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ARTICLE INFO ABSTRACT

Keywords: The dissolution-derived release of bioactive ions from ceramic coatings on metallic implants, despite improving
Nanoro‘_i'hke coating osseointegration, renders a concern on the interfacial breakdown of the metal/coating/bone system during long-
Ioz.d(’p”fg term service. Consequently, persistent efforts to seek alternative strategies instead of dissolution-derived acti-
Sodium titanate . vation are pressingly carrying out. Inspired by bone mineral containing ions as Ca>", Mg?*, Sr?* and Zn?*, here
Immunomodulation . . s . .

Angi . we hydrothermally grew the quadruple ions co-doped NapTiOs nanorod-like coatings. The co-doped ions

ngiogenesis i N T ! . A i A ) i

Osseointegration partially substitute Na™ in NaTiOs, and can be efficiently released from cubic lattice via exchange with Na™ in

fluid rather than dissolution, endowing the coatings superior long-term stability of structure and bond strength.
Regulated by the coatings-conditioned extracellular ions, TLR4-NF«B signalling is enhanced to act primarily in
macrophages (M®s) at 6 h while CaSR-PI3K-Akt1 signalling is potentiated to act predominately since 24 h,
triggering M®s in a M1 response early and then in a M2 response to sequentially secrete diverse cytokines. Acting
on endothelial and mesenchymal stem cells with the released ions and cytokines, the immunomodulatory
coatings greatly promote Type-H (cD31MEment?) angiogenesis and osteogenesis in vitro and in vivo, providing
new insights into orchestrating insoluble ceramics-coated implants for early vascularized osseointegration in
combination with long-term fixation to bone.

1. Introduction

A prerequisite for endosseous implants to function is fixation to host
bone by integration, which is required as early as possible [1,2].
Osseointegration of implants is formed via inducing de novo bone
apposition on their surfaces [3]. It is now recognized that de novo bone
apposition involves in the participation of diverse cells, such as immune
cells — primarily macrophages (M®s) that may polarize towards a
pro-inflammatory (M1) or a pro-healing (M2) phenotype, endothelial
cells (ECs) and mesenchymal stem cells (MSCs), but also the interplay of
the cells via paracrine cytokines [4]. Specially, M®s-secreted cytokines,
such as pro/anti-inflammatory and angio/osteo-genic factors, are given
to dominantly affect the activity of the other cells [4,5]. Osseointegra-
tion is initiated principally by M®s-derived inflammatory response to
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implants, followed by M1-to-M2 transition, angio- and osteo-genesis in a
temporal sequence [6-8]. ECs-assembled blood vessels precede osteo-
genesis, controlling it by delivering oxygen, nutrients, ions and angio-
kines but also by bringing selectively positioned MSCs [9-11]. Blood
vessels in bone are functionally specialized, while postnatal bone cap-
illaries have two subtypes: a small subset of type-H, in which ECs express
highly positive CD31 and endomucin (cp31MEmen™), and type-L, in
which ECs show low levels of CD31 and Emen (CD31°Emen!®) [12].
Notably, the perivascular MSCs selectively position around type-H but
not type-L capillaries, and type-H ECs provide angiokines to act on MSCs
and to couple angiogenesis and osteogenesis [12]. Reportedly, pro-
longed inflammation delays angiogenesis and osteogenesis [8], early
M1-to-M2 shift at the bone-implant interface can mitigate inflammation
and improve osseointegration [6], and implant materials can be
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endowed local immunomodulatory function via regulating their surface
features (such as chemical constituent, topography and hydrophilicity)
[4,5]. Therefore, timely termination of inflammation by M1-to-M2 shift
and angiogenesis especially for Type-H using immunomodulatory ma-
terials are critical to early osseointegration.

The fixation of joint/dental implants to bone should be firm enough
and lifelong lasting [1,2]. For a metallic implant, which usually exhibits
intervening fibrous capsule in vivo, adding a layer of ceramics such as
calcium phosphate (CaP) and calcium silicate (CaSi) to its surface is
shown to improve osseointegration, while incorporation of other ions (e.
g. Mg?*, Sr?* and Zn?") into them further promotes osseointegration [2,
13,14]. Clearly, the bioactivity of these ceramics is contributed to the
release of Ca®*, PO43’, Si032’ and the doped-ions via dissolution, and
more soluble coatings promote osseointegration more earlier [1,2,13,
14]. However, such soluble nature of the ceramics renders a concern on
interfacial bonding breakdown of the metal/ceramic/bone system dur-
ing long-term service, which results not only from the delamination of
coating owing to its decreased cohesive and adhesive strength, also from
the complete dissolution of coating to expose substrate [2,15]. To solve
the conflict between early osseointegration and long-term fixation of the
soluble ceramics coated implants to bone, persistent efforts to seek
alternative strategies instead of dissolution-derived activation are
currently carrying out. Especially, boron nitride [16] as well as nano-
structured titania [17] and hydrogen titanates [18], all being insoluble,
have been recently developed to act respectively as hydrophilic activa-
tion and topographic activation of metal implants, drawing a paradigm
for activation without dissolution of coatings.

Besides CaP, CaSi and their ions-doped derivants, perovskite MTiO3
(M = Sr, Ca, Mg or Zn) nanostructured coatings, formed by hydrother-
mal growth reaction [19-21] or by ion exchange [22,23], also release
bioactive ions but quite less via the subtle dissolution of MTiO3 [19,24].
This subtle dissolution still arises a worry about the lifelong structure
stability of MTiOgs coatings [19]. Alternatively, bioactive ions are proven
to be released from M2"-doped sodium hydrogen titanate
(NaxH2xTiyO2y 1) [25-29] and sodium titanate (Na2TiyO2y1) [30-33]
nanostructured coatings. In the works [25-33], Na' ions, which locate
at the interlayers between TiOg octahedral slabs of NayH» 4 TiyO2y 1 and
NayTiyO2y 1, are entirely substituted by one or two types of M * ions,
and the resultant derivatives still keep monoclinic structure. The release
of M%" jons from the entirely doped NayHzxTiyO2y1 is considered to
carry out via ion exchange with H30" in simulated body fluid (SBF) [25,
26,29]. However, the mechanism by which M?2" jons are released from
the entirely doped NayTiyO2y,1 has not been elucidated [30-33]; even
controversially, most of M2" ions are permanently trapped in the doped
NayTiyO2y 11 lattice, unable to be released out through ion exchange
[34].

Growing evidence supports a further enhanced role of the released
ions in bio-activation on the basis of nanostructures. Although current
literature only achieves the incorporation of one or two kinds of Ca*,
Mg?*, Sr?* and Zn?* ions into nanostructured titanate coatings, these
doped coatings are shown to promote the adhesion, proliferation, osteo-
differentiation of MSCs or extracellular matrix (ECM) mineralization
[20,27,30-33] as well as osseointegration [27,33], compared to the
corresponding un-doped ones. Moreover, each kind of the released ions
shows the ability to switch M®s to M2 phenotype in a dose-dependent
manner [21,33,35], and the co-release of Sr** and Ca®>" enhances the
switch than either of them [36].

Inspired by the bone mineral containing multi-ions as trace Mg?*,
Sr>* and Zn?* besides primary Ca2" [37], herein we fabricated Ca?*,
Mg2+, Sr?* and Zn?* co-doped sodium titanate (ST, NayTiO3) nanorods
arrayed coatings on Ti using hydrothermal method. The quadruple ions
co-doped ST is cubic in crystallography, different from the monoclinic
phase of M?2*-doped NayH4TiyOgy41 and NapTiyOgyy1 [25-33],
showing much higher total release dose of the co-doped ions than the
currently reported. The ionic release is identified to carry out via ex-
change of the doped ions with Na™ in fluid rather than dissolution,
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endowing the co-doped ST coatings superior stability of structure and
bond strength. We also show that the quadruple ions co-doped ST
coatings favor to polarize M®s towards M1 phenotype followed by
M1-to-M2 shift, and promote Type-H angiogenesis and osteogenesis in
vitro and in vivo, providing new insights into orchestrating early
osseointegration in combination with long-term fixation for insoluble
ceramics-coated implants.

2. Experimental section

2.1. Preparation and multi-ionic incorporation of sodium titanate
nanorods arrayed coating

Commercially pure titanium (Ti) were machined into disks (& 14 x 2
mm) and screws (M1.7 x 4 mm), followed by cleaning successively with
acetone, ethanol and distilled water. For the formation of sodium tita-
nate (ST) nanorods, each of Ti disks and screws was mounted in a Teflon-
lined autoclave and hydrothermally treated firstly in 10 mL of 1 m NaOH
aqueous solution at 100 °C keeping 1.5 h for ST nucleation, and alter-
natively in 10 mL of 0.5 m NaOH aqueous solution at 220 °C lasting 4 h
for topographical ST growth. For incorporation of multi-ions, the ST
coated samples were mounted in autoclaves containing aqueous solu-
tions with three kinds of concentrations of magnesium-, calcium-,
strontium- and zinc acetate (Table S1, supporting information (SI)) and
treated at 100 °C for 24 h, while the resultant dual-ions (Ca" and Mg?")
and quadruple-ions (Ca?*, Mg?*, Sr*" and Zn?") co-doped ST were
referred to as DID, 1QID and 2QID, respectively.

2.2. Structure characterization of the coatings

The coatings’ morphologies and compositions were examined using
a scanning electron microscope (SEM; JEOL JSM-6700F, Japan) equip-
ped with an energy dispersive X-ray spectrometer (EDX) operating at 20
kV. The geomorphological parameters of the nanorods, including
interrod spacing, rod diameter and length, were examined with Image J
(Pawak Incorporation, Germany) from surface and cross-sectional SEM
images. Five random areas were measured to get the average values.
Phasic components were identified with an X-ray diffractometer (XRD;
X’Pert PRO, Netherland) using a Cu Ka irradiation at an accelerating
voltage of 40 kV, an incident angle of 0.5° and a scanning speed of 8°
min~!. The nanorods scratched from the coatings were examined with a
transmission electron microscope (TEM; JEM-2100F, JEOL, Japan)
operating at 200 kV and the nanorod elements were conducted using the
TEM-equipped EDX (JEOL, Japan) under the scanning transmission
electron microscope (STEM) model, respectively. The chemical species
of the coatings were detected using an X-ray photoelectron spectroscope
(XPS; Thermo Electron Corporation, USA), with an Al Ka radiation line
as the X-ray source and take-off angle of 45°, taking C1s peak at 284.6 eV
as an internal reference for calibrating peak positions.

2.3. Roughness, hydrophilicity, ion release profiles as well as structural
and bond strength stability of the coatings

The surface roughness and hydrophilicity of each kind of the coated
and bare Ti discs were measured using an atomic force microscope
(AFM; Edge, Bruker, American) and a contact angle device (DSA30,
Kruss, Germany) for triplicate, respectively. During each hydrophilicity
test, a 2 pL droplet of distilled water was applied to a disc and the
droplet-to-disc contact was collected with a camera.

The bare and coated Ti discs were respectively immersed in 1 mL of
physiological saline (PS) and Dulbecco’s modified Eagle’s medium
(DMEM) at 37 °C for a series of periods without refreshing during im-
mersion. The discs-immersed solutions were picked up to detect their pH
values with a digital pH meter and ionic concentrations using an
inductively coupled plasma-mass spectrometry (ICP-MS; Agilent 7700,
USA), respectively, and the pH and ion release tests were performed on
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five replicates for each kind of the discs-immersed solutions at each time
point. In addition, the morphologies and compositions of the immersed
coatings and especially nanorods were also examined using SEM and
TEM both equipped with EDX, respectively. The arrays coated discs were
respectively immersed in 50 mL of SBF with refreshing every two days,
and SEM observed for CaP precipitation. The pristine concentrations and
pH of PS, DMEM and SBF are listed in Table S2 (SI). Furthermore, the
bond strengths of the pristine and immersed coatings were assessed
using a scratch tester (WS-2005, China). The scratch critical load, i.e.,
the smallest load at which a recognizable failure occurred, was drawn
from the load versus acoustic output curve together with SEM and EDX
examinations of the scratch, and averaged by three replicates for each
coating.

2.4. Invitro cell response to the coated and bare Ti discs

2.4.1. The used cells and their culture

The used cells for testing the coated and bare discs were M®s—
murine-derived cell line RAW 264.7, rat bone marrow-derived mesen-
chymal stem cells (rBMSCs), both from Chinese Academy of Sciences,
and human umbilical vein endothelial cells (HUVECs) from the Amer-
ican Type Culture Collection. M®s were cultured with DMEM (HyClone,
USA) containing 10% fetal bovine serum (FBS; Gibco, USA) and 1% (v/
v) penicillin/streptomycin (PN/SN; Gibco, USA). HUVECs were cultured
using the medium of endothelial cell (EC) supplemented with 5% FBS,
1% EC growth supplement and 1% PN/SN (ScienCell, USA). rBMSCs
were cultured using DMEM/nutrient mixture F-12 Ham (HyClone, USA)
supplemented with 10% FBS and 1% PN/SN. These cells were placed
into culture dishes, followed by incubation in atmosphere of 95% hu-
midity and 5% CO; at 37 °C with refreshing the culture media every two
days.

2.4.2. Behavior of M®s seeded on the coated and bare Ti discs

Subjected to sterilization, the tested discs were placed in 24-well
tissue culture plates (TCPs), subsequently M®s were seeded on each
disc at a density of 2 x 10% cells mL~! and incubated for 1, 3 and 7 days.
Thereafter, following the successive procedures of fixation in 2.5%
glutaraldehyde, dehydration in gradient ethanol, dry and coating gold,
M®s on the discs were observed with SEM. Moreover, FAK100 kit
(Millipore, USA) were applied for vinculin, actin and nuclei visualiza-
tion of M®s on the discs. Operatively in brief, the M®s-incubated discs
were fixed with 4% paraformaldehyde (PFA), permeabilized with 0.1%
Triton™ X-100 (Sigma, USA) and washed three times using PBS con-
taining 0.05% Tween®20 (Sigma, USA). Thereafter, the cells were
incubated with 1% bovine serum albumin (BSA; Sigma, USA) at room
temperature (RT) for 30 min and further incubated with the anti-
vinculin primary antibody at RT for 2 h, followed by washing triple
with PBS containing 0.05% Tween®20; then the fluorescent secondary
antibody Alexa Fluor 594 (Thermo Scientific, USA) and FITC-labeled
phalloidin were applied for 1 h to visualize vinculin and actin, respec-
tively, followed by 4, 6-diamidino-2-phenylindole (DAPI) to stain
nuclei. The staining images were collected using a laser scanning
confocal microscope (LSCM; FV1000, Olympus, Japan).

For CC-chemokine receptor-7 (CCR-7) and arginase-1 (Arg-1) of M®s
incubated on the discs, their mRNA expressions were examined using a
quantitative real-time polymerase chain reaction (qRT-PCR), and
normalized to the housekeeping gene, glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). The sequences of the involved gene primers are
listed in Table S3 (SI). To examine CCR-7 and Arg-1 at protein level, the
M®s on the discs were successively fixed with 4% PFA, permeabilized
with 0.1% Triton™ X-100, blocked with 1% BSA, and incubated with
anti-CCR-7 and anti-Arg-1 (Abcam, UK) primary antibodies at 4 °C
overnight, followed by washing triple with PBS. Thereafter, DyLight 488
Goat Anti-rabbit IgG (Boster, China) and DyLight 594 Rabbit Anti-mouse
IgG (Boster, China) were applied to the cells at RT for 1 h to respectively
visualize CCR-7 and Arg-1, followed with DAPI (Servicebio, China) to
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stain nuclei. The staining images of six random areas per disc were taken
using LSCM and the numbers of positively stained cells were counted
using Image Pro Plus 6.0 (Media Cybernetics, USA). Furthermore, tumor
necrosis factor o (TNF-a), interleukin 1p (IL-1p), IL-4, IL-10, vascular
endothelial growth factor A (VEGF-A), platelet-derived growth factor-
BB (PDGF-BB), angiopoietin-1 (ANG1), transforming growth factor p1
(TGF-p1), bone morphogenetic protein-2 (BMP2) and stromal-cell-
derived factor (SDF-1) secreted by M®s on the discs were detected by
the enzyme-linked immunosorbent assay (ELISA) kits (Thermo Scienti-
fic, USA).

Fluorescence staining was employed to examine intracellular Ca®*
concentration ([Ca2"1;) of M®s on the tested discs. Followed by washing
triple with PBS, the M®s-incubated discs were stained in 300 pL PBS
containing 5 pM Flour-4 AM (Invitrogen ™, USA) at 37 °C for 30 min
then washed twice with PBS. Subsequently, the M®s-incubated discs
were mounted in a confocal vessel containing 1 mL fresh culture me-
dium of M®s and observed using LSCM to capture fluorescence image
and record fluorescence intensity. The fluorescence intensity of each
stained cell is positively relative to its [Ca2+]i. The fluorescence in-
tensities of at least 20 M®s on each kind of discs were recorded to obtain
the average.

Western blot was conducted on M®s on the discs to quantify protein
levels of Toll-like receptor 4 (TLR4), IkB kinase o (IKKa), nuclear factor
kB p65 (NFxB p65), phosphorylated NFkB p65 (p-NFkB p65), Ca>'-
sensing receptor (CaSR), phosphatidylinositol-3-kinase (PI3K), phos-
phorylated Aktl (p-Aktl) and Aktl. Briefly, M®s cultured for 6 and 24 h
were lysed with RIPA buffer (Beyotime, China), and the total proteins
were quantified with a BCA protein assay kit (Thermo Fisher Scientific,
USA). Protein samples were denatured and resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), then trans-
ferred onto PVDF membranes (Bio-rad, USA). Such membranes were
blocked in tris-buffer saline-T (0.1% Tween 20, TBST) containing 5%
BSA, and incubated with primary antibodies anti-TLR4, anti-IKKa, anti-
phospho-NFkB p65 (Ser536), anti-NFkB p65, anti-CaSR, anti-PI3K, anti-
phospho-Aktl (Ser 473), anti-Aktl and GAPDH (CST, USA) at 4 °C
overnight, followed by rinsing with TBST. Thereafter, the membranes
were incubated with horseradish peroxidase-conjugated secondary an-
tibodies (anti-Rabbit or anti-Mouse, Beyotime, China) at RT for 1 h,
followed by rinsing with TBST five times. Next, the membranes con-
taining protein bands were visualized by ECL substrate (Millipore, USA)
under ChemiDoc Touch Imaging Systems (Bio-rad, USA). The results
were quantified using Image J software (NIH, USA), normalized with
GAPDH.

2.4.3. Co-culture of HUVECs/rBMSCs with M®s on the coated and bare Ti
discs

After seeding M®s at a density of 2 x 10* cells mL™! onto the discs
mounted in 24-well TCPs, a transwell chamber with a permeable pore
size of 8 pm (Thermo Scientific, USA) was placed above each well, and
HUVECs were then seeded onto the upper side of transwell permeable
membrane (TPM) at a density of 2 x 10* cells mL. ! to construct a co-
culture system of HUVECs and M®s. Likewise, a co-culture system of
rBMSCs and M®s was also set up by rBMSCs instead of HUVECs.

Post a period of co-culture, the HUVECs recruited on the bottom side
of TPM were fixed in 4% PFA and stained with crystal violet (Sigma,
USA), followed by observation using an inverted light microscope
(DM1000, Leica, Germany) to assay their migrating abilities across TPM,
and so did the rBMSCs recruited on the bottom side of TPM.

Following co-culture for diverse durations, the mRNA expression of
hypoxia-inducible factor (HIF-1a), VEGF-A and PDGF-BB by the
recruited HUVECs were assayed with RT-qPCR and normalized to
GAPDH, in which the sequences of the involved gene primers were listed
in Table S3 (SI). After lysing the recruited HUVECs with 0.2% Triton-X
100, centrifuging and harvesting the supernatant, the intracellular HIF-
la protein was assessed using EHCO80 ELISA kit (NeoBioscience,
China). The recruited HUVECs-secreted VEGF-A, PDGF-BB, and BMP2
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were detected using ELISA kits (Thermo Scientific, USA). The tubular
assemble of the HUVECs recruited onto TPM bottom side was visualized
using an inverted light microscope (DM1000, Leica, Germany) after
washing with PBS and fixing with 2.5% glutaraldehyde. The total
tubular length and branch point were counted within randomly selected
five visualized-fields using Image pro plus software. To identify the
subtype of the recruited HUVECs assembled tubules, the platelet endo-
thelial cell adhesion molecule-31 (CD31) and Endomucin (Emcn) were
assayed at protein level with fluorescence staining. In details, the
recruited HUVECs were orderly fixed with 4% PFA, permeabilized with
0.1% Triton™ X-100, blocked with 1% BSA, and double-stained with
anti-CD31 (Abcam, UK) and anti-Emcn (Affinity Biosciences, USA) pri-
mary antibodies at 4 °C overnight, followed by washing with PBS.
Thereafter, DyLight 488 Goat Anti-mouse IgG (Boster, China) and
DyLight 594 Goat Anti-rabbit IgG (Boster, China) were applied to the
cells at RT for 1 h to respectively visualize CD31 and Emcn, followed by
staining nuclei with DAPI (Servicebio, China). The next image collection
and analysis were carried out identically to those mentioned on CCR-7
and Arg-1.

Also, the mRNA expressions of HIF-1a, VEGF-A, PDGF-BB, Runt-
related transcription factor 2 (Runx2), osteopontin (OPN), and osteo-
calcin (OCN) by the recruited rBMSCs were assayed using RT-qPCR and
normalized to GAPDH, with the sequences of the involved gene primers
listed in Table S3 (SI). The intracellular HIF-1a protein of the recruited
rBMSCs was assessed using CSB-E08540r ELISA kit (CUSABIO, China)
after lysing the cells, centrifuging and harvesting the supernatant. The
recruited rBMSCs-secreted VEGF-A, PDGF-BB and BMP2 were detected
by ELISA kits (Thermo Scientific, USA). To evaluate alkaline phospha-
tase (ALP) activity and ECM mineralization, the recruited rBMSCs were
fixed in 4% PFA, then stained with ALP staining kit (Abcam, UK) and
alizarin red staining kit (Servicebio, China), respectively, followed by
observation using a Leica DM1000 inverted light microscope.

2.4.4. Mono-culture of HUVECs/rBMSCs in response to ions released from
the coatings

Correspondingly, mono-culture of HUVECs/rBMSCs were likewise
performed in a transwell manner described in the aforementioned co-
culture case but on the underlying discs without seeding M®s. Post a
period of mono-culture, diverse cytokine expressions at mRNA and
protein levels by the HUVECs/rBMSCs recruited on the bottom side of
TPM were examined using the same method described in section 2.4.3.

2.5. In vivo implantation tests of the coated and bare Ti screws

Male Sprague-Dawley (SD) rats (eight weeks old and 200 g weight),
supplied by Animal Resource Center, Fourth Military Medical Univer-
sity, were employed for implantation of the screws. All the animal test
procedures have been approved by the Ethics Committee of Fourth
Military Medical University. Briefly, seventy-five rats were randomly
divided into five groups to implant the coated and bare Ti screws.
Following anesthesia of the rats by an intraperitoneal injection of
pentobarbital sodium solution, drilling a hole (@ 1.5 x 4 mm) on each of
the both hind limb femoral condyles of a rat, the screws were processed
into the holes followed by suturing and smearing the wounds with
erythromycin ointment. In this procedure, for each kind of the screws at
each implantation period, six samples and three rats were employed in
the implantation manner of one screw per femoral condyle. After sur-
gery, all the rats received an intramuscular injection of penicillin 80
thousand units day ! for 3 days to prevent infection, and normal dietary
intake.

After sacrificing the rats at a series of implantation periods, the
screws-implanted femoral condyles were picked up, followed by fixation
in 4% PFA, decalcification in 10% EDTA solution for 21 days, removal of
the screws, dehydration in ethanol and embedment into paraffin, and
then cut into thin sections with a thickness of 5 pm using a cutting-unit
(Leica, Germany). Diverse fluorescence staining examinations were
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performed on the thin sections, especially focusing on the regions
adjacent to the tissue-implant interfaces. These examinations included
cellular identifications, such as M® phenotypic makers CCR-7 and Arg-1
stained respectively with anti-CCR7 and anti- Arg-1 antibodies, EC in-
dicatives CD31 and Emcn stained respectively with anti-CD31 and anti-
Emcn antibodies, MSC indicative CD90 stained with anti-CD90/Thy1
antibody (Abcam, UK), and collagen-1 (Col-1) and OPN as indicatives
of MSC osteogenic differentiation stained respectively with anti-
collagen I rabbit pAb and anti-osteopontin rabbit pAb (Servicebio,
China), and cellular nuclei stained with DAPI (Servicebio, China). In
addition, hematoxylin-eosin (HE) staining and Masson staining of the
thin sections were performed with HE dye solution set and Masson dye
solution set (Servicebio, China) for tissue identification. The straining
images were collected with a Pannoramic scanner (250/MIDI, 3D HIS-
TECH, Hungary) and quantitative analyses were undertaken using
Image-Pro Plus software 6.0.

The screws-contained femoral condyles retrieved post implantation
of 2 and 4 weeks, on one hand were examined for new bone volume
using micro computed tomography (micro-CT, Yxlon International
GmbH, Y. Cheetah, Germany) at an applied voltage of 90 kV, current of
50 pA and scanning resolution of 7 pm, on the other hand were histo-
logically examined. To this end, they were fixed in 4% PFA, dehydrated
in ethanol, embedded with polymethyl methacrylate, and cut into ~150
pum thick sections with a LeitzZ1600 microtome (Hamburg, Germany).
The thick sections were ground, polished to foils (~50 pm in thickness)
and then stained with Van Gieson’s (VG) picric-fuchsine. The stained
foils were pictured with an optical microscope (Olympus IX 71, Japan),
and the bone-to-implant contact ratio for each kind of the screws was
quantified using Image-Pro Plus software 6.0 based on the images taken
from three stained foils (five images per foil).

2.6. Statistical analysis

The results were expressed as mean =+ standard deviation. The data
were analyzed using SPSS 19.0 software (SPSS, USA). A one-way
ANOVA followed by a Student-Newman-Keuls post hoc test was used
to determine the level of significance: p < 0.05 and 0.01 was considered
to be significant and highly significant, respectively.

3. Results and discussion

3.1. Structures, ionic release and bond strengths of ions-doped nanorods
arrayed coatings

The coating, hydrothermally grown on Ti disc in an autoclave con-
taining NaOH aqueous solution, is bilayer structured, comprising a thin
layer of compact nanogranulates adjacent to Ti, and an overlapping
layer of quasi-vertically aligned and top-flat nanorods with a nanorod
diameter of 65.1 & 2.5 nm, length of ~2 pm and interrod spacing of 75.4
=+ 3.2 nm (Fig. 1a). This coating consists of cubic ST (Na,TiO3) (Fig. 1b),
with TiOe octahedra joining each other and sharing vertices to form
slabs while Na™ ions locating at the voids enclosed by the TiOg octa-
hedrons [38]. The nanorods of the coating are stacked in radial direction
by TiOg octahedral slabs-constructed layers with a growth direction
along a-axis [100] (Fig. 1c). Subsequently, we achieved the uniform
incorporation of Ca?" and Mg?" dual ions as well as Ca®*, Mg?*, sr?*
and Zn* quadruple ions into ST nanorods in whole length (Fig. 1d and
e) by hydrothermal ion exchange in an autoclave containing the aqueous
solution of the doped ions, and the resultant are referred to as DID, 1QID
and 2QID. Examined with TEM equipped EDX, Ca%" shows the highest
dose among the co-doped ions in each kind of the derivants. DID has a
similar Mg?" doping dose and total doping dose of multi-ions to 1QID
and a Ca%" doping dose ~2.7-fold of that in 1QID, while 2QID has a
doping dose of individual ions ~ twice of that in 1QID (Fig. le, i), of
which the stoichiometric formulas are presented in Fig. 1i. As known,
Ca?* and Sr?* are 0.99 and 1.13 A in radius [39] larger than Na* (0.95
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Fig. 1. (a) SEM pictured cross-sectional and surface images of ST coating, elemental distribution profiles along the cross-section, and magnified image of ST/Ti
interfacial structure along with EDX spectra detected on ®-marked nanorods and @-marked nanogranulates. (b) XRD patterns of ST, DID, 1QID and 2QID coatings.
(c) TEM image of the nanorod with an intact length of ~2 pm picked up from ST coating as well as high-resolution TEM (HRTEM) image and inserted selected area
electron diffraction (SAED) pattern of the nanorod. (d) Cross-sectional and surface SEM images of DID, 1QID and 2QID coatings, elemental distribution profiles along
the cross-sections, and magnified image of 2QID/Ti interfacial structure along with EDX spectrum detected on ®-marked nanogranulates. (e¢) TEM image of the
nanorod with an intact length of ~2 pm picked up from 2QID coating as well as HRTEM images, inserted SAED patterns and EDX spectra taken from I, II and IIT
marked areas on the nanorod. (f) Schematic diagrams of atom stack models of ST and 2QID along with their layered structures. (g) TEM image of a full long nanorod
picked up from 2QID coating after immersion in PS solution for 60 d as well as HRTEM images, inserted SAED patterns and EDX spectra taken from I, II and III
marked areas on the nanorod. (h) Surface and cross-sectional SEM images of 2QID coating after immersion in PS solution for 60 d. (i) EDX-detected elemental
compositions under scanning TEM (STEM) model of TEM and consequently drawn stoichimoteric formulas of the nanorods picked up from the coatings before and

after immersion in PS solution for 60 d.

A) [40], while Mg?* and Zn?* are 0.65 and 0.74 A in radius [39] smaller
than Na™, respectively. The co-incorporation of these ions does not
render DID, 1QID and 2QID to change in morphology (Fig. 1d) and cubic
phase (Fig. 1b). However, such doping gives rise to lattice distortion and
the increase of interplanar distances compared to ST (Fig. le vs ¢, also
reflected by the shift of XRD peaks to low angles with doping) due to the
highest dose of Ca®* among the doped ions. We calculated bond energy
according to Coulomb’s law, which is shown to be in the order of Na-O
< Sr-0 < Ca-0 < Zn-0 < Mg-O « Ti-O. Based on the calculated result,
and the confirmed formation of Ca-O, Sr-O, Mg-O and Zn-O bonds by
XPS (Fig. S1, SI), TEM and EDX data also indicate that the co-doped ions
partially substitute Na™ rather than Ti*', locating at the interlayers
between TiOg octahedral slabs, as schematically shown in Fig. 1f.

The ionic release profiles of ST, DID, 1QID and 2QID coated Ti discs
were assessed together with bare Ti disc as a control by immersing them
in PS up to 60 days and cell culture medium, DMEM, up to 2 days,
respectively. In PS, the Ti ions released from ST, DID, 1QID and 2QID
coated Ti discs were tested to be quite rare with identical amount to
those from bare Ti (Fig. 2a;), indicating that no additional Ti ions are
released from the coatings besides from Ti substrates, excluding the
soluble possibility of the coatings. However, Na™ ions were observed to
be released from ST (Fig. 2a;), in parallel, the pH value of the ST-
immersed PS shows a visible increase (Fig. 2ay), indicating obvious
occurrence of the exchange of Na™ in ST with H' in PS. This Na*/H"
exchange is weak for DID, 1QID and 2QID, identified by the feebly rise in
PH of the resultant solutions (Fig. 2a5). Moreover, Ca®", Mg?* and Sr?*
are highly released (in the order of Ca®t > Sr?* > Mg?") but Zn* is
rarely released from each of 1QID and 2QID, and so do Ca?" and MgZ*
from DID (Fig. 2asz-ag), leading to a sustained elevation in their con-
centrations of the resultant solutions with immersion. Based on the
doping dose of Mg?' close to Zn?' in 1QID and 2QID, the above-
depicted much higher release rate of Mg?" than Zn?" also indicate
that the migration of small radial Mg?" is prone to Zn?* in the Ca%t/
Sr?*.induced expandable lattice. Mechanistically, the release of the
doped ions from DID, 1QID and 2QID was identified to carry out via
exchange of the ions with Na' in PS. This is evidenced by that the
interplanar distances (Fig. 1g vs 1e) and the contents of the doped ions
reduce while Na* content elevates in each kind of the nanorods after
immersion in PS for 60 days compared to the according primitive one
(Fig. 1i). Consequently, the nanotopographic parameters (i.e. nanorod
diameter, length and interrod spacing) of each kind of the nanorods keep
unchangeable after immersion of 60 days (representatively as Fig. 1h vs
1d). In DMEM, Ca®*, Mg?*, Sr?* and Zn?" display similar release pro-
files to those in PS accordingly from DID, 1QID and 2QID, leading to an
elevation in ion concentrations of the resultant media (Fig. 2bj—by).
However, this elevation does not induce CaP-like precipitation within
DMEM (also on the arrays immersed in SBF up to 5 days, Fig. S2 in SI).
Notably, immersion of DID, 1QID and 2QID in DMEM renders the
decline in Na™* concentrations (Fig. 2bs) but almost no change in pH of
the resultant media (Fig. 2bg). Collectively, the release of Ca*", Mg2*,
Sr?* and Zn?* from DID, 1QID and 2QID is spontaneously carried out via
exchange of the doped ions with Na™ rather than H' in DMEM and PS, as
schematically shown in Fig. 2¢. The spontaneous ion release is deemed
to be derived by the ions-induced high lattice distortion energy, while
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the exchange of the ions in nanorods with Na' in the solutions can
reduce lattice distortion, achieving the lowest energy state. Intriguingly,
DID, 1QID and particularly 2QID exhibit much higher total release
amounts of co-doping ions (Fig. 2d) than the monoclinic M>*-doped
NayH4TiyO2y .1 and NapTiyOzy1 [20,26,30-32], providing the cubic
ions-doped NayTiO3 that has high symmetry as a highly efficient plat-
form for releasing bioactive ions. The lower ion release profiles of the
monoclinic M2+—doped NayHz xTiyOay1 and NayTiyOoy. 1 likely ascribes
to their low symmetry, making large radial ions difficult to migrate in
lattice (exampled as Zn?' ys Mg?" mentioned above and Na® vs H*
[29]). In addition, the incorporation of M2" jons in monoclinic titanates
is shown to induce substantial lattice deformation and collapse of
layered structure, even resulting in permanent entrapment of the ions
within lattice [34]. Furthermore, we examined the ion release of 2QID
immersed in PS for 60 days again in PS (Fig. S3, SI), showing that the 60
days immersed 2QID can still release the doped ions, exhibiting the total
release amount of the co-doped ions comparable to or higher than
M2+—doped NagHz xTiyO2y1 and NapTiyOay1 [20,26,30-32].

The bond strengths of the coatings were characterized by the scratch-
tested critical loads along with their evolution with immersion in PS
(Fig. 2e), showing that the incorporation of multi-ions improves, in
increased sequence, the bond strengths of primitive DID, 1QID and 2QID
coatings compared to ST coating. This might be owing to that the
incorporation of multi-ions into nanogranulates adjacent to Ti (EDX
spectrum in Fig. 1d) enlarges local interplanar distance, which likely
generates residual compressive stress at nanogranulates/Ti interface and
thus strengthens the interface (Fig. 2f (left); Fig. S4 (left), SI). After
immersion in PS for 60 days, the co-doped coatings exhibit a slight
decline in bond strength but less than 10%, and delaminate at the
nanorod/granulate interfaces at critical loads (Fig. 2f (right); Fig. S4
(right), SI), displaying a good long-term stability of bond strength.
Regarding to surface feature, ST and the multi-ions doped nanrods
coated Ti reveal a roughness and hydrophilicity identical to each other
without the effect of ion doping, but higher than bare Ti (Fig. S5, SI).

3.2. Macrophage responses to the ions co-doped nanorods-arrayed
coatings

M® responses to DID, 1QID and 2QID coated Ti were assayed along
with planar Ti and nanorod-like ST coated Ti as controls by incubating
M®s on the discs for 6-168 h. The ions co-doped nanorod-like arrays, in
particular 2QID, promote M®s to adhere (denoted by more vinculin-
marked focal adhesions), spread (mirrored by well-organized actin)
and transit in cell shape from rotundity to spindle compared to ST and
more significantly to Ti (Fig. S6, SI). This shape shift of M®s on ST vs Ti
corresponds to the change in CCR-7 (M1 marker) and Arg-1 (M2 marker)
expression, at mRNA and protein levels, of M®s on ST and Ti over time
(Fig. 3a and b), as proven to be contributed to topography-derived M1-
to-M2 shift in our previous work [17]. For the ions co-doped arrays,
which have identical topography to the control ST (Fig. 1a vs. 1d), they
show a higher ability of M1 polarization at 6 h, especially 2QID stimu-
lates M®s to express the highest level of CCR-7 mRNA and the lowest
level of Arg-1 mRNA among the arrays; since 24 h, they evoke M®s to
reciprocally express CCR-7 and Arg-1 (Fig. 3a and b) favoring M2 state.
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Fig. 2. (a) Ti*", Ca®", Mg?*, Sr** and Zn>* concentrations and pH values of the PS solutions immersing ST, DID, 1QID and 2QID coatings and bare Ti disc as a
function of immersion time, along with Na* concentration of PS solution immersing ST; no precipitation appearing during immersion. (b) Ca®*, Mg?*, sr?*, Zn?>" and
Na™ concentrations and pH values of DMEM immersing ST, DID, 1QID and 2QID coatings as a function of immersion time; no precipitation appearing during im-
mersion. (c) Schematic diagram of M2t (= Ca®*, Mg, Sr®* and/or Zn") release from our M>* co-doped titaniates with layered structure into PS or DMEM via
exchange with Na™. (d) Total concentration of Ca®*, Mg?*, Sr>* and/or Zn>" ions released from our coatings and literature-reported ions-doped titanates [20,26,
30-32], normalized in 1 mL media as a function of immersion time. (e) Bond strengths characterized by the scratch-tested critical loads of the coatings in PS over
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Fig. 3. Response of the seeded M®s to ST, 1QID, 2QID and DID coated Ti along with bare Ti as a control. (a) mRNA expressions of CCR-7 (M1 marker) and Arg-1 (M2
marker) at 6, 24, 72 and 168 h of incubation. (b) CCR-7 (red), Arg-1 (green) and nuclei (blue) fluorescence staining images and relative contents at protein level of
CCR-7 and Arg-1 at 72 h. Secretion of (c) angiogenic cytokines (VEGF-A, PDGF-BB and ANG1), and (d) osteogenic cytokines (TGF-p1, BMP2 and SDF-1) by mac-
rophages at 6, 24, 72 and 168 h *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

It is indicated that 2QID has an ability of M1 polarization at 6 h and M2
shift since 24 h higher than DID and much higher than 1QID. Accord-
ingly, compared to ST, at 6 h the ions co-doped arrays elicit M®s to
significantly upregulate the secretion of angiogenic factor — VEGF-A,
but prominently downregulate the secretion of angiogenic factors —
PDGF-BB and ANG1 (Fig. 3c), and osteogenic factors — TGF-p1, BMP2
and SDF-1 (Fig. 3d). Since 24 h, the co-doped arrays greatly down-
regulate the secretion of VEGF-A (Fig. 3c), and pro-inflammatory cyto-
kines TNF-a and IL-1p (Fig. S7a, SI); but prominently upregulate the
secretion of angiogenic PDGF-BB and ANG1 (Fig. 3c), osteogenic
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TGF-$1, BMP2 and SDF-1 (Fig. 3d) as well as anti-inflammatory cyto-
kines IL-4 and IL-10 (Fig. S7b, SI). Relatively, 2QID reveals a regulatory
ability of M®s to secrete the mediators higher than DID and much higher
than 1QID. The aforementioned up/down-regulation, derived by the
co-doped arrays, are more pronounced compared to Ti. Of note, the
above-mentioned M®s-secreted mediators are roughly classified based
on initially found function. Taken together, our co-doped arrays, spe-
cifically 2QID, can elicit M®s in a M1 response at 6 h and in a M2
response since 24 h to timely achieve M1-to-M2 shift via releasing ions
compared to ST. They also incur the phenotype-dependent secretion of
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diverse mediators from M®s over time, which is consistent with the
findings that M1 cells secrete high levels of VEGF-A, TNF-a and IL-1§,
while M2 cells produce high levels of TGF-p1, BMP2, PDGF-BB, IL-4 and
IL-10 [41-45], but also SDF-1 [46,47] and ANG1 [48,49].

As a main pro-inflammatory transcription factor in diverse cells,
nuclear factor kB (NFxB, comprising p65 and p50) is sequestered in
cytoplasm in unstimulated cells due to association with its inhibitor IxB
[50,51]. M®s recognize the foreign bodies via binding molecular ligands
such as bacterial lipopolysaccharide (LPS) [52-54] and
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materials-adsorbed proteins [55-57] to cell membrane located Toll-like
receptors (TLRs). The ligand-TLR4 binding fosters assembly of Myddo-
some (containing MyD88 and kinase IRAK, etc.) and subsequently ac-
tivates IkB kinase (IKK) to phosphorylate IkB and NFkB (p-NFkB),
leading to IxkB degradation, translocation of p-NFxB into nucleus, tran-
scription of pro-inflammatory genes and M1 response [52-57]. In par-
allel, TLR4 activation by ligands such as LPS, elicits Ca%* influx to Mds
via the store-operated Ca>" channel (SOCC) and the chanzyme TRPM?7,
leading to rise of intracellular Ca?* concentration ([Ca®*1;) [52-54].
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Fig. 4. (a) Flour-4 AM staining images of intracellular Ca®>* in M®s cultured on Ti, ST, 1QID, 2QID and DID at 6, 24 and 48 h along with quantification of fluo-
rescence intensities. Representative western blots and the corresponding quantification of (b)TLR4, IKKa, p-NFxB p65 and NF«B p65 as well as (c) CaSR, PI3K, p-Aktl
and Aktl of M®s cultured on the samples for 6 and 24 h, normalized with GAPDH. (d) Schematic illustration of the molecular mechanism by which the arrays-

*k

released ions act on macrophage polarization. *p < 0.05,
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p < 0.01, and ns: no significant.
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The [Ca2+]i rise activates calmodulin-dependent protein kinase II
(CaMKII) which activates IKK, promoting nuclear translocation of NFxB
[58]. In this context, infrared light-manipulated [Ca2+]i rise reportedly
promotes M1 polarization and vice versa promotes M2 polarization
[59]. Similarly, the Ca?" decrease in DMEM media of Ma®s, conditioned
separately by p-Cag(PO4)2, MgSiO3 and SroMgSioO7 due to CaP deposi-
tion on the ceramics, was reported to contribute in major part to M2 shift
[60-62]. Collectively, these reports support that TLR4 activation and/or
[Ca2+]i rise induce M®s towards a M1 phenotype. On the other side,
CaSR is known to express in many cells including M®s, and responds to
agonists such as di/tri-valent cations and polypeptides [63-65].
Reportedly, elevated extracellular Ca* concentration ([Ca®*]e), such as
3-14 mM (vs 1.8 mM in DMEM), enhances CaSR synthesis and activates
CaSR [66-69]. CaSR activation inhibits NFkB activity [68], also stimu-
lates PI3K and its effector kinase Akt [67]. In parallel, CaSR activation
by an agonist such as poly-L-lysine, is given to incur [Ca®*]; rise owing to
Ca%" influx through SOCC and release from the Ca®" store [69].
Increased [Ca2+]i (Fig. 4a) upregulates the activity of PI3K (Fig. 4c),
which further phosphorylates and thus activates Aktl in M®s [70,71].
Given that PI3K-Akt1 signalling prefers to M2 polarization of M®s [50,
51], thus CaSR activation and/or [Caz+]i rise induce M®s towards a M2
phenotype.

The above phenotypic response of M®s to Ca®" seems to be report-
edly controversial: M1 phenotype [60-62] contrary to M2 phenotype
[14,21,33] in response to materials supplied Ca>*, and M1 phenotype
[52,59,72] contrary to M2 phenotype [69] in response to [Ca2+]i rise. To
clarify this query and why our ions co-doped arrays elicit M®s in a M1
response at 6 h and alternatively in a M2 response since 24 h, we
examined [Ca2+]i, TLR4 and its downstream molecules (IKKo and NFkB)
as well as CaSR and its effector molecules (PI3K and Aktl) of M®s on the
arrays coated and bare Ti discs. At each time of 6, 24 and 48 h, M®s on
the discs exhibit [Ca2+]i in the order of 2QID > DID > 1QID > ST > Ti
(Fig. 4a). Notably, the arrays, particularly 2QID and DID, trigger M®s to
show far more elevated [Caz+]i since 24 h (in M2 response) than at 6 h
(in M1 response), speculatively exceeding a hypothetic threshold value
of [Ca?*]; that is likely to exist but has not yet been determined, possibly
responsible for priming of an alternative signalling pathway; however,
the [Ca®"]; of Mds on Ti at 24 h is speculatively not in excess of the
hypothetic threshold value based on the sustained M1 phenotype at 6
and 24 h. As shown in Fig. 4b drawn by Western blot, TLR4, IKKa and
p-NF«B p65 protein expressions of M®s on the discs reveals a variation
in the order of 2QID > DID > 1QID > ST > Ti at 6 h, but the inverted
order at 24 h. It is indicated that TLR4-NF«B signalling is enhanced in
M®s on the co-doped arrays (especially 2QID) compared to Ti and acts
dominantly at 6 h, and nor does it at 24 h when this signalling still
predominately acts on the Ti-seeded M®s. This likely ascribes to the
elevated but still at relatively low level of [Ca2+]i in M®s seeded on the
co-doped arrays at 6 h, as given that IKK activity and nuclear trans-
location of NFkB are Ca®"-sensitive [50,51,58]. On the other branch,
CaSR, PI3K and phosphorylated Aktl (p-Aktl) protein expressions of
M®s on the discs reveals a change in the order of 2QID < or ~ DID <
1QID < ST < Ti at 6 h, but the inverted order of 2QID > Ti at 24 h
(Fig. 4c), indicating that CaSR-PI3K-Akt1 signalling is enhanced in M®s
on the co-doped arrays (especially 2QID) compared to Ti and acts pre-
dominately since 24 h. This ascribes to the more elevated [Ca®']; that
likely exceeds a threshold in M®s on the co-doped arrays since 24 h. Our
data (Fig. 4a—c) also suggest that the rise in both [Ca2+]e and [Ca2+]i can
induce either M1 or M2 polarization, depending on the magnitude of
[Ca2+]i rise; once the elevated [Ca2+]i exceeds a threshold, M®s are
stimulated in M2 response, otherwise in M1 response. This finding seems
able to coordinate the reported controversial recognitions on phenotypic
response to [Ca2'].

Besides Ca?*, the co-doped arrays released other ions also contribute
to M2 polarization. Reportedly, extracellular addition of Mg?' elevates
its intracellular content ([Mg2+]i) and IkB level, leading to the reduced
activation of NFkB and production of inflammatory cytokines [73,74].
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Extracellularly adding Sr?* inhibits M1 response, acting as inhibition of
NFkB activation [57]. Imported Zn®* inhibits NFxB activation via
inactivating IKK and up-regulating the expression of the zinc-finger
protein A20 that is NFxB inhibitory [75,76]. Although we did not
examine the according ion channels, TRPM7 has been identified to
contribute to the entry of Ca?* [53], Mg?* [74], Sr*" and Zn?* [77-79],
and the elevation of their intracellular contents. Collectively, our ions
co-doped arrays, in particular 2QID, modulate DMEM culture media of
Mds to elevate the extracellular concentrations of Ca?t, Mg?*t, Sr2+
and/or Zn?" slightly at 6 h but more pronouncedly since 24 h (Fig. 2b)
and so does [Ca2+]i (Fig. 4a); slightly increased [Ca2+] enhances
TLR4-NFkB signalling at 6 h (Fig. 4b) while more elevated [Ca®*] en-
hances CaSR-PI3K-Aktl signalling (Fig. 4c) and in parallel the consid-
erable rise of intracellular Mg?*, Sr?* and Zn?" inhibits NF«B activation
since 24 h, leading to the time-dependent M1/M2 response. Taken
together, the underlying mechanism by which the arrays-released ions
act on M1 polarization at 6 h and M2 polarization since 24 h is sche-
matically shown in Fig. 4d.

3.3. Angiogenic response of endothelial cells to the coatings-released
ions/-conditioned macrophages in vitro

HIFla, expressed by all extant metazoan species, acts as a tran-
scription factor to regulate downstream genes, encoding multiple
angiogenic factors such as VEGF, PDGF-BB, ANG1 and SDF-1 [80]. In-
dividual ions are proven to affect EC response. Apart from hypoxia [80],
extracellular ions Ca®", Sr®" and Mg?' are each shown to markedly
stimulate HIF1a expression, while Zn?t shows weakly effect on HIF1a in
ECs [81-83]. Moreover, Mg?", Zn?* and Sr?* individually promote EC
migration and the expression of angiogenic genes in ECs, but Ca?t ex-
hibits adverse effects [84,85]. However, the synergistic effect of the
quadruple ions on EC angiogenic response remains clarified. To this end,
we conducted assays of human umbilical vein ECs (HUVECs) in response
to DID, 1QID and 2QID released ions (Fig. S8, SI) and conditioned M®s
together with the released ions (Fig. 5), respectively. In both cases of
transwell mono-culture (Fig. S8a in SI) and co-culture (Fig. 5a),
compared to ST and Ti, the co-doped arrays promote the migration of
HUVECs across TPM to recruit onto TPM bottom side (Fig. S8b, SI;
Fig. 5b). They enhance the mRNA expressions of HIF-1a, VEGF-A and
PDGF-BB, the secretion of VEGF-A, PDGF-BB and BMP2 (Fig. S8¢, d in SI;
Fig. 5¢ and d), and the protein expression of intracellular HIF-1a
(Fig. S9a in SI) by the recruited HUVECs. They also incur the enhanced
tubular assemble of the recruited HUVECs (Fig. S8e, SI; Fig. Se). Clearly,
these enhanced profiles by the co-doped arrays follow the order of 2QID
> DID > 1QID, attributing solely to ionic action on HUVECs and cor-
responding to the total release amounts of multi-ions (Fig. 2d) in
transwell culture case, while ascribing to the actions of both the released
ions and the conditioned M®s-secreted factors on HUVECs in the case of
transwell co-culture.

As depicted in Fig. 3 and S7 (SI), the ions co-doped arrays, especially
2QID, regulate M®s to favor M1 state at 6 h and M2 state since 24 h
compared to ST: the M1 secrete high levels of VEGF-A, TNF-a and IL-18,
while the M2 cells produce high levels of PDGF-BB, ANG1, TGF-f1,
BMP2, SDF-1, IL-4 and IL-10. Reportedly, the transcription factor HIF-1a
can be induced by growth factors TGF-$1 and PDGF-BB as well as cy-
tokines in normoxia [86], and TNF-a and IL-4 enhance HIF-1a mRNA
and protein levels [87-90]. The high levels of such mediators secreted
by M®s on our ions-doped arrays (Fig. 3¢ and d; Fig. S7, SI), thereby,
contribute to the enhanced HIF-la expression at mRNA and protein
levels in HUVECs co-cultured with the conditioned M®s (Fig. 5c;
Fig. S9a, SI), which encodes VEGF-A and PDGF-BB [80] and enhances
their syntheses in HUVECs (Fig. 5c and d). Previous works have verified
the roles of cells-secreted factors in regulating the behavior and tubule
formation of endothelial progenitor cells (EPCs) and ECs. VEGF-A,
PDGF-BB, TGF-f1 and SDF-1 are each shown to promote migration
and tubule formation of EPCs to different extent [91,92], among which
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Fig. 5. Response of HUVECs seeded on TPM to M®s seeded on ST, 1QID, 2QID and DID coated discs along with bare Ti. (a) Schematic diagram for co-culture of
HUVECs and M®s. (b) Crystal violet staining images and counting of the HUVECs migrated across TPM at 24 h. (c¢) mRNA expressions of HIF-1a, VEGF-A and PDGF-
BB, and (d) secretion of VEGF-A, PDGF-BB and BMP2 by the HUVECs recruited onto TPM bottom side. (e) Images of the recruited HUVECs constructed capillaries at
6 h as well as counting of total capillary length and branch point per imaged field. (f) Fluorescence staining images and relative intensities of CD31 (green) and Emcn
(red) performed on the migrated HUVECs at 72 h *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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SDF-1 and VEGF-A have the strongest promotion respectively on EPC conditioned M®s, the aforementioned enhancement of HUVEC behav-
migration and tubule formation [92]. Regarding ECs, VEGF-A and ANG1 iors and tubule assemble, derived by the ions co-doped arrays relative to
are each given to stimulate migration towards a factor gradient, and to ST and Ti, is more pronounced in response to both the ionic action and
promote tubule networking of ECs [93,94]. PDGF-BB and SDF-1 strongly the M®s-secreted factors (Fig. Sb—e) than in sole response to ionic action
stimulate EC migration [92,95], while TGF-f1 and BMP2 promote tube on HUVECs (Fig. S8b-e and S9a, SI). These results also suggest that M1

formation [7]. Like VEGF-A, pro-inflammatory TNF-a and IL-1p are each cells are important initiators of angiogenesis, and M2 M®s are also
shown to stimulate ECs to recruit and to prime ECs for sprouting [41]. necessary for angiogenesis.
Intriguingly, VEGF-A can also trigger ECs to produce osteogenic factor Intriguingly, DID and in particular 2QID are shown to render highly
BMP2 [9]. Owing to the factor secretion profiles of our arrays expressed positive CD31 and Emcn in the recruited HUVECs co-cultured
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with M®s (Fig. 5f), suggesting that these HUVECs-assembled tubules are
type-H classified owing to the CD31MEmen" feature [12]. While DID
and in particular 2QID trigger M®s to secrete much higher level of
PDGF-BB than 1QID, ST and Ti (in descending order) since 24 h,
consequently contributing in most part to assembling of type-H tubules,
as given that PDGF-BB induces formation of type-H capillaries during
bone modeling and remodeling [91].

3.4. Osteogenic response of MSCs to the coatings-released ions/-
conditioned M®s in vitro

Like ECs [96-99], MSCs, as one kind of osteogenesis-related cells, are
also able to secrete angiogenic factors VEGF [9,10], PDGF-BB [95],
ANG1 and SDF-1 [99]. Individual ions are given to affect MSC response.
Besides Co?" and Cu?* [100,101], Mg?* also elicits HIF1a expression in
MSCs [102]. Sr** enhances the synthesis of VEGF and ANG1 in MSCs
[94]. Moreover, Ca™, Mg2+, Zn?* and Sr*T are each shown to promote
the migration [103-105] and osteo-differentiation [27,30-33,94] of
MSCs. However, the collaborative action of the multi-ions on MSC
migration and angio/osteo-genic response remains elusive, especially in
the presence of M®s. To this end, we assessed the responses of rat bone
marrow-derived MSCs (rBMSCs) to DID, 1QID and 2QID released ions
(Fig. S10, SI) and to the arrays conditioned M®s and released ions
(Fig. 6), via transwell culture and co-culture ways (schematically as
Fig. S8a and 5a with rBMSCs instead of HUVECs), respectively. In both
cases of the mono/co-culture manners, compared to ST and Ti, the
co-doped arrays markedly stimulate migration of rBMSCs to recruit onto
TPM bottom side (Fig. S10a, SI; Fig. 6a). They trigger the recruited
rBMSCs to highly express angiogenic HIF-la, VEGF-A and PDGF-BB
mRNAs (Fig. S10b, SI; Fig. 6b), HIF-1a protein (Fig. S9b in SI), and to
secrete VEGF-A, PDGF-BB and BMP2 pronouncedly (Fig. S10c, SI;
Fig. 6¢). Simultaneously, they render the recruited rBMSCs to differen-
tiate and mineralize ECM markedly, as evidenced by the fortified mRNA
expressions of osteogenic factors Runx2, OPN and OCN (Fig. S10d, SI;
Fig. 6d), ALP activities (Fig. S10e, SI; Fig. 6e), and mineralization of
calcium nodules (Fig. S10f, SI; Fig. 6f). Clearly, these enhanced profiles,
derived by the ions co-doped arrays, follow the order of 2QID > DID >
1QID, attributing solely to ionic action on rBMSCs in transwell culture
case and in line with the total release amounts of the doped multi-ions,
while ascribing to the actions of both the released ions and M®s-secreted
factors on rBMSCs in co-culture case. Notably, these enhanced responses
of rBMSCs are more pronounced to the synergistic actions (Fig. 6a—f)
than to the sole action of the released ions (Fig. S10a-f and S9b, SI) for
each of 2QID, DID and 1QID.

Previous works have clarified the roles of cells-secreted factors in
regulating the migration and angio/osteo-genic response of MSCs.
VEGF-A, PDGF-BB, TGF-1 and SDF-1 are each shown to foster MSC
migration more or less [91,92], among which SDF-1 shows the strongest
promotion on MSC migration in vitro [92] and significant recruiting
action on MSCs ex vivo [46,47]. Regarding angiogenic response, TGF-p1,
PDGF-BB, IL-1f, TNF-a and IL-4 are exemplified to increase HIF-1la
expression in normoxia [86-90], and HIF-la encodes VEGF-A and
PDGF-BB [80]. On osteogenic response, TGF-p1 and in particular BMP2
are well known to induce osteo-differentiation of MSCs [7,9]. Intrigu-
ingly, VEGF-A can stimulate MSCs and osteoblasts to synthesize and
secrete BMP2 [9,10], and likewise ANG1 also enhances osteoblast dif-
ferentiation via concomitantly potentiated BMP2 signalling [7]. Alter-
natively, PDGF-BB increase osteo-differentiation of MSCs via the
extracellular  signal-related  kinase @ 1/2  signalling  [95].
Pro-inflammatory IL-18 and TNF-a suppress but anti-inflammatory IL-4
and IL-10 enhance osteoblastic differentiation and ECM mineralization
[5]. Based on these findings, in combination of the profiles of the factors
secreted by M®s conditioned with our arrays, it is reasonably supported
that the enhanced migration, expression and secretion of angiogenic
factors, osteo-differentiation and ECM mineralization of rBMSCs,
derived by the ions co-doped arrays relative to ST, are more pronounced
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in transwell co-culture case than in transwell mono-culture case. It is
also suggested that the M1 M®s are initiators while the M2 M®s are
necessary for osteogenesis, and the most important is timely M1-to-M2
turnover.

3.5. Invivo cellular response, histological identification and bone-implant
integration of the arrays-coated screws

We implanted ST, DID, 1QID and 2QID coated and bare Ti screws
into femoral condyles of Sprague-Dawley rats for a series of periods to
assess cellular response, histological evolution and osseointegration. By
immunofluorescence staining of the thin sections that the screws were
removed, the images used for identifying the cells adjacent to the
screws-removed spaces (SRS) were obtained, representatively as Fig. 7a,
panoramically showing the stained CCR-7/Arg-1 for M®s, CD31/Emcn
for ECs, and CD90 (a specific marker of MSCs [46]) besides stained
nuclei. The magnified images show that the cells surrounding screws
become more with implantation time (Fig. 7b). 1QID, DID and in
particular 2QID peripherally show CCR-7 highly positive (CCR-7") M1
cells sparsely but Arg-1 highly positive (Arg-1") M2 cells more at days 1
and 3, contrary to ST and Ti (Fig. 7c). CD31-marked ECs are more
around the ions co-doped arrays than ST and Ti at day 1, and become
more pronounced around each kind of the co-doped arrays with im-
plantation to 3 days (Fig. 7d), indicating a strong role of the co-doped
arrays in EC recruitment. Notably, the ECs around DID and in partic-
ular 2QID present highly positive CD31 and Emcn at day 3 (Fig. 7d),
implying the enhanced CD31MEmen™ subset of ECs and thus formation
of type-H capillaries [12] around both the arrays. In addition,
CD90-marked MSCs are visible around DID and especially 2QID but
almost invisible around 1QID, ST and Ti at day 1 (Fig. 7e). However,
MSCs are less in amount than ECs and much less than M®s around 2QID
and DID at day 1, indicating earlier recruitment of ECs than MSCs; this
likely ascribes to high levels of the secreted VEGF-A, TNF-a and IL-1f by
early polarized M1 M®s (Fig. 3; Fig. S7a, SI), which are each given to
powerfully stimulate EC recruitment [41,93,94]. Moreover, MSCs
become more pronounced around each kind of the arrays with implan-
tation from day 1 to day 3, suggesting a strong role of the arrays in MSC
recruitment; however, MSCs become less with further implantation to
day 7 (Fig. 7e and f). Concomitantly, highly positive Col-1 and OPN
appear markedly around 1QID, DID and specifically 2QID compared to
ST and Ti at days 3 and 7, and become more pronounced with implan-
tation from days 3 to 7 for each of the ions co-doped arrays (Fig. 7e and
f). It is indicated that 1QID, DID and especially 2QID stimulate osteo-
blastic differentiation of the surrounding MSCs to secret ECM compo-
nents (e.g., Col-1, OPN, etc.), and thereby resulting in the decrease in
amount of MSCs at day 7. Collectively, the ions co-doped arrays (in
particular 2QID) enhance the recruitment and CD31MEmen™ subset of
ECs as well as the recruitment and osteo-differentiation of MSCs in
endosseous milieu.

HE and Masson staining of the screws-removed thin sections were
also conducted to identify inflammatory reaction and bone forming
ability. HE staining shows that at week 2 of implantation, a few of in-
flammatory cells still infiltrate into sparse collagen marked osteoid
matrix around Ti; however, the osteoid matrices around the arrays tend
to be compact in the order of ST, 1QID, DID and 2QID, without infil-
tration of inflammatory cells (Fig. 8a). At week 4, the osteoid matrices
around 1QID, DID and especially 2QID become mature (given by
deepened red), with osteocytes embedding within and osteoblasts ar-
ranging at the periphery of osteoid matrices (Fig. 8a). Masson staining of
the osteoid matrices around the arrays and Ti shows a similar trend to
HE staining. Notably, capillaries (red arrows) are pronounced around
the ions co-doped arrays (in particular 2QID) at weeks 2 and 4, while the
surrounding osteoid matrices become mature (as deepened blue) and
increase in quantity with prolonging implantation to 4 weeks (Fig. 8b),
indicating the formation of vascularized bone.

In vivo, ECs assemble the tubular network of mural cells-uncovered
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Fig. 8. HE and Masson staining analyses of the tissues surrounding the spaces remained after removing the coated and bare Ti screws implanted in rat femoral
condyles for 2 and 4 weeks; green arrows indicating osteoblasts, yellow arrows representing osteocytes embedded in bone matrix, cyan arrows indicating inflam-
matory cells, red arrows indicating blood vessels. (a) An example of HE staining panoramic architecture (right), and magnified images of the regions adjacent to the
screws-removed spaces (SRS); red stained zone indicating nascent bone, dark pink zones indicating osteoid tissue. (b) Masson staining magnified images of the
regions adjacent to SRS (blue stained zone indicating nascent bone, and dark blue zones indicating osteoid tissue), and percentage of bone area to total area. Micro-
CT and VG staining characterized formation of new bone surrounding the screws implanted in rat femoral condyles. (c) (middle) Micro-CT laterally and vertically
viewed images of the condyle containing screws, (left) reconstructed images of the newly formed bone around screws and (right) bone volume/total volume (BV/TV)
in the region of interest with a width of 50 pm from the screw (marked in vertically viewed image) at 2 and 4 weeks. (d) VG staining images of bone surrounding the
screws at 4 weeks (BM: bone marrow, NB: new bone), and corresponding bone-implant contact ratios (BIC). *p < 0.05, **p < 0.01. (e) Schematically showing
immunomodulatory outline for regulating angiogenesis and osteogenesis by our muli-ions co-doped arrays. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

endothelium. Blood vessel formation by angiogenesis includes multi-
steps: new capillary sprouting, sprout growth, anastomosis, and matu-
ration by recruiting pericytes to cover endothelium [96-98]. VEGF-A is
a principal initiator of capillary sprouting and the most crucial molecule
controlling vascular morphogenesis [96]. In response to VEGF-A, some
ECs within capillary wall are organized as tip-cells for sprouting, trailed
by stalk-cells that retain connectivity with parental vessels. Sprout
outgrowth continues toward VEGF-A gradient until neighboring tip-cells
connect and fuse with each other (i.e., anastomosis) under the aid of
M®s [97,98]. To function properly, capillaries must be mature. Several
factors PDGF-BB, TGF-p1, ANG1 and SDF-1 contribute to maturation by
chemoattracting pericytes to cover ECs [97,98], while the binding of
ANG1 to its receptor TIE2 promotes pericyte association to endothelium
[96]. Our co-doped arrays (especially 2QID) regulate M®s to early
secrete high levels of VEGF-A, TNF-a and IL-1f (each given to initiate
sprouting of ECs [41]) then to secrete high levels of PDGF-BB, TGF-§1,
ANG1 and SDF-1 acting on vascular maturation, and thereby are ex-
pected to benefit to the formation of mature vessels.

Micro-CT reconstructed 3D images (Fig. 8c) show that new bone
forms sparsely around Ti screw, pronouncedly around ST-coated screw,
and more pronouncedly around 1QID, DID and especially 2QID coated
screws at 2 and 4 weeks post implantation into rat femoral condyles.
This is also supported by the quantitation of the bone volume/total
volume (BV/TV) within the ring region of 50 pm in width around an
implanted screw. VG staining images (Fig. 8d) show that at week 4 of
implantation, the new bone around the arrays coated and bare Ti screws
presents the same trend in quantity as depicted by micro-CT. Notably,
the new bone apposition actions quantified by the bone-to-implant
contact (BIC) ratios of the screws are rather different. The BIC ratio
tends to increase in the order of Ti, ST, 1QID, DID and 2QID, even
reaches ~85% for 2QID-coated screw, indicating a super osseointegra-
tion of 2QID.

Collectively, DID reveals the response profiles of M®ds, HUVECs and
rBMSCs as well as the abilities of angiogenesis, osteogenesis and
osseointegration higher than 1QID but lower than 2QID. Correspond-
ingly, DID has a Mg>" doping dose and total doping dose of multi-ions
similar to 1QID and a Ca®" doping dose ~2.7 times of that in 1QID,
while 2QID has a doping dose of individual ions about twice of that in
1QID. It is indicated that in the case of equivalent total doping dose of
multi-ions, the elevated Ca?" doping dose is beneficial to the improve-
ment of biological properties (based on DID ys 1QID). On the other hand,
in the case of relatively higher Ca?* doping dose, the co-incorporation of
additional Mg?", Sr?* and Zn®" sounds to more significantly improve
the biological properties of the co-doped ST derivants (based on 2QID vs
DID). This also confirms the beneficial role of the primary Ca?" and trace
Mg?*, sr** and Zn?* contained within bone mineral in bone modeling
and remodeling [37].

Taken together, our results identify that the ions co-doped arrays
(representatively 2QID), via releasing ions, polarize M®s to favor M1
cells at 6 h and M2 cells since 1 day, and M1 cells secrete high levels of
VEGF-A, TNF-a and IL-1$ while M2 cells secrete high levels of PDGF-BB,
ANG1, TGF-f1, BMP2, SDF-1, IL-4 and IL-10 in vitro (Fig. 3; Fig. S7, SI).
In vivo, 2QID array also stimulates the peripheral M®s to greatly favor
Arg-11 M2 cells since 1 day (Fig. 7c). With the actions of the released
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ions and conditioned M®s-secreted factors, 2QID promotes the recruit-
ment of ECs and MSCs (Figs. 5b and 6a) but more early for ECs than
MSCs (Fig. 7d and e). Also, 2QID promotes the secretion of VEGF-A,
PDGF-BB and BMP2 by the recruited ECs (Fig. 5d) and MSCs (Fig. 6¢),
tubular assemble (Fig. 5e) and formation of type-H capillaries (Figs. 5f
and 7d), MSC osteo-differentiation and ECM mineralization (Fig. 6d—f,
7e). These enhanced cellular responses by 2QID consequently promote
the formation and apposition of vascularized bone on its surface
(Fig. 8a—d). Overall, the immunomodulation of angiogenesis and
osteogenesis, derived by our ions co-doped arrays (representatively
2QID), is schematically demonstrated in Fig. 8e. In this schema, besides
the M®s mediated immunomodulation of ECs and MSCs, both kinds of
the cells are also considered to interplay in vivo via the paracrine factors
VEGF-A, PDGF-BB and BMP2. This is exemplified by that VEGF-A can
positively regulate the synthesis and secretion of BMP2 in ECs, MSCs and
osteoblasts [9,10], while BMP2 can trigger osteoblasts to produce
VEGF-A [10], and by that PDGF-BB induces type-H vessels, mobilizing
cells of mesenchymal origin and orchestrating cellular components for
osteoblastic differentiation [91].

4. Conclusion

Dual (Ca?* and Mg?") and quadruple (Ca®*, Mg?*, Sr** and Zn*")
ions co-doped NayTiO3 nanorods arrayed coatings have been hydro-
thermally grown on Ti. The co-doped ions partially substitute Nat in
NayTiO3 and are able to efficiently release out from cubic lattice via
exchange with Na® in fluid rather than dissolution, endowing the
coatings superior long-term stability of structure and bond strength. The
co-doped coatings, particularly 2QID, elevate the extracellular concen-
trations of the ions and M® intracellular [Ca®*] to different extent with
time. Regulated by the ion profiles, TLR4-NFkB signalling is enhanced
and acts primarily at early stage while CaSR-PI3K-Akt1 signalling is then
enhanced and acts predominately in M®s, triggering M®s in a M1
response at 6 h and in a M2 response since 24 h to secrete diverse cy-
tokines. With the actions of the released ions and secreted cytokines, the
co-doped coatings (in particular 2QID) promotes the recruitment of ECs
and MSCs, tubular assemble and type-H capillary formation, MSC osteo-
differentiation and ECM mineralization, and apposition of vascularized
bone.
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