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Abstract: Early vascularization capacity of biomaterialaysd an essential role in efficient wound healing

and tissue regeneration, especially in large tigsnsion implanting position such as bone augmentat

Strontium-contained silica-based bioactive matertzdve shown the role of promoting angiogenesis by

stimulating osteoblasts to secrete angiogenesiterkkytokines. However, osteoblasts have litflecebn

early angiogenesis due to the inflammatory reaadioimplantation site. Here, for the first time, faaind

that the monodispersed strontium-contained bioaagiasses microspheres (SrBGM) could significantly

promote the early angiogenesis through regulatiagraphage phenotypes. After being stimulated with

SrBGMin vitro, RAW cells (macrophages) presented a trend towarti? phenotype and expressed high

level of platelet-derived growth factor-BB (PDGF-BBMoreover, the RAW conditioned medium of

SrBGM significantly enhanced the angiogenic cagaoit HUVECs. Thein vivo early vascularization

studies showed that significant new vessels weeenvkd at the center of SrBGM-based scaffolds after

implantation for 1 week in a bone defect model aifr suggesting their enhanced early vascularizatio

Due to the efficient vascularization, threvivo new bone formation was promoted significantly. Gurdy

may provide a novel strategy to promote the eaalycularization of biomaterials through modulatihg t

microphage phenotypes, which has wide applicafiorarious tissue regeneration and wound healing.

Keywords Strontium; Bioactive glasses; Micro-nano Particlésigiogenesis; Macrophage phenotypes;

Bone regeneration

1. Introduction

Native tissue regeneration greatly depends on #szular networks which provide the essential

nutrients and oxygen. Therefore, it is very cruédalbiomaterials to restore a vascular networkupport

the cell survival and new tissue formation. Esdgiduring the reconstruction of atrophic alveotalge,



the bone augmentation is usually necessary. Utlikefilling bone defect cavity, the bone augmentati

needs to increase the space for implantation whwdh increase the tissue tension and cause the

surrounding tissue to be in an ischemic state.l ¢ Tong time ischemia will lead to the failure bkt

operation with the exposure of implants. So, thgi@genesis at the implantation site is crucial thoe

success of bone augmentation in the early stage.

In recent years, bioactive glasses (BGs) have dramuch attention due to its attractive

osteoconductive and osteoinductive properties]Zhey have been widely used in repairing bone atefe

caused by infection, trauma and tumor, as well bangmentation in atrophic alveolar ridge.[4, 5] In

previous studies, some inorganic ions have incatpdrinto BGs to improve their osteogenesis and

angiogenesis properties, such as strontium (Sbglt¢Co), lithium (Li), copper (Cu), europium (Eahd

zirconium (Zr) [6-9]. Among these bioactive elengnEr has aroused great attention since it has been

reported to stimulate bone formation and decrease besorption [10-12]n vitro studies indicated that Sr

ions could enhance the proliferation and diffelsidin of osteoprogenitor cells into bone-forming

osteoblasts by activating membrane-bound calciumsisg receptor (CaSR) and Wittatenin signaling

pathway [13, 14]. Clinically, strontium ranelater (8AN) has been used for post-menopausal ostedporos

by significantly increasing bone strength [15]. Mover, Sr is also reported to has the function of

promoting angiogenesis.[16] For example, the reledsSr ions in tissue-engineered bone could sétaul

the expression of proangiogenic factors such asulasendothelial growth factor (VEGF), basic fiblast

growth factor (bFGF) and matrix metalloproteinas@v®MP-2) [17]. However, most of the literatures

report that Sr ions enhance the angiogenesis bynginog osteoblasts to secrete vascular related

cytokines.[18-21] It should be realized that whée materials are implanted, an acute inflammatory



reaction will happen and osteogenesis occurs Hifeeforeign body response.[22] So, the osteoblzsie

little effect on the angiogenesis of biomateriaidhee early stage of implantation. It is not cldaBGs

could enhance the angiogenesis through other hi@bpathways such as the regulation of inflammator

cell state.

During the inflammatory reaction stage, monocytetmphage system is the major regulator of

inflammatory response.[23] Upon surgical implamatimonocytes are rapidly recruited to the injuty s

and differentiate into macrophages. The regulagibects are mainly through their unique plastieityich

can rapidly shift their phenotype in response te #mvironmental stimuli. Generally, macrophages are

divided into two phenotypes, known as the M1 (pritaimmatory) polarization and M2 (anti-inflammatpry

polarization.[24] M1 macrophages are responsibiedoruiting inflammatory cells to the site of injuand

for instigating the foreign body response. Oppobsit¥12 macrophages are believed to promote tissue

deposition and remodeling.[25, 26] Macrophage&aosvn to play an importance role in vascularizatign

producing several potent angiogenic factors inclgdrascular endothelial growth factor (VEGF), basic

fibroblast growth factor (bFGF) and transformingwth factorf (TGF).[27, 28] Although the roles of

different macrophage phenotypes in angiogenesisuarently controversial, M2 macrophages are typica

described as the angiogenic phenotype.[29-31] Qutie tissue repair process, M1 macrophages daminat

at early times (1-5 days) after injury, while M2 ergphages control the later stages (7-14 days)33P,

Therefore, it is a feasible way of regulating tiemune response for improved angiogenesis through

regulating the macrophage phenotype.[34]

Recent studies have indicated that harnessingnhflerimatory response can be an effective strategy

for improving tissue healing and regeneration.[38ur previous study also demonstrates that



strontium-substituted bioactive glass (SrBG) has dhility to promote osteogenesis by inhibiting the

inflammatory response of macrophage.[36] Howeverdate, the effect of SrBG on angiogenesis by

regulating macrophage phenotype remains uncleaerefdre, in this study, for the first time, we

investigate the effect of Sr-substituted BG miclese (SrBGM) on the macrophage phenotype,

angiogenesis under the inflammatory state and bagmentatiorin vitro andin vivo.

2. Materials and methods

2.1. Synthesis and characterization of BGM and SrBGM

The synthesis and characterizations of monodisgeB&M and SrBGM was performed according to

our previous report.[36, 37] The molar compositafhBBGM and SrBGM were 60SK36Ca04R05 and

60Si0,26Ca010SrO4®s, respectively. In brief, a given amount of dodaayine (DDA) was dissolved in

25 ml deionized water and 80 ml Ethanol. Then, 1&etraethyl orthosilicate (TEOS, Guanghua Chenjical

were added to the above solutions and stirred forAfter that, triethylphosphate (TEP, Aladdin) and

calcium nitrate tetrahydrate (CN, Guanghua Chemaastrontium nitrate (SN, Guanghua Chemical) were

added in order in the proportions at 30 minuterirals while magnetically stirring at 40 °C. Theuled

solution was vigorously stirred together for anotBeh, and the white precipitates were collected by

filtration and dried at 60 °C for 24 h. BGM and &B were obtained after removing templates and

organic components by calcifying under air atmosplat 650 °C for 3 h. The morphology and structidre

the microspheres was characterized by scanningrabeecnicroscopy (SEM, DSM 982-Gemini, Zeiss,

Germany), Fourier Transform Infrared Spectromet’fIR, VERTEX 33 Bruker, Germany), X-ray

diffraction (XRD, X’pert PRO, Panalytical, Nethemlds) and multipoint Brumauer-Emmett-Teller (BET)

N, absorption technique (NOVA4200e, Quantachrome).



2.2 Fabrication and characterization of gelatin/bioactive glass scaffolds

In order to investigate the effect of SIBGM on timevivo angiogenesis and bone formation,

gelatin/BGM (Gel-BGM) and gelatin/SrBGM (Gel-SrBGMtaffolds were fabricated by a freeze drying

method. In brief, 2.8 g BGM or SrBGM and 1.2 g ¢jelavere dispersed in 20 mL deionized water and

stirred for 4 h at 40 °C. After that, the suspensiwere directly mixed with 3 mL genipin solutidhwt%).

After vigorous stirring for 20 min, the suspensiavese freezed at —20 °C for 12 h and freeze-dfiad24 h.

In addition, the gelatin scaffolds (Gel) withoutdaty bioactive glass were prepared by the sameadeth

and used as control group. The surface morphologlyporous structure of the composite scaffolds was

characterized by SEM and Micro-CT (ZKKS-MCT-Shayrghongke Co., China) operated at a voltage of 60

kV and an electric current of 67 mA.

2.3 Cell culture

The murine-derived macrophage cell line RAW 264ellsc (RAW) and human umbilical vein

endothelial cells (HUVECS) were used im vitro study. RAW were obtained from Chinese Academy of

Sciences and incubated in Dulbecco's Modified Eadédium (DMEM, Life Technologies, Carlsbad,

California, USA) supplemented with 10% fetal boviserum (FBS, Thermo Scientific, Waltham,

Massachusetts, USA) and 1% (v/v) penicillin/strepgoin (P/S, Life Technologies, Carlsbad, California

USA). HUVECs were purchased from the American Tghdture Collection (ATCC) and cultured in

endothelial cell medium (ECM, ScienCell, USA) wi? FBS and 1% endothelial cell growth

supplement/heparin kit (ECGS/H, Promocell). All ¢edls were incubated at 37 °C in an atmospheltte wit

95 % humidity and 5% CfO After the confluence reach to 90%, cells werespgsd using 0.25% trypsin

with EDTA. The third to eight passages cells weseduin this study. BGM and SrBGM extracts were



prepared for testingn vitro angiogenesis property. Briefly, sterilized BGM aBtBGM powders were
added into DMEM or ECM medium at a ratio of 1 mg/arid then maintained at 37 °C with a shaking speed
of 120rpm for 24 h. After that, the materials extracts webtained by centrifugation and filtration. The
concentrations of Si, Ca, P and Sr ions were aedlyzy inductively coupled plasma atomic emission
spectrometer (ICP-AES, Varian 720). Before cellduca, the BGM and SrBGM extracts were diluted by
normal culture medium in a ratio of 1:3. In additiche normal growth medium and normal growth
medium containing 10 uM Sr@Qlere used as control groups, which were markedagrd and SrGl
group.
2.4 Angiogenesis properties evaluation

The angiogenesis effect was evaluated by immunafieent staining of CD31 and mRNA
expressions of angiogenesis-related genes. Bri¢gfhECs were seeded at a density of 3000 cellsvedr
in 96-well plates. After attachment for 24 h, thedl enedia were replaced by Control, SsBGM and
SrBGM extracts, respectively. After cultured fod&ys, the cells were fixed in 4% paraformaldehyite30
min and washed with phosphate-buffered saline (PB®n the cells were permeabilized with 0.5 %ofrit
X-100 for 10 min followed by PBS wash. After thtite cells were blocked in bovine serum albumin (BSA
for 1 h at room temperature (RT), and incubatedh \piimary antibody of CD31 (1:80 dilution; Thermo
Fisher, China) overnight at 4 °C. After being ridsgith PBS for 3 times, cells were incubated with
Cy3-conjugated goat anti-mouse immunoglobulin GQQ: dilution; Invitrogen, USA) for 1 h. Finally, ite
nuclei were stained with DAPI (Beyotime). Imageseveaptured by an inverted fluorescence microscope
(Eclipsc Ti-U, Nikon, Japan). The fluorescencensity was calculated using Image J software.

To examine angiogenesis-related genes expressitid¥ECs with a seeding density of 1 x °10



cells/well were plated in 24-well plates. After B4the culture medium was replaced by Control, SrCl
BGM and SrBGM extracts, respectively. After culdifer 3 days, the genes expressions of Angiogenin,
FGF-2 and SDF were analyzed by real-time quantégtolymerase chain reaction (RT-gPCR). Typically,
total RNA was extracted using HiPure Total RNA MicKit (Magen) following the manufacturer’s
instructions. The isolated RNA was then reversestebed into cDNA by using the Reverse Transaipti
Reagents Kit (Takara). The RT-gPCR was performegisinyg a Maxima SYBR Green/ROX gPCR (Thermo
Scientific) and conducted on a Quantstudio 6 Héfe fechnologies). The gene expressions were Gkl
by the 2**“' method. The sequences of primers for Angioger@F-2 and SDF genes were given in Table
S1. The relative expression of the genes of intevas normalized against the housekeeping gene GAPD
2.5 Macrophage phenotypes regulation assessment

RAW cells were seeded in 6-well plates at a dewsify5 x 16 cells/well. After cultured for 12 h, the
cells were treated with lipopolysaccharide (LPSydiene) at a concentration of 100 ng/mL for 8 h to
polarize MO macrophages into M1 phenotypes. Afiesed in PBS for 3 times, the cells medium were
replaced by Control, SrgIBGM and SrBGM extracts for 3 days. The conditbneedium was obtained by
mixing the RAW-cultured medium with the ECM completedium at a ratio of 1:1 (denoted as Control+RAW,
SrChL+RAW, BGM+RAW and SrBGM+RAW). The images of LPSated cells were captured by inverted
fluorescence microscope. Prior to observation, kmmpere fixed in 4% paraformaldehyde and stainigd w
fluorescein isothiocyanate (FITC)-phalloidin (Sigraad DAPI.

The expression of M1 and M2 surface markers of Rafi&r cultured for 3 days with the four groups
mediums were determined by flow cytometry. Brietihe cells were scraped off and centrifuged at 1p60

for 5 min. After resuspension and blocking with BBA/PBS, cells were incubated with CD11c antibody



(M1 marker, 1:400 dilution, Thermo Fisher) and Cb2ntibody (M2 marker, 1:300 dilution, Thermo

Fisher) on ice. After 30 min, the cells suspensiolution was performed on a Guava Easycyte HT syste

(Merk Millipore). The results were analyzed by Gagoft 2.5. The macrophage polarization (&NE1j,

IL6, IL10, IL1ra and Arginase), osteogenesis (BMHAR)osis (TGB1, TGH3) and angiogenesis (VEGF

and PDGF-BB) related gene expressions were detdsteRT-gPCR. The experimental procedure was

described in section 2.4, and the results were alized to the expression of house-keeping gene GAPD

The primer sequences and genes studied in thissere presented in Table S2.

Western blotting analysis was performed for theeck&in of the PDGF-BB protein expression after 3

days of culture. The cell lysates were obtainetyfing the cells in RIPA buffer (Beyotime). Proteifl0 mg)

separation was performed on SDS-PAGE gels, whick sigbsequently transferred onto a PVDF membrane.

After being blocked with 5% non-fat dried milk, theembranes were incubated with primary antibodies

against, including PDGF-BB (1:1000, Abcam, AB537WU&) andp-actin (1:3000, Servicebio, GB12001,

China) overnight at 4 °C. The membranes were wastied times in Tris-buffered saline supplementid w

0.05% Tween 20 (TBST), and then incubated with-anatise/rabbit HRP conjugated secondary antibodies

at 1:2000 dilutions for 1 h at room temperaturee Photein bands were visualized using the Supeabign

West Femto Maximum Sensitivity Substrate and expaseX-ray films (Fuijifilm, Australia). Quantitatéy

densitometric analysis was carried out using Imhgeftware.

2.6 Angiogenesis properties of HUVECsin RAW conditioned medium

The angiogenesis effect of the RAW conditioned med{Control+RAW, SrGHRAW, BGM+RAW

and SrBGM+RAW) obtain form section 2.5 were evadadby immunofluorescent staining of CD31 and

MRNA expressions of angiogenesis-related genes i¢gegin, FGF-2 and SDF). The experimental



procedure was described as section 2.4.

2.7 In vivo angiogenesis and bone regeneration evaluation

2.7.1 Surgical procedure and treatment

Twelve Balb/c mice (male, 25~30 g) and twenty feprague-dawley rats (SD rats, male, 200~250 @)

were purchased from Laboratory Animal Center, SeuttMedical University. All animal procedures were

performed following protocol approved by the Ingibnal Animal Care (Guangdong Pharmaceutical

University). A subcutaneous implants experiment waed to investigate the inflammatory reaction of

Gel-SrBGM. All the Balb/c mice were equally dividedo three groups (Gel, Gel-BGM and Gel-SrBGM).

The mice were anesthetized using 10% chloral hgdrah incision of 1 cm at left side of back was mad

and a subcutaneous pocket was created. Then difi@deeas embedded subcutaneously. Three days later

all mice were euthanized. The implanted substamnege dissected from the mice. All harvested samples

were lysed by RIPA lysis buffer (Beyotime) for ElASletection of IL6 (RayBiotech, USA) and IR1

(RayBiotech, USA).

The SD rats were used to evaluate angiogenesisbané regeneration properties. The bone

augmentation animal model was adapted from prevéturdy.[38] After general anesthesia by 10 % chlora

hydrate, the rats were shaved the hair at headiaimflected with iodine. A sagittal incision of apgimately

15 mm was made on the scalp, and the calvariumewpssed by blunt dissection. One scaffold with a

diameter of 6 mm and thickness of 2 mm was insetdutaneously, which was then closed with the sil

3-0 suture. After feeding for 1 and 6 weeks, 4 odtsach group were sacrificed using an overdosedium

pentobarbital. The scaffolds together with surroogdskull were cut off and fixed in 10% of

phosphate-buffered formalin for 5 days before frtnalysis.



2.7.2 Micro-CT analysis and histological evaluation

The Micro-CT (ZKKS-MCT-Sharpll, Zhongke Co., Chirm)alysis was operated at a voltage of 60 kV

and an electric current of 67 mA. The voxel sizerafeconstruction was 25 x 25 x gB. Based on the

Micro-CT results, three-dimensional images wereomstructed by MIMICS (Materiaise’s interactive

medical image control system, Materialise Co., Belg. The bone volume to total bone volume (BV/1¥)

6 weeks groups was determined using the analykisae.

Following Micro-CT scan, the samples were decadifn 10% EDTA for 4 weeks and then embedded

in paraffin parallel to the sectioned surface. &earioss-sections of decalcified samples were @sad for

hematoxylin and eosin (H&E) and Masson'’s trichrataning according to the manufacturer’s instrugio

In addition, the samples at 1 week were stainet imitnunohistochemistry of M1 marker inducible mwitri

oxide synthases (NOS2, Santa Cruz Biotechnologyg) markers CD206 (Santa Cruz Biotechnology) and

Arginase | (Santa Cruz Biotechnology). The sample8 week were stained with OCN (1:200, Servicebio,

GB11233, China) and BMP2 (1:500, Servicebio, GB21ZBhina). Then images were acquired using a

microscope (Axioskop 40 FL, Zeiss) and a video ganiBoft Imaging System).

2.8 Statistical analysis

The data were presented as mean * standard devi@tie-way analysis of variance (ANOVA) was

used to analyze the significant differences betvgagnples. A value gf < 0.05 was considered statistically

significant.

3. Reaults

3.1 Physicochemical structure characterization of ST BGM and SrBGM -based scaffolds

BGM and SrBGM were prepared by the combinationabfgel method and template self-assembly



technique. SEM and EDS results indicated that thees successfully incorporated into BG microsphere
and the microspheres still maintained uniform phatsizes with the diameter approximately 400-560 n
which was similar to BGM (Fig. 1A). XRD (Fig. 1Bhd FTIR (Fig. 1C) results confirmed that the STBGM
still showed the representative amorphous strucame Si-O-Si composition. The specific surface area
pore volume, mean pore size of samples was 1227 0110 cn¥g, 3.4 nm for BGM and 10.37%g, 0.047
cn/g, 4.3 nm for SrBGM, respectivelyn order to maintain a stable porous structure iforvivo
implantation, freeze-drying method was used to gmepcomposite scaffolds by mixing SrBGM with
gelatin. The morphology and structure of the sd¢défovere shown in Fig. 1D. Micro-CT results conféun
that scaffolds presented a porous structure (ifs&ges in Fig. 1D), and the SEM results cleartiidated
that all of the scaffolds presented highly intermected porous structure with a mean pore size @820
um. Enlarged images clearly indicated that Gel-BGM &el-SrBGM were consisted of uniform, dispersed
and spherical BG nanoparticles, while the Gel sisiwed the smooth surface of gelatin.
3.2 In vitro angiogenesis of HUVECs

The BGM and SrBGM extracts were used to evaluatevitro angiogenesis and the ions
concentration were shown in Table S3. The Si, @hRions concentration were similar between BGM and
SrBGM. The concentration of Sr ion in STBGM extsaatas 6.227 mg/L. The effect of Sr adding in BGM
on thein vitro angiogenesis of HUVECs was shown in Fig. 2. Imnfluooescence assay demonstrated that
a large amount of CD31 positive staining in BGM &mwBGM could be observed compared to Control
group, indicating that BGM and SrBGM expressed éigbvels of CD31 (Fig. 2A). Quantitative analysis
of immunofluorescence intensity further verifiec tresult that the CD31 intensity of BGM and SrBGM

were significantly higher than Control group, whitee SrCj} had no significant difference in comparison



with Control group§ < 0.05) (Fig. 2B). In addition, immunofluorescenctensity of CD31 between BGM

and SrBGM had no significant difference. The angitgpis-related genes expression presented a similar

trend with immunostaining (Fig. 2C). The expressiewel of FGF-2 and SDF were significantly

upregulated after treatment of BGM and SrBGM thenQ@ontrol group, and gene expression of Shatl

no obvious changep(< 0.05). These results suggested that both BGM @RIGM enhanced the

angiogenesis of HUVEQGs vitro, and the addition of Sr into BGM had no signifitdiiference effect.

3.3 Macrophage polarization regulation and angiogenesis potential

Due to the inflammatory state at early implantatidnencouraged us to investigate the effect of

SrBGM on the macrophage polarization and angiogenesorder to mimic the vivo acute inflammatory

state, LPS was used to induce RAW to M1 phenotiyfter 8 h of treatment, some pseudopodia could be

observed indicating that RAW had a tendency tonmitey to M1 (Fig. S1). After incubated with Conlro

BGM, SrBGM and SrGlfor 3 days, the flow cytometry results showed thatomparison with Control

group, the M1 marker CD11c expression in other gsouas reduced (Fig. 3A). However, there were more

RAW cells expressing M2 marker CD206 after tredigdSrBGM and SrG| as compared to BGM (Fig.

3A). Consistently, the expression of pro-inflammgatgene TNF, ILB and IL6 in SrBGM and Sr¢l

groups were significantly downregulated in comparisvith the Control group (Fig. 3B). As for the

anti-inflammatory genes, the expression IL10 andikase in BGM, SrBGM and SrQlere significantly

upregulated compared with Control group. However,als0 observed that the SrBGM group showed the

significantly high expression of IL10 and Arginase, compared to BGM group € 0.05). These results

demonstrated that after stimulated with SrBGM fod&/s, the RAW presented a trend towards to M2

phenotype.



The effect of STBGM on the angiogenesis of macrgphaas also studied by RT-gPCR and western

blot analysis. The VEGF gene expression of SrBGM &i1C}L had no significantly difference in

comparison with BGM (Fig. 3C). However, the mRNApeassions of PDGF-BB in SrBGM presented

significantly higher level than BGMp(< 0.05). In addition, the relative protein expiesof PDGF-BB in

the SrBGM and SrGlgroups were significantly higher than BGM groupg(F3D and E), which was

consistent with mRNA expressions results. Thesaltseemdicated that SrBGM could significantly enban

thein vitro angiogenesis of macrophage. The fibrogenic anelbogsnhesis related gene expressions were

also tested, as macrophages could release cytotanparticipate in osteogenesis and fibrosis [3Y, 4

Compared with BGM, the SrBGM group significantlgiaased the expression of osteogenesis related gene

BMP2, indicating the incorporation of Sr into BGMutd improve osteogenesip € 0.05) (Fig. S2).

However, the fibrous related gene (TRAEF TGH3) expression had no significant difference betwien

four groups ¢ > 0.05).

3.4 Effects of RAW conditioned medium on angiogenesis of HUVECs

To further study the role of macrophage regulatioangiogenesis, the effect of S'TBGM stimulated

RAW cells on the angiogenic capacity of HUVECs vimgestigated (Fig. 4). After incubation 3 days,

significantly high CD31 immunofluorescence positstaining was observed for ST BGM+RAW group, as

compared to Control+RAW, BGM+RAW, SrGRAW groups (Figs. 4A-B). Moreover, some circles

surrounded by CD31 positive proteins could be olesbin STBGM+RAW (yellow arrows) indicating the

formation of relatively mature vascular lumina iIJHMECs. The angiogenesis-related genes expression

presented a similar trend with immunofluorescentysis (Fig. 4C). The expression level of Angidgen

and SDF were significantly upregulated after treattrof SrBGM+RAW and SrGlconditioned medium



compared with BGM+RAW groump(< 0.05). These data demonstrated that ST BGM reglilmacrophage

could significantly enhance the angiogenasigitro of HUVECS.

3.51n vivo angiogenesis at early stage of implantation

The in vivo angiogenesis at early stage of implantation (1kveeas evaluated by implanting Gel,

Gel-BGM and Gel-SrBGM in a bone augmentation manfetat. The gross observation and Micro-CT

results confirmed that all scaffolds still main&ghtheir original shape (Fig. 5A, B). Moreover, the

scaffolds were wrapped in a layer of fibrous cotimectissue film from the digital photo (Fig. 5A).

However, the tissue thickness in Gel-BGM and G&&v was significantly thicker than Gel from H&E

(Fig. 5C). We further observed the center area®ftaffolds to evaluate angiogenesis conditiofiofye

box in first column of Fig. 5C). It was interestititat the cells could only be observed in the GBI

group and some cells had formed vascular-like siras (yellow arrows). Immunohistochemical staining

confirmed that a large number of CD31 positive @ireg could be observed in the center area of

Gel-SrBGM, indicating the formation of new bloodssels (Fig. 5D).

The inflammatory reaction at early stage of impddinon was further studied. Subcutaneous implants

experiment indicated that the pro-inflammatory &jnes (IL6 and ILB) expression of Gel-SrBGM were

significantly downregulated compared with Gel-BGM & days (Fig. S3). Moreover, thia vivo

macrophage polarization on the edge of the scaffoldbone augmentation model of rat at 1 week was

studied, as shown in Fig.6. The M1 phenotype mafk&dS2) and M2 phenotype markers (CD206 and

Arginase 1) were detected. At 1 week, more NOS2)(Mdsitive stained areas were found in Gel and

Gel-BGM, compared with Gel-SrBGM. However, the Markers of CD206 and Arginase | presented an

opposite trend. The CD206 and Arginase | (M2) paesiareas of Gel-SrBGM were significantly more than



Gel-BGM, which indicated most of the macrophages palarized to M2 at 1 week.

3.6 In vivo bone regener ation evaluation

The ultimate purpose of early angiogenesis of bitenls is to enhance their tissue regeneration

capacity. Therefore, we further studi¢dle osteogenic potential of Gel, Gel-BGM and Gel-SrBGM

scaffolds for 6 weeks. All the scaffolds had clgsattached to the skull surface without any spa&bgs(

7A-B). Quantitative analysis indicated that theueabf the BV/TV in Gel-SrBGM group was statistigall

higher than Gel-BGM at 6 weekp € 0.05) (Fig. 7C). New bone formation was furteealuated by the

histological analysis as shown in Fig. 7D and Bg. The general view of Masson'’s trichrome and H&E

staining indicated that Gel-BGM and Gel-SrBGM solf$ had completely combined with the skull, which

was consistent with Micro-CT results. In additidmgth Gel-BGM and Gel-SrBGM had been filled with

fibrous tissue, while most of Gel had been degradibd enlarged image of Gel-SrBGM clearly presented

that most of the residual scaffolds had been repldy new bone islands. Some cuboid osteoblastd cou

be observed at the edge of the scaffold (yellowvesrin Fig. 7D), which indicated the formation cfige

osteogenesis. However, the new bone area of Gel-B@MIless than Gel-SrBGM. Immumohistochemical

staining of osteogenic related proteins BMP2 andNCdlso confirmed that positive stained areas of

Gel-SrBGM were much more than Gel-BGM (Fig. S5).

4. Discussion

The promoting angiogenesis of implanted biomaterélearly stage could significantly enhance the

new tissue regeneration. However, the early inflatany reaction usually prevented the angiogenesis

process of osteoblasts and epithelial cells.[4Xhis study, we explored the effect of Sr in SrBGNIthe

angiogenesis and bone augmentation of inflammattated macrophaga vitro andin vivo. St BGM has



no significant effect on regulating the angiogese$iHUVECs comparing with BGM. However, STBGM
could significantly enhance the M2 phenotype tramshtion and angiogenetic genes expression of
macrophage.ln vivo experiments confirmed that SrBGM significantly mated the vascularization
formation and new bone regeneration.

In previous reports, silicon released from bioactilass has been shown to stimulate angiogenesis by
secretion pro-angiogenic cytokines.[42, 43] Morgpgeme modification strategies for BG scaffoldseha
been developed to further promote angiogenesifudimg the addition of inorganic ionic components,
growth factors and drugs, manipulation of angiogemrowth factors and mimicking hypoxic
conditions.[44] Our experiments also show that B(S the role to stimulating angiogenesis. Howeber, t
adding Sr has no extra effects of stimulating aggi@sis. Although Srions has been reported to thave
effect of promoting angiogenesis by stimulating tkespression of proangiogenic factors in
tissue-engineered bone[45], no significant diffeemn are found between BGM and SrBGM in our
experiments. This result was different with pregaaports in which the interaction of multiple iosisch
as Sr-Co [46] and Sr-Cu [47] enhanced the angisiene

It is widely accepted that Sr has the effect takitthe secretion of proinflammatory cytokinesgkas
TNF-o and 1L-6.[48, 49] Howevelin vitro experimental designs, the different Sr ions cotraéinn will
result in different macrophages polarization eBe€tor example, the high Sr ions concentrationsufad
500 umol L™ will inhibit the release of IL6 [50], while atlaw Sr ions concentration (4@mol L™) the
inhibition effect is not obvious [48]. Our resu#ilso confirmed that more M2 macrophage can be vbder
both in SIBGM and SrGlgroups at foreign body response stage. Howeveratility to improve M2

polarization of SfBGM is stronger than Sy®hased on the flow cytometry and mRNA expressicults.



As the two groups have similar concentration ofiddis, the difference is mainly attributed to theso

released from bioactive glass. A previous study regmorted that BG ionic products could activate

macrophages towards M2 phenotype and stimulate ophages to express more anti-inflammatory

cytokines. [51] Therefore, the Sr ions and othersidSi, Ca and P) released from SrBGM could

synergistically promote macrophages polarizatiolfphenotype.

We further explore angiogenesis with the effeainacrophage phenotypes transformation. In fact, the

roles of different macrophage phenotypes in angiegis have been widely investigated. Tradition&lg,

macrophages are described as the angiogenic pipenetiile M1 macrophages have little effect on

angiogenesis.[30, 52] However, a recent report fliffed et al. suggests that both M1 and M2 macrophages

are necessary for enhanced vascularization anddweyibute to angiogenesis in different ways.[53]

M1 macrophages expressed and secreted factorgribi@iote the initiation of angiogenesis, especially

VEGF. M2 macrophages secreted factors involvedier Istages of angiogenesis, especially PDGF-BB,

which functions as stabilizing the formation of thesculature.[33, 53] In addition, PDGF-BB has the

functions of promoting pericytes wrap around theoll vessels and preventing them from regressing.[54

Our results also confirmed that SrBGM significarglyhanced the M2 phenotype formation and PDGF-BB

factor expression of macrophage (RAW cells) aftdags incubation (Fig.3).

The possible mechanism of promoting early angiogisnfer SrBGM is illustrated in Fig. S6. After

SrBGM was implanted under the skull subcutaneoysC8, P and Sr ions are quickly released from

SrBGM. The Si, Ca and P ions have the effect tectly stimulate angiogenesis. Meanwhile, Sr will

regulate macrophage phenotypes by promoting M1 20 Then, the M2 macrophages express high level

PDGF-BB to promote the stabilize formation of vdatwre. Due to the excellent early angiogenesittabi



of SrBGM in vtro andin vivo, the significantly improved bone regenerationvivo was observed. In

addition to the early angiogenesis effect on theaggenesis, the Sr ions and other ions in SrBGN lzdse

the ability to stimulate bone formation [55]. Thetepgenesis-promoted effects of Si, Ca and P ions

released from BG have been widely accepted as B aimulate the differentiation of osteoblastsl an

activate osteogenesis-related signaling pathwgys[addition, Sris also reported to be able thasrce

mineralization [56] and osteogenesis [10]. For examAutefageet al. reported that SrBG enhanced the

BMP2 gene expression of hMSC [57]. Moreover, amesgudy indicated that the local release of Smfro

Ti implants could improve early osseointegratio8][$Jur previous research also confirms that Sg imd

other ions in Sr added BGM might synergisticallydia¢e the enhanced osteogenesis by Sr activating

NFATc signaling pathway and silicate activating VBatatenin signaling pathway [59]. Although here we

showed the bone regeneration potential using SrB@bugh enhancing early angiogenesis by regulating

the macrophage phenotype, SrBGM was probably adebdulifor other tissue repair and regeneration.

Further studies should be carried out to investighe molecular mechanism of macrophage phenotype

regulation by SrBGM and demonstrate their applicetiin soft tissue regeneration such as muscle and

skin.

4. Conclusions

In summary, SrBGM has no significant differenceseffon the angiogenesis of HUVECs compared

with BGM. SrBGM can regulate macrophage (RAW cagils¢notypes by promoting M1 to M2 and express

high level of PDGF-BB which contributes to the awggnesis. In addition, S'TBGM+RAW conditioned

medium significantly enhance the angiogenesistgtifi HUVECSs.In vivo experiments further confirmed

that STBGM can promote early vascularization arduge macrophage to polarize M2 phenotype at the



implantation site in a bone augmentation modelsBiudy demonstrates that ST BGM could enhance the

early angiogenesis through immune regulation effeot have wide application in ischemic tissue

regeneration.
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Figure captions

Fig. 1 Physicochemical structure characterizationsof STBGM and SrBGM-based scaffolds. (A) SEM
images and EDS spect&éBGM and SrBGM; (B) XRD spectra and (C) FTIR spaof BGM and SrBGM,;
(D) SEM images of Gel, Gel-BGM and Gel-SrBGM schiffy the second line was enlarged position of
white squares in first line, the insert imagesdiistine was Micro-CT images of the scaffolds.

Fig. 2 In vitro angiogenesis evaluations of HUVECs stimulated by the extracts of BGM and SrBGM,
tissue culture plate and SrCl, were used as controls. (A) Immunostaining images of CD31 (red) and
DAPI (blue); (B) Quantification of the immunostaigi intensity of CD31; (C) mRNA expression of
angiogenesis-related genes (Angiogenin, FGF-2 did) ®f HUVECs cultured for 3 days. Noteg %
0.05 compared to Contrdh < 0.05 compared to BGM.

Fig. 3 Macrophage polarization and promoting angiogenesis potential after cultured with Control,
BGM, SrBGM and SrCl, for 3days. (A) Flow cytometry results of RAW (CD11c is a markior M1;
CD206 is a marker for M2); (B) mRNA expression mfammation-related genes TNHL1p, IL6, IL1ra,
IL10 and Arginase; (C) mRNA expression of angiogisweelated genes VEGF and PDGF-BB; (D)
western blot analysis of PDGF-BB protein; (E) qitatitve analysis of relative protein levels of PD8B

at different groups. Notesp*< 0.05 compared to Contrdh < 0.05 compared to BGM.

Fig. 4 Angiogenesis of HUVECs under RAW conditioned medium for 3days. (A) Immunostaining
images of CD31 (red) and DAPI (blue), the yellowoars indicates circles position; (B) Quantificatioh
the immunostaining intensity of CD31; (C) mRNA exgsion of angiogenesis-related genes (Angiogenin,
FGF-2 and SDF) of HUVECS cultured for 3 days. Nptgs< 0.05 compared to Control+RAWhH < 0.05

compared to BGM+RAW.



Fig. 5 Evaluation of in vivo angiogenesis after implantation for 1 week. (A) Gross observation of Gel,

Gel-BGM and Gel-SrBGM scaffolds together with sumding tissue; (B) 3D reconstruction images of the

scaffolds and surrounding tissue by Micro-CT aria|y&C) H&E histological images of the scaffoldsthwi

around tissues: the first line was general vielon§itudinal section; the second line was the miagation

of the center area of the scaffolds (yellow bofirst column); (D) CD31 immunohistochemical staipiof

the similar position with H&E. The yellow arrowspresents vascular-like structures; the red arrows

represents the CD31 stained positive staining.

Fig. 6 Immunohistochemical evaluation of macrophage polarization in Gel, Gel-BGM and

Gel-SrBGM scaffolds after implantation in vivo for 1 week. NOS2 was a marker of M1 macrophage.

CD206 and Arginase | were markers of M2 macrophage.

Fig. 7 In vivo bone regeneration evaluation of Gel, Gel-BGM and Gel-SrBGM scaffolds at 6 weeks.

(A) Gross observation of scaffolds and surroundisgue; (B) 3D reconstruction images of scaffoldd a

surrounding tissue by Micro-CT; (C) Morphometricagysis of the bone volume to total volume (BV/TV)

based on the Micro-CT results; (D) Masson’s trichecstaining images of the scaffolds with arounsLigs:

the first line was general view of longitudinal 8ex; the second line was the magnification of ¢kater

area of the scaffolds (yellow box in first columBymbols were residual scaffolds (RS), new bone)(NB

and osteoblasts (yellow arrows) * indicates a sicgmt differencep < 0.05.

Fig. 8 Schematic illustration of ST BGM promoting angiogenesis mechanism. The Si, Ca and P ion have

the effect to directly stimulation angiogenesiswf regulate macrophage phenotypes by promotirigti

M2. Then, the M2 express PDGF-BB promoting theibtatformation of vasculature.
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white squares in first line, the insert imagesdiist fine was Micro-CT images of the scaffolds.
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Fig. 2 In vitro angiogenesis evaluations of HUVECs stimulated by the extracts of BGM and SrBGM,
tissue culture plate and SrCl, were used as controls. (A) Immunostaining images of CD31 (red) and
DAPI (blue); (B) Quantification of the immunostaigi intensity of CD31; (C) mRNA expression of
angiogenesis-related genes (Angiogenin, FGF-2 aid) f HUVECs cultured for 3 days. Noteg &

0.05 compared to Contrdl < 0.05 compared to BGM.
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Fig. 3 Macrophage polarization and promoting angiogenesis potential after cultured with Controal,
BGM, SrBGM and SrCl, for 3days. (A) Flow cytometry results of RAW (CD11c is a markor M1;
CD206 is a marker for M2); (B) mRNA expression mfammation-related genes TNMHL1p, IL6, IL1ra,
IL10 and Arginase; (C) mRNA expression of angiogeheelated genes VEGF and PDGF-BB; (D)
western blot analysis of PDGF-BB protein; (E) qitative analysis of relative protein levels of PD8B

at different groups. Notesp* 0.05 compared to Contrdh < 0.05 compared to BGM.
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Fig. 4 Angiogenesis of HUVECs under RAW conditioned medium for 3days. (A) Immunostaining
images of CD31 (red) and DAPI (blue), the yellowoars indicates circles position; (B) Quantificatioh
the immunostaining intensity of CD31; (C) mRNA exgsion of angiogenesis-related genes (Angiogenin,
FGF-2 and SDF) of HUVECS cultured for 3 days. Nptgs< 0.05 compared to Control+RAWh < 0.05

compared to BGM+RAW.
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Fig. 5 Evaluation of in vivo angiogenesis after implantation for 1 week. (A) Gross observation of Gel,
Gel-BGM and Gel-SrBGM scaffolds together with sumding tissue; (B) 3D reconstruction images of the
scaffolds and surrounding tissue by Micro-CT analy) H&E histological images of the scaffoldsthwi
around tissues: the first line was general vievon§itudinal section; the second line was the nfagation

of the center area of the scaffolds (yellow bofirst column); (D) CD31 immunohistochemical staupiof

the similar position with H&E. The yellow arrowspresents vascular-like structures; the red arrows

represents the CD31 stained positive staining.
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Fig. 6 Immunohistochemical evaluation of macrophage polarization in Gel, Gel-BGM and
Ged-SrBGM scaffolds after implantation in vivo for 1 week. NOS2 was a marker of M1 macrophage.

CD206 and Arginase | were markers of M2 macrophage.



Gel Gel-BGM Gel-SrBGM

Gel-SrBGM

Fig. 7 In vivo bone regeneration evaluation of Gel, Gel-BGM and Gel-SrBGM scaffolds at 6 weeks.

(A) Gross observation of scaffolds and surroundisgue; (B) 3D reconstruction images of scaffoldd a
surrounding tissue by Micro-CT; (C) Morphometricagysis of the bone volume to total volume (BV/TV)
based on the Micro-CT results; (D) Masson’s tricheostaining images of the scaffolds with arounsbigs:
the first line was general view of longitudinal ex; the second line was the magnification of tkeater
area of the scaffolds (yellow box in first colum8ymbols were residual scaffolds (RS), new bone)(NB

and osteoblasts (yellow arrows) * indicates a sicgmt differencep < 0.05.



