 20 % is named Sr5TCP, Sr10 TCP and Sr20 TCP
respectively.
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2.2. Preparation of 3D printed SrTCP ceramic scaffold

According to previous research [27], 1 wt% HPMC and 1.5 wt%
PAA-NH,4 were used as thickener and dispersant for 3D printing p-TCP
slurry, respectively, and the solid content of 3D printing slurry was
50w/v%. Specifically, PAA-NH4 was dissolved in deionized water, and
its pH was adjusted to 9 with ammonia water, then $-TCP or SrTCP
powder and HPMC powder were added and ball milled for 12 h, and the
3D printing slurry was obtained after ultrasonic removal of air bubbles.
A 3D printing model with a diameter of 8 mm, a height of 3 mm, a wire
spacing (hole size) of 400 pm and a line width of 400 pm was con-
structed, and then the scaffold was printed at 50 °C with a bio-3D printer
(Bio-Architect X, Hangzhou, China) based on the 3D printing model. The
obtained scaffold was naturally dried at room temperature for 72 h, then
vacuum-dried at 50 °C for 24 h, and finally the scaffold was sintered at
1100 °C for 3 h, and the 3D printed p-TCP or SrTCP scaffold was ob-
tained after natural cooling.

2.3. Characterization of SrTCP powder and 3D printed scaffold

2.3.1. X-ray diffraction (XRD)

The phase of STTCP powder and 3D printed scaffold were detected by
X-ray diffractometer (XRD, Bruker AXS, Germany, D8 Advance),
equipped with a Cu-Ka (A = 1.54 A), the voltage was 40 kV, the current
was 20 mA. The XRD patterns were gathered in the range of 5° to 80°
with a scanning rate of 2°/min.

2.3.2. Fourier transform infrared (FTIR)

Fourier transform infrared (FT-IR) spectra of SrTCP powder was
recorded using a FT-IR spectrometer (Bruker, Germany, EQUINOX55)
with KBr pellets in the range of 4000-500 cm L.

2.3.3. Scanning electron microscopy (SEM) analysis

All samples were sputter-coated with an Ion Sputter (E—1010,
Hitachi, Japan), and the crystal morphology was observed by scanning
electron microscopy (SEM) (52400, Hitachi, Japan) at 15 kV at different
magnification. For the 3D printed scaffold, the spacing (pore size) be-
tween the scaffold printing wires was obtained by measuring the
average value of 20 pore diameters in the SEM image by ImageJ soft-
ware. EDX energy spectrum obtained by SEM EDX.

2.3.4. Three-dimensional structure of scaffold

The specimens in each group were examined using a Micro-CT sys-
tem (SkyScan1272, Bruker, Germany) with a spot size of 30 pm.
Continuous tomographic images were obtained after scanning, and a
three-dimensional reconstruction of the scanned images was carried out
using the machine’s proprietary software. According to the analysis and
calculation of Micro-CT scanning results, the porosity of the scaffold and
the connectivity rate of internal pores are calculated.

2.3.5. Mechanical property analysis

The compression performance of the 3D printed scaffold was tested
by a universal mechanical testing machine (Chengde Precision Testing
Machine Co., Ltd, China, 10 S T), and the compression rate was 2 mm/
min.

2.4. Interaction between 3D printing SrTCP scaffold and macrophages

2.4.1. Cell culture and seeding

Raw 264.7 cells were purchased from American type culture
collection (ATCC) and cultured at 37 °C in a humidified 5 % CO, at-
mosphere with Dulbecco’s modified eagle medium (DMEM, Gibco)
containing 10 % fetal bovine serum (FBS, Hyclone) and 1 % strepto-
mycin penicillin (Invitrogen). M1 macrophage activation is achieved by
using LPS (100 ng/mL, Peprotech) and IFN- y (20 ng/mL, Peprotech) to
stimulate macrophages, and M2 macrophage activation was achieved by
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treating macrophage s with IL-4 (20 ng/mL, Peprotech) and IL-13 (10
ng/mL, Peprotech). For cell seeding, the sterilized scaffolds were soaked
in medium overnight, and then the M1 or M2 macrophage suspension
was evenly spread on the scaffolds, and the scaffolds were incubated at
37 °C in a humidified 5 % CO, atmosphere for 1 h, and finally complete
medium was added to continue the culture.

2.4.2. Macrophage proliferation and adhesion on scaffolds

Macrophage proliferation: M1 or M2 macrophages were seeded on
the scaffold surface at a density of 5 x 10* cells/well and co-cultured for
1, 3 and 7 days. At given time intervals, the supernatant was removed
and CCK-8 working solution (a mixture of 90 % complete medium and
10 % CCK-8 stock solution) was added. After additional incubation for 1
h and then 1min of slow shaking, the absorbance (OD value) of the
mixed solution was measured at 450 nm by a microplate reader (BIO-
RAD 680, USA).

Macrophage adhesion: After the M2 macrophage were co-cultured
with the scaffold for 7 days, the original medium was discarded and
washed with PBS, and then the cell live/dead working solution (Calcein-
AM (2 mM, for live cell staining), PI (1.5 mM, dead cell staining)) were
added and incubated in the dark for 30 min. Finally, the excess staining
solution was removed and washed slowly with PBS, and the cell adhe-
sion on the scaffold was observed using a fluorescence microscope.

2.4.3. Expression of polarization-related genes in macrophages

In order to simulate the state of acute inflammatory response
generated by the material at the initial stage of implantation, M1 mac-
rophages were seeded on the surface of the scaffold, and the expression
of cell polarization-related genes was detected by qPCR. To investigate
the immunomodulatory function of the SrTCP scaffold, M1 macrophages
were seeded on the surface of the scaffold at a density of 1 x 10° cells/
well. After 3 and 7 days of culture, total RNA was achieved using a Total
RNA Kit (Omega, USA) according to the procedures given by the
manufacturer. cDNA was prepared using HiScript®II Q RT SuperMix for
qPCR (+ gDNA wiper) (Vazyme, China). Real-time qPCR was conducted
using AceQ®qPCR SYBR®Green Master Mix (Vazyme, China) in a
CFX96 Real-Time PCR Detection System (Bio-Rad) to analyze the gene
expression of inflammatory related genes (TNF-a, IL6), anti-
inflammatory related genes (IL10, Arginase), and angiogenesis related
genes (Angiogenin, FGF-2 and SDF). The primers and their corre-
sponding sequences used for the real-time qPCR analysis are listed in
Table S1, and GAPDH was the control.

2.4.4. Cytokine measurements

Measurement of cytokines present in cell culture supernatants, spe-
cifically TNF-a (Peprotech), TGF-p, VEGF and PDGF-bb, was conducted
by ELISA according to the manufacturer’s protocols.

2.5. Effect of macrophage paracrine on HUVECs

2.5.1. Conditioned medium preparation

The conditioned medium (CM) is the medium supernatant produced
by the co-culture of M1 macrophages and scaffolds. M1 Macrophages
were seeded on the surface of the scaffold at a density of 2 x 10* cells/
well, and the culture supernatant (CM) was collected after 3 days of co-
culture, centrifuged and sterilized with a 0.22 pm microporous mem-
brane to obtain CM. The conditioned media after the co-culture of 3D
printed scaffolds with different Sr doped amounts and macrophages
were named CMrcp400, CMs;sTcp, CMsriorcp and CMs;20tcp-

2.5.2. Scratch assay

HUVECs were seeded in 6-well plates at a density of 1 x 10* cells/
well, and incubated in DMEM medium containing 10 % FBS and 1 %
streptomycin penicillin until the cells reached a confluence rate of 90 %.
After that, a scratch was made by a sterilized 200 pL pipette tip, and PBS
solution was added to remove non-adhered cells and cell debris.
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Different CMs were added to the culture plate and image visualized by
microscopy after O h, 2 h and 6 h of incubation. Image J software was
used to quantitatively analyze the scratch area, and the scratch healing
rate was calculated using formula 1.

At
Wound area(%) = 0 x100% 1)

Where: At is the scratch area at different time points; AO is the scratch
area at O h.

2.5.3. Expression of angiogenesis-related genes

HUVECs were seeded in a 24-well plate at a density of 1 x 10° cells/
well, and after the cells had adhered to the wall for 24 h, the cell culture
medium was replaced with a mixed culture obtained by mixing condi-
tioned medium and complete medium at a ratio of 1:1. After 3 days of
culture, total RNA was achieved and RT-PCR wad conducted to analyze
the gene expression of angiogenesis-associated gene (Angiogenin, basic
fibroblast growth factor (FGF-2), stromal cell-derived factor (SDF),
primers and their corresponding sequences are listed in Table S2).

2.5.4. Tube formation assay

HUVECs were resuspended in conditioned medium and seed at a
density of 5 x 10 cells/well on to the Matrigel (Corning, USA). After 2 h
and 6 h of culture, the images of tube formation of HUVECs were
observed and obtained with a microscope (Olympus). The tube char-
acteristics (Branch, mesh and length of tube) were analyzed and quan-
tified using the Angiogenesis Analyzer toolset in ImageJ [28].

2.6. Animal experiment

2.6.1. Surgical procedure

The animal experiments were approved by the Jinan university
laboratory animal ethics committee, and followed the guidelines of the
Chinese National Regulations on the Use of Laboratory Animals. A total
of 30 male rabbits, 12-15 weeks old, and weighting between 2.5 and 3
kg were used in this study. The rabbits were anesthetized with a com-
bination of 3 % pentobarbital sodium (1 mL/kg, ear vein injection) with
Sumianxinll (0.05 mL/kg, intramuscular injection), shaved and skin
disinfected. Then, an incision was made on the inner side of the tibia, the
muscle and periosteum were bluntly dissected and the tibial plateau
exposed, and a full-thickness 8 mm diameter bone defect was drilled at
the tibial plateau using an 8 mm (outer diameter) bone ring drill. A 3D
printed scaffold with a diameter of 8 mm and a thickness of 3 mm was
implanted into the defect, and the incision was closed gently. After
surgery, all animals were given free access to water and food, and then
sprayed povidone iodine on the wound surface every day for disinfection
to prevent infection within 2 weeks. At given time intervals, the rabbits
were sacrificed, and the bone tissues with specimens were fixed in 4 %
paraformaldehyde for 24 h.

2.6.2. Micro-CT analysis

After trimming the specimen to an appropriate size, the specimen
was scanned by micro-CT (SkyScan 1176, Bruker, German) with a slice
thickness of 25 pm and the three-dimensional (3D) structure was ob-
tained from the serial tomographic images of the 2D reconstruction. The
bone defect area was selected as the region of interest (ROI, Region of
interest) through the 3D image, and then the trabecular thickness
(Tb-Th), trabecular Number (Tb-N), ratio of new bone volume to total
bone defect volume (BV/TV) and bone mineral density (BMD) of the 3D
printed p-TCP scaffold in the ROI area at different implantation time
points was analyzed.

2.6.3. Histological staining
Specimens were decalcified and embedded in paraffin, and each
specimen was cut into 5 pm sections. Hematoxylin and eosin staining
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(H&E) and Goldner’s trichrome were performed to visualize bone,
cartilage, and blood vessel formation in the bone defect area. Immu-
nohistochemical staining was used to identify CCR7 (1:50, Abcam),
CD206 (1:50, Santa Cruz Biotechnology), VEGF (1:200, Abcam), PDGF-
bb (1:50, Abcam), CD31 (1:200, Santa Cruz Biotechnology) at the defect
area. Images were observed under a light microscopy (ZEISS, Germany).

2.7. Statistical analysis

All statistical analyses were carried out by using a SPSS version 10.1
software (SPSS Inc., USA). Statistically significant differences (p < 0.05)
between the various groups were adjusted using the Tukey-Kramer post-
hoc test. All the data are expressed as means + standard deviation (SD).

3. Results and discussion
3.1. Characteristics of SrTCP powder

B-TCP powder is prepared by solid state sintering method, and SrTCP
powder with different Sr doping amount is prepared by replacing CaCO3
with SrCOj3 in proportion. XRD patterns (Fig. 1A) of the 8-TCP and SrTCP
with different Sr doping amount are shown in Fig. 1A. The main
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diffraction peaks of S'TCP correspond to the standard spectrum of p-TCP
(JCPDS 46-0905), which indicates that the doping of Sr did not change
the crystal form of B-TCP, which may be due to the small difference
between the atomic radii of Sr and Ca (Ca-1.00 10\, Sr-1.13 10\) [29]. The
FTIR spectrum of SrTCP powders with different Sr doping amounts are
displayed in Fig. 1B. It can be seen that the stretching vibration peak of
P=O0 in the POy4. group is at 1020 cm ™, and the bending vibration peaks
of P=0 in the PO4.group are at 574 cm ™' and 609 cm™!, which shows
that presence of POy4. groups in SfTCP [30]. In addition, no other ab-
sorption peaks were found in the spectrogram, indicating that there
were no other chemical groups in the prepared SrTCP, that is, no un-
expected reactions occurred during the solid-state sintering process.
The morphology of 8-TCP powder is shown in Fig. 1C. The size of the
obtained SrTCP powder is between 1 and 5 pm, the particle size distri-
bution is relatively uniform, and the surface is relatively smooth, which
is extremely beneficial for the preparation of 3D printing paste. In
addition, no significant difference was found in the microscopic
morphology of SrTCP with different Sr doping amounts compared with
B-TCP, which indicates that the Sr doping amount has little effect on the
microscopic morphology of SrTCP. Furthermore, in order to determine
the uniformity and distribution of Sr in the SrTCP powder, the Ca and Sr
elements in the powder were measured by EDS. As the doping amount of

CaKal

Sr Kal Merge

SOy Spm
Fd's =4

500pm

Spm

Fig. 1. XRD (A) and FTIR (B) spectra of p-TCP and SrTCP powders with different Sr doping amounts; C-SEM and EDX spectrum images of p-TCP and SrTCP powder
with different Sr doping content (gray is SEM image, purple is Ca EDS energy spectrum image, red is Sr EDS energy spectrum image); Micro-CT (D) and SEM(E)

images of 3D printing SrTCP scaffolds with different Sr-doping amounts.
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Sr increases, the EDS intensity of Sr in SrTCP powder gradually in-
creases, which is consistent with the results of quantitative analysis
using ICP-AES (Table S1). In addition, the EDS spectra of Ca and Sr can
correspond, and combined with XRD results, it can be proven that Sr
partially replaces the position of Ca in the crystal.

3.2. Characteristics of 3D-printed SrTCP scaffolds

In order to explore the three-dimensional structure and the integrity
and regularity of the internal structure of the 3D printed SrTCP scaffolds
with different Sr doping amounts, Micro-CT was used to scan the St'TCP
scaffolds with different Sr doping amounts, and the results are shown in
Fig. 1D. The three-dimensional structures of the SrTCP scaffolds with
different Sr doping amounts are relatively regular, and the coronal and
cross-sectional views of the scaffolds show that the distribution of the
pore structure of the scaffolds is relatively uniform, and no structural
disorder and misalignment are found inside the scaffolds. The micro-
structure of the 3D printed SrTCP scaffold is shown in Fig. 1E. The
structure of the SrTCP scaffolds with different Sr doping amounts is
relatively regular, and no collapse or cracks appear during the printing
process and post-processing process, and the wire diameters of the
printed scaffolds are relatively uniform, which shows that the Sr did not
significantly change the physical properties of p-TCP printing paste. In
addition, some small pore structures were found on the surface of the
scaffold, which is due to the presence of a small number of polymers in
the 3D printing scaffold, such as HPMC and PAA-NH4, and the pore
structure will eventually form with the carbonization and disappearance
of the polymer during the sintering process.

In addition, combined with the SEM and Micro-CT results of the
scaffold, the pore size, porosity and pore connectivity of the 3D printed
scaffold were tested and analyzed (Table .1). It was found that the pore
diameter, porosity and pore connectivity of the SrTCP scaffolds with
different Sr doping amounts were not significantly different, which
indicated that Sr did not change the pore parameters of SrTCP scaffold
during printing and post-processing. This is beneficial for the subsequent
study of the interaction between scaffolds and macrophages and the
effect of scaffolds on bone defect repair performance with Sr doping
amount as a single variable.

3.3. SrTCP scaffold regulates the polarization and function of
macrophages

Fig. 2 shows the effect of S'TCP scaffold on macrophage proliferation
and adhesion. For M1 macrophages, there was no significant difference
in OD values of SrTCP scaffolds with different Sr doping amounts at 1
day and 3 days, while the OD values of M1 macrophages in the SrTCP
scaffold group were significantly lower than those in the -TCP group at
7 days, which may be due to the inhibitory effect of Sr ions on the
proliferation of M1 macrophages. For M2 macrophages, the OD values of
SrTCP scaffolds and M2 macrophages co-cultured for 3 days and 7 days
were higher than those of p-TCP group, and there was a significant
difference (p < 0.05), which indicated that Sr-doped SrTCP scaffold can

Table 1
Pore parameters of 3D printing SrTCP scaffolds with different Sr-doping
amounts.

Pre-set pore Actual pore Porosity/% Pore

size/pm size/pm connectivity/%

f-TCP 400 381.92 + 62.77 + 100 + 0.24
17.66 4.26

Sr5TCP 400 386.64 + 63.69 + 99.8 +0.38
24.10 5.69

Sr10 400 380.64 £ 9.25 64.78 + 99.9 + 0.27
TCP 3.97

Sr20 400 381.18 + 62.74 + 100 + 0.49
TCP 16.43 4.59
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significantly promote the proliferation of M2 macrophages. In addition,
to investigate the adhesion of macrophages on the surface of the SrTCP
scaffold, M2 type macrophages co-cultured with the scaffold for 7 days
were subjected to fluorescence staining, as shown in Fig. 2B. It can be
found that more cells are uniformly adhered to the surface of the scaf-
folds with different Sr doping amounts, which not only indicates that the
SrTCP scaffold has good cell compatibility, but also indicates that M2
macrophages can adhere well to the surface of the SrTCP scaffold.

In order to simulate the state of acute inflammatory response
generated by the material at the initial stage of implantation, M1 mac-
rophages were seeded on the surface of the scaffold, and the expression
of cell polarization-related genes was detected by gPCR, as shown in
Fig. 3. Compared with the TCP400 group, the expressions of pro-
inflammatory genes TNF-a and IL6 in the SrTCP group with different
Sr doping amounts were significantly decreased, and there was a sig-
nificant difference (p < 0.05), which indicated that the SrTCP scaffold
incorporated in the SrTCP scaffold Possess immunomodulatory effects,
which can inhibit the expression of pro-inflammatory genes. Contrary to
the results of pro-inflammatory gene expression, the expression of anti-
inflammatory genes IL10 and Arginase in the SrTCP group with different
Sr doping amounts was higher than that in the p-TCP scaffold group (p <
0.05). Interestingly, the expression of anti-inflammatory genes is
dependent on the amount of Sr doping, and the expression of anti-
inflammatory genes in the Sr10 TCP and Sr20 TCP groups was signifi-
cantly higher than that in the Sr5TCP group. In addition, the concen-
trations of macrophage polarization-related cytokines (TNF-a and TGF-
B, Fig. 3B) after co-cultured with different Sr-doped scaffolds showed the
same trend as the PCR results. The PCR and ELISA results indicate that Sr
doping can endow B-TCP scaffold has excellent immune regulatory ef-
fects, which can promote the polarization of macrophages from the pro-
inflammatory phenotype (M1) to the pro repair phenotype (M2), and the
effect is particularly significant when the Sr doping amount is greater
than 10 mol%.

3.4. SrTCP scaffold regulates the angiogenesis-promoting potential of
macrophages

In order to explore the potential of SrTCP scaffolds with different Sr-
doped amounts to regulate macrophages to promote angiogenesis, the
concentration of the angiogenesis-related cytokines VEGF and PDGF-bb
was measured, as shown in Fig. 3B. The VEGF concentrations of SrTCP
groups with different Sr doping amounts were higher than p-TCP at 3 d,
while the VEGF concentrations of Sr10 TCP group and Sr20 TCP scaffold
group were relatively high at 7 d, which indicated that SrTCP scaffold
could regulates macrophages to secrete higher concentrations of VEGF
growth factor in the early stage. Compared with -TCP group, the con-
centrations of PDGF-bb in different SrTCP groups were significantly
higher at 7 days (p < 0.05). The results showed that compared with the
B-TCP scaffold, the S'TCP scaffold could regulate macrophages to release
higher concentrations of VEGF cytokines in the early stage, and SrTCP
could promote the polarization of M1 macrophages to M2 macrophages
and secrete a higher concentration of PDGF -bb cytokine, exhibits po-
tential to stimulate angiogenesis and stabilize blood vessel growth.

3.5. SrTCP scaffold regulates the performance of macrophages to promote
angiogenesis in vitro

Fig. 4 show the effect of conditioned medium after co culture of
scaffold and macrophages on scratch healing of HUVECs. After 12 h and
24 h of culture, HUVECs showed more significant migration ability in
the conditioned medium of the SrTCP group, and the quantitative results
at 24 h showed that the scratch area of the StTCP group with different Sr
doping amounts was lower than that of the -TCP group (p < 0.05),
which indicated that the conditioned medium of the SrTCP group could
significantly promote the migration of HUVECs and the healing of
scratches.
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Fig. 2. The effect of 3-TCP, Sr5TCP, Sr10 TCP and Sr20 TCP scaffolds on the proliferation and adhesion of macrophages: A-OD values of M1 and M2 macrophages
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Fig. 5 are the images of the tube structure and network formed by
HUVECs cultured in conditioned medium for 2 h and 6 h, and the
quantitative data of grid number, tube length and branch point. Fig. 5A
shows that the HUVECs in each group have gradually formed a tubular
structure when cultured for 2 h, and the tubular structure grew, derived
and formed a network structure during the period from 2 h to 6 h, among
which the network structure formed by the Sr10 TCP and Sr20 TCP
groups was more significant. The quantitative data results showed that
(Fig. 5B) the length of the tubes formed in the SrTCP group was greater
than that in the TCP400 group at 2 and 6 h, while the number of

networks and branch points formed in the Sr10 TCP and Sr20 TCP
groups were greater than those in TCP400 (p < 0.05), which indicated
that the conditioned medium of the SrTCP scaffold group could promote
the formation of rich tubular structures of HUVECs. The results of
angiogenesis-related genes after HUVECs were co-cultured with condi-
tioned medium for 3 days showed that the expression of Angiogenin
(Fig. 5C) in SrTCP scaffolds with different Sr doping levels was signifi-
cantly up-regulated compared with B-TCP group, especially when the Sr
doping level was 10 mol%. In addition, the results of FGF-2 and SDF
gene expression also showed a similar trend to that of Angiogenin gene.



Q. Miao et al.

TCP400 StSTCP Sr20TCP

Sr10TCP
A 7 . : B
>
)
=
S
«:
2
=
ol N
= .=
=
=
=

24 h

70

(o))
(=]

v
<

Materials Today Bio 23 (2023) 100871

I 1CP400
I srsTcp
[ ]sriotce
B sr201CP

12

24
Culture time (h)

Fig. 4. The effect of the conditioned medium of p-TCP, Sr5TCP, Sr10 TCP#ISr20 TCP scaffolds co-cultured with macrophages on the scratch healing of HUVECs: A-
Optical microscopic images of the scratches of HUVECs cultured in CM for 0, 12 and 24 h; B-Quantitative analysis data of scratch healing after HUVECs cultured in
conditioned medium. * Represents a significant difference between groups, *p < 0.05, **p < 0.01, ***p < 0.001.

The above results indicated that Sr-doped SrTCP scaffolds and CMs co-
cultured with macrophages could significantly promote angiogenesis
in vitro, which was closely related to the angiogenesis-associated growth
factors released by macrophages.

3.6. In vivo animal experiments

Fig. 6 is the results of PCR measurement and immunohistochemical
staining of macrophage-related markers CCR7 and CD206 in the bone
defect area after 1 week and 4 weeks of scaffold implantation. At 1 and 4
weeks after operation, the expression of CCR7 [31], a marker of M1
macrophages in the Sr5TCP, Sr10 TCP, and Sr20 TCP groups was
significantly lower than that in the p-TCP group, and the immunohis-
tochemical staining of CCR7 at 1 week showed that the expression of
CCR?7 protein gradually decreased with the gradual increase of Sr doping
amount, which indicated that the inflammatory response caused by
Sr-doped scaffold implantation in the defect was weak or Sr ions could
polarize M1 macrophages to M2 macrophages. Furthermore, the
expression of M2 type macrophage marker CD206 of SrTCP scaffold was
significantly higher than that of B-TCP at 1 week and 4 weeks after
surgery, and immunohistochemical staining of CD206 of at 1 week after
surgery showed that the color (brown) of positive expression of CD206
of SrTCP scaffold was darker than that of 3-TCP, which indicated that Sr
ions can promote the polarization of macrophages into the
repair-promoting M2 phenotype during bone defect repair. Interest-
ingly, the CD206 expression level of Sr10 TCP and Sr20 TCP group was
higher than that of Sr5TCP group at 1 week after operation, which
indicated that the doping amount of Sr could affect the degree of po-
larization of macrophages to M2 type.

In order to explore the differences in angiogenesis and growth after
scaffolds were implanted into bone defects, PCR assays and immuno-
histochemical staining were performed on the angiogenesis-related
markers VEGF and PDGF-bb, and the results are shown in Fig. 7. At 1
week after operation, the expression of VEGF in Sr10 TCP and Sr20 TCP
scaffolds was significantly higher than that in B-TCP, and the results of
immunohistochemical staining of VEGF also showed that the expression
of VEGF protein showed a trend of increasing gradually with the in-
crease of Sr doping amount. At 4 weeks after operation, the expression of
VEGF in SrTCP scaffolds with different Sr doping amounts was higher
than that in B-TCP, which indicated that the Sr ions released from SrTCP
scaffolds could promote the expression of VEGF in M1 macrophages.
PDGF-bb can promote the development and maturation of blood vessels,

which is necessary for angiogenesis [32]. From the PCR results and the
immunohistochemical staining results of PDGF-bb, the expression of
PDGF-bb in Sr5TCP, Sr10 TCP, and Sr20 TCP were higher than those of
the B-TCP group at 1 and 4 weeks after operation.

CD31 is a marker of vascular endothelial tissue, which is mainly used
to evaluate angiogenesis [33]. The qPCR results (Fig. 7C) showed that
the expression of CD31 in the bone defect area of the Sr5TCP, Sr10 TCP,
and Sr20 TCP scaffolds was significantly higher than that of the B-TCP
scaffold at 4 and 8 weeks after surgery, and the expression of CD31 was
most significant at 8 weeks after surgery. Similarly, the positive
expression of CD31 in the immunohistochemical staining (Fig. 7D) of
CD31 at 4 and 8 weeks after surgery (brown) gradually deepened with
the increase of Sr doping in the SrTCP scaffold.

In order to further explore the influence of the scaffold on the growth
and distribution of micro-vessels, HE staining was performed on the
bone tissue at 4 and 8 weeks after operation, and the results are shown in
Fig. 8. The results showed that a large number of micro-vessels were
found in different scaffolds at 4 weeks after operation, and the number of
micro-vessels in SrTCP scaffolds was significantly higher than that in B-
TCP scaffolds. Furthermore, at 8 weeks after operation, the number of
micro-vessels in each group was significantly increased compared with
that at 4 weeks after operation, and the number and density of micro-
vessels in Sr'TCP scaffolds with different Sr doping amounts were still
higher than those in B-TCP scaffold s. The results of HE staining showed
that the Sr-doped SrTCP scaffold can promote the formation of micro-
vessels in the process of bone defect repair, which is extremely benefi-
cial for the rapid repair of bone defects.

Fig. 8A is the general images of TCP400, Sr5TCP, Sr10 TCP and Sr20
TCP scaffolds after they were implanted into the bone defect site for 4
weeks and 8 weeks. It can be seen that at 4 and 8 weeks after surgery, the
3D printed SrTCP scaffold maintained its original structure after im-
plantation, without any fragmentation, collapse, or collapse, which
shows that the Sr doping did not affect the strength of the scaffold. At 4
weeks after surgery, new bone callus was formed on the surface of the
scaffold, and the amount of callus formation was proportional to the
amount of Sr doping, which shows that Sr doping can effectively pro-
mote the formation of new bone. At 8 weeks after surgery, the amount of
new callus formation increased in each group, but the increase in the
Sr10 TCP and Sr20 TCP scaffold groups was more obvious, which
illustrate that the Sr doped 3D printed SrTCP scaffold has better bone
defect repair effects than the TCP400 scaffold.

To further explore the repair effect of the scaffold on the bone defect
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Fig. 6. A-The expression of macrophage-related markers in the bone defect area after the scaffold was implanted into the bone defect for 1 week and 4 weeks, *
represents a significant difference compared to B-TCP group, *p < 0.05, **p < 0.01, ***p < 0.001. B-Immunohistochemical staining of CCR7 and CD206 in the bone

defect area after the scaffold was implanted into the bone defect for 1 week.

and the combination of the scaffold and the bone defect, Micro-CT scans
were performed on the specimens after 1 week, 4 weeks and 8 weeks, as
shown in Fig. 8B. At 1 week after operation, the center of the scaffolds
showed varying degrees of gray, but because it was difficult to generate
new bone within 1 week after operation, the gray color represented
mineral deposition. It can be observed that the amount of mineral
deposition in the Sr'TCP scaffold is significantly more than that of B-TCP,
which shows that the doping of Sr can effectively promote the deposition
of minerals on the surface of the scaffold and in the defect area. At 4
weeks after operation, new bone was observed on the surface of the
scaffold, but the Sr20 TCP scaffold was basically completely covered by
new bone. At 8 weeks after surgery, the amount of new bone on the
surface of the scaffold further increased, and the SrTCP scaffolds with
different Sr doping amounts were all covered by new bone, which
proved that Sr doping effectively increased the amount of 3D printed
B-TCP scaffolds. Osteogenic activity, which in turn promotes the for-
mation of new bone and the rapid repair of bone defects. In addition, it is
incredible that the repair effect of Sr20 TCP scaffold on bone defect at 4
weeks is better than that of B-TCP scaffold at 8 weeks, which further
proves that the SrTCP scaffold has excellent promoting effect on new
bone formation. The quantitative analysis results of Micro-CT showed
that the BV/TV, Tb-Th, Tb-N, and BMD (Fig. 8C) of SrTCP scaffolds were
higher than those of B-TCP scaffolds, and there were significant differ-
ences between Sr10 TCP and Sr20 TCP compared with B-TCP, which
indicated that Sr-doped The SrTCP scaffold can form dense and large
new bone tissue in the process of bone defect repair.

In order to explore the bone formation in the bone defect area,
Masson and HE staining were performed on the specimens implanted
into the defect for 4 and 8 weeks, as shown in Fig. 9. At 4 weeks after
operation, the results of Masson staining showed that chondrocytes,
cartilage transforming into bone tissue, and new bone tissue could be
observed in the scaffold defect area of each group, and the bone defect
area of the Sr20 TCP scaffold group formed a higher proportion new

bone tissue. At 8 weeks after operation, a significant amount of new
bone was formed in the defect area of each group, and as the Sr doping
level gradually increased, the maturity of the new bone (dark blue) and
the continuity between the new bones also increased. At 4 weeks after
operation, HE staining results showed that a large number of osteoblasts
grew into the scaffold and formed new bone tissue, but the new bone
mass of Sr5TCP, Sr10 TCP and Sr20 TCP scaffolds was significantly
higher than that of B-TCP scaffolds. At 8 weeks after operation,
continuous new bone tissue was formed in different scaffold groups, and
the continuous degree of new bone tissue of SrTCP scaffold was signif-
icantly higher than that of B-TCP scaffold, and the continuity and den-
sity of new bone of Sr20 TCP scaffold were the highest, which is
consistent with the results of Micro-CT quantitative data BMD.

4. Discussion

The vascularization of bone repair materials is one of the key issues
to be solved in the process of bone repair [19,34,35]. Changes in
macrophage phenotype and function play an important role in the
process of vascularization, and endowing bone repair materials with
immunoregulatory properties to enhance angiogenesis is undoubtedly a
new strategy to improve the effect of bone defect repair [3,6,36]. The
biochemical environment of macrophages plays an integral role in
regulating the polarized phenotype of macrophages. Macrophages un-
dergo phenotypic transformation in response to changes in the
biochemical environment and release corresponding cytokines to pro-
mote the rapid development of vascularization, which ultimately further
accelerates the repair effect of bone defects [37,38]. Strontium (Sr) has
been proven to be a bone immune regulatory element, which can
regulate immune cells to secrete osteoblast cytokines and inhibit oste-
oclast proliferation to promote bone repair [20,39,40]. However, so far,
it is still unknown whether Sr can enhance early angiogenesis and pro-
mote bone defect repair by regulating the phenotypic polarization and
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function of macrophages. In this study, a strontium-doped 3D-printed
B-tricalcium phosphate (SrTCP) scaffold was designed and con-
structed, and the mechanism of whether the SrTCP scaffold can enhance
early angiogenesis by regulating macrophages and ultimately promote
the rapid repair of bone defects was investigated.

In this study, StTCP powder was prepared by solid-state sintering
method, and SrTCP scaffolds with different Sr doping amounts with a
pore size of 400 pm were prepared by extrusion 3D technology. The
results of FTIR and XRD showed that Sr replaced the position of Ca in the
lattice, and the doping of Sr did not affect the phase structure and
composition of SrTCP. The test results of 3D printed SrTCP scaffolds
showed that the appearance structure and internal structure of 3D
printed SrTCP scaffolds with different Sr doping amounts were relatively
regular, and the pore diameter, porosity and pore connectivity of the
scaffolds were consistent, and Sr doping did not affect the performance
of the scaffolds, and the difference between the scaffolds is only reflected
in the amount of Sr doping. Therefore, 3D printed SrTCP scaffolds with
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different Sr doping amounts were used as models to study the effects of
Sr on macrophages, vascularization and bone repair.

To explore whether the 3D printed SrTCP scaffold has a regulatory
effect on macrophages, ELISA and PCR were used to detect macrophage
polarization-related genes and factors. PCR results revealed that St'TCP
scaffolds with different Sr doping amounts exhibited a significant
reduction in the expressions of pro-inflammatory genes compared with
B-TCP scaffolds. Moreover, there was a significant increase in the
expression of anti-inflammatory genes (IL10 and Arginase) in StTCP
scaffolds, and this increase was dependent on the level of Sr doping. The
results of ELISA showed that Sr, which has immunoregulatory effects,
inhibited the secretion of pro-inflammatory related factors and pro-
moted the secretion of pro-repair related factors. The results of ELISA
and PCR indicated that Sr could endow the B-TCP scaffold with excellent
immune regulation effect, which could promote the polarization of
macrophages from pro-inflammatory phenotype (M1) to pro-repair
phenotype (M2).
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The effect of Sr'TCP scaffold on regulating macrophages to promote
early angiogenesis was studied by the detection of blood vessel-related
cytokines, PCR, scratch healing and in vitro tube formation. ELISA re-
sults showed that compared with the B-TCP scaffold, the SrTCP scaffold
could regulate macrophages to release higher concentrations of VEGF
cytokines in the early stage, and Sr'TCP could promote the polarization
of M1 macrophages to M2 macrophages and secrete higher concentra-
tions PDGF-bb cytokine, which showed the potential to stimulate
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angiogenesis and stabilize blood vessel growth [18,41,42]. The results of
scratch healing and PCR assays showed that the parasecretion after
SrTCP co-cultured with macrophages could significantly promote the
migration of HUVECsS, the healing of scratches and the up-regulation of
the expression of angiogenesis-related genes (Angiogenin, FGF and
SDF). In vitro tube formation results showed that the conditioned me-
dium of SRTCP could promote HUVECs to form abundant tubular
structures, and the number of grids, tube length and number of branch
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points were significantly higher. Combining the results of expression of
macrophage polarization-related genes and angiogenesis-related cyto-
kines, it can be found that Sr doped SrTCP scaffold can regulate
macrophage polarization and secrete VEGF cytokines that promote early
angiogenesis and PDGF-bb cytokines that promote vascular maturation,
and then HUVECs show excellent angiogenesis performance under the
joint action of VEGF and PDGF-bb.

Furthermore, the in vivo angiogenesis and bone regeneration effects
of SrTCP scaffolds with different Sr doping amounts were studied using
the rabbit tibial defect model. The results of PCR and immunohisto-
chemistry showed that compared with the B-TCP scaffold, the SrTCP
scaffold, especially the SrTCP scaffold with Sr doping content greater
than 10 mol%, could promote the expression and secretion of VEGF by
macrophages in the early stage of implantation. However, after an acute
inflammatory response, the SrTCP scaffold could promote the polari-
zation of macrophages from the M1 phenotype to the M2 phenotype and
express and secrete high concentrations of PDGF-bb, which was
consistent with the results of the interaction between macrophages and
scaffolds in vitro [43-45]. The results of PCR and immunohistochem-
istry of CD31 and the results of HE staining confirmed that the density of
micro-vessels in the bone defect area of the SrTCP scaffold group was
significantly higher than that of the B-TCP group, which is extremely
beneficial for the rapid repair of bone defects [46,47]. The 3D images
and quantitative results of micro-CT showed that the Sr-doped SrTCP
scaffold can promote the early stage of new bone formation in the
process of bone defect repair, and can promote the transformation of
cartilage to new bone and increase the rate of new bone formation,
which is closely related to the number of microvessels in the bone defect
area.

Based on the results of cell experiments and animal experiments, the
mechanism of the SrTCP scaffold regulating the function of macro-
phages to enhance vascularization and promote bone repair can be
summarized, as shown in Fig. 10. Acute inflammatory response was
induced after scaffold implantation, monocyte macrophages were
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enriched in the defect and polarized to M1 macrophages, while M1 type
macrophages released high concentrations of VEGF under the effect of Sr
ions, which promoted the sprouting of blood vessels around the defect
area and the growth and extension to the inside of the scaffold. After
acute inflammation, due to the immunoregulatory effect of Sr, M1
macrophages are polarized into M2 macrophages under the regulation
of Sr, and at the same time release high concentrations of PDGF-bb,
which promotes the development of blood vessels in the defect area.
The stable and high-concentration sequential secretion of VEGF and
PDGF-bb promoted the ingrowth of blood vessels and the formation of
microvascular network in the scaffold. Due to the coupling of angio-
genesis and bone formation, the ingrowth of blood vessels is a prereq-
uisite for bone formation, and the high density of micro-vessels has a
positive impact on the rapid formation of new bone, and finally achieved
a better bone defect repair effect. Although this study found the role of
strontium-doped SrTCP in regulating macrophages to enhance vascu-
larization and promote bone repair, the specific molecular mechanism is
not yet clear. In future studies, we also need to explore specific molec-
ular mechanisms such as the interaction between scaffolds and macro-
phages, activation of signaling pathways, release of cytokines, and
regulation of macrophage polarization, which will help reveal the
detailed molecular mechanism of Sr regulating macrophage polarization
and provide a theoretical basis for promoting the clinical application of
scaffolds.

5. Conclusion

3D printed SrTCP scaffolds with different Sr-doped amounts were
prepared by extrusion 3D technology, and the Sr ion-mediated polari-
zation of macrophage phenotype and its effect on subsequent angio-
genesis and bone regeneration were investigated. Our data suggest that
compared with the B-TCP scaffold, the Sr-doped SrTCP scaffold can
promote the polarization of macrophages from M1 to M2, and can
regulate macrophages to secrete high concentrations of VEGF and PDGF-
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Fig. 10. Schematic illustration of the mechanism of SrTCP scaffolds regulating macrophages to enhance vascularization and promote bone repair.

bb cytokines, thereby expressing excellent performance in promoting
early angiogenesis. In addition, the SrTCP scaffold formed a vascular
network with high density and quantity in the bone defect area, and
promoted the transformation of cartilage to new bone and increased the
rate of new bone formation, which made the new bone formation
advance and finally got a better result of bone repair effect. This study
explored the potential relationship among 3D printed SrTCP scaffolds,
macrophage function, vascularization, and bone repair, and observed
the cascade effect of bone repair materials regulating macrophage po-
larization to enhance angiogenesis and promote bone repair, which may
provide a new strategy for rapid repair of bone defects.
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