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Ti—24Nb—4Zr—8Sn (Ti2448) alloys, with a relatively low elastic modulus and unique mechanical properties, are desirable
materials for oral implantation. In the current study, a multifaceted strontium-incorporating nanotube coating was fabri-
cated on a Ti2448 alloy (Ti2-NTSr) through anodization and hydrothermal procedures. In vitro, the Ti2-NTSr specimens
demonstrated better osteogenic properties and more favorable osteoimmunomodulatory abilities. Moreover, macrophages
on Ti2-NTSr specimens could improve the recruitment and osteogenic differentiation of osteoblasts. /n vivo, dense clots
with highly branched, thin fibrins and small pores existed on the Ti2-NTSr implant in the early stage after surgery. Analysis
of the deposition of Ca and P elements, hard tissue slices and the bone-implant contact rate (BIC%) of the Ti2-NTSr
implants also showed superior osseointegration. Taken together, these results demonstrate that the Ti2-NTSr coating may
maximize the clinical outcomes of Ti2448 alloys for implantation applications.
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INTRODUCTION

Matching the elastic modulus of oral implants and
peri-implant bone is the premise of successful implan-
tation [1]. The elastic modulus of Ti—24Nb—-4Zr-8Sn
(Ti2448, 49 GPa) is comparatively lower than that of cur-
rent implant metal materials (pure titanium: 107 GPa and
Ti6—Al-4V: 117 GPa) and is more suitable for oral implan-
tation (bone cortex 20 GPa) [2, 3].

The osseointegration process involves a series of bio-
logical reactions, including the recruitment of multiple
cells. Osteoblastic cells regulate osteogenesis by producing
extracellular matrix (ECM) and controlling ECM mineral-
ization. However, prior to osteogenesis, the inflammatory
response induced by surrounding immune cells determines
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the in vivo fate of implants [4]. Briefly, osseointegration
stems from an inflammation-modulated process in peri-
implant bone tissue [5, 6].

Macrophages can be polarized by different stimuli.
MI1-type macrophages can release a series of proinflam-
matory cytokines [7, 8], while M2 macrophages secrete
anti-inflammatory cytokines and can enhance ECM for-
mation, mineralization, and osseointegration by secreting
numerous mediators [9-11]. Accordingly, the M1/M2 type
ratio of macrophages is pivotal for maintaining suitable
osteoimmunology and the successful implantation of bio-
materials.

Cell behaviors can be modulated by manipulating
the surface morphology, elastic modulus, or chemical
composition [12]. Accordingly, bioactive implants with
appropriate surface physicochemical characteristics that
can coordinate osteoimmunomodulation and consequently
facilitate osseointegration are critical for the surface mod-
ification of dental implants.
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Highly oriented nanotubes (NTs) possess unique elec-
trical, optical, and biological properties [13—16]. In addi-
tion, these properties can be further enhanced by element
doping [15, 17]. Bioactive ions can change the chemi-
cal composition and bioactivities of biomaterials [18, 19].
Strontium (Sr)-substituted bioactive materials can not only
enhance osteogenesis and inhibit osteoclastogenesis but
also coordinate osteoimmunomodulation [20, 22]. Some
research has shown that Sr can antagonize the inflam-
matory effect of nuclear transcription factor-«B (NF-«B),
indicating the anti-inflammatory effect of Sr on osteoclas-
togenesis [23, 24].

In this study, anodic oxidation (AO) and hydrother-
mal (HT) methods with adjustable parameters and stable
procedures were used to fabricate Ti2-NTSr specimens.
Then, we assessed the biological properties and osteogenic
potential. The innovation of this study lies in the combi-
nation of the low elastic modulus and excellent osteogenic
properties of these materials, which are more suitable for
implantation, especially for patients with osteoporosis.

MATERIALS AND DETAILS

Specimens Fabrication and Characterization
Strontium-Dopped Nanotubes Fabrication

Machined commercial-grade 4 pure titanium (Ti-M) and
Ti2448 alloy (Ti2-M) with appropriate diameters and
thicknesses (1 mm in thickness, 10 mm in diameter) were
fabricated for the following experiments. Prior to surface
modification, the samples were ultrasonically cleaned. NTs
on the Ti2448 surface were fabricated through an electro-
chemical process. Briefly, samples were placed in a two-
electrode configuration containing a solution with NH,F
(0.15 mol/L) and (NH,),SO, (1 mol/L) for 2 h at 30 V. The
anodized Ti2448 specimens were labeled Ti2-NT. Then,
some of the Ti2-NT samples were placed in solutions of
Sr(OH), - 8H,0 for 10 h at 180 °C [25]. These specimens
were denoted Ti2-NTSr. Before biological evaluations, the
specimens were steam sterilized.

Physical Characterization of the Specimens

The surface morphologies were detected by field-emission
scanning electron microscopy (FE-SEM, SU8010, Hitachi,
Japan) at 10 kV. The diameters of the nanotubes on Ti2-
NTSr cross-sectional images of Ti2-NT and Ti2-NTSr
were also measured by FE-SEM. The contents and dis-
tributions of Ti, Nb, Zr, Sn, O, and Sr were measured
by energy dispersive spectrometry (EDS, QX200, Bruker,
Germany). The chemical compositions were observed
by X-ray photoelectron spectroscopy (XPS, Thermo,
America). The wettability was measured by a drop shape
analyzer (Kruss DSA100, Germany). The release of Sr in
serum-free Dulbecco’s Eagle medium (DMEM) on days 1,
3,5, 7 and 14 was assessed by inductively coupled plasma-
mass spectrometry (ICP-MS, PerkinElmer, USA). Then,
the elemental distribution of Ti2-NTSr soaked for 14 days
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was analyzed by EDS. The zeta potentials of Ti2-NTSr
from pH 7.0 to pH 8.4 were detected by a zeta potential
analyzer (Zetasizer Nano ZS90, UK).

Osteogenic Properties of These Specimens
Osteoblast Culture of These Specimens

Osteoblasts (MC3T3-El, Chinese Academy of Sciences,
China) were cultivated in alpha-modified minimum essen-
tial medium (@-MEM, Gibco, USA) with 10% fetal bovine
serum (FBS, Gibco, USA) at 100% humidity and 5% CO,.

Proliferation and Cytoskeletal Assembly of Osteoblasts
The proliferation rates of osteoblasts cultured on the sur-
face of these specimens on days 1, 3, 5, and 7 were
detected by a CCK-8 assay. The cytoskeletal assembly
and nuclei of osteoblasts were dyed with FITC-phalloidin
(Sigma, USA) and 4,6-diamidino-2-phenylindole (DAPI,
Sigma, USA), respectively. Briefly, osteoblasts (1 x 10*
cells/cm?) were divided into these four groups for 24 h.
After rinsing and fixation, specimens with osteoblasts were
dyed with phalloidin and DAPI. Then, cytoskeletal assem-
bly was examined on a confocal laser fluorescence micro-
scope (LSM710, Zeiss, Germany).

Osteogenesis

a-MEM with 10% FBS, b-glycerophosphate (10 mM),
ascorbic acid (50 mg/ml), and dexamethasone (10 nM)
was prepared to induce the osteogenic differentiation of
osteoblasts. Then, ECM mineralization and alkaline phos-
phatase (ALP) assays were performed to assess osteogen-
esis. The transcription levels of osteogenic markers were
measured by a real-time PCR (RT-PCR) device (Applied
Biosystems, USA).

Seven days after osteogenic induction, the ALP activity
in these four groups was assayed by an ALP kit (Njjcbio,
China). Subsequently, the OD values were analyzed by
a microplate reader instrument at 520 nm (PerkinElmer,
Singapore).

Twenty-eight days after induction, 40 mM Alizarin Red
(Sigma, America) reagent was used to assess ECM min-
eralization in these specimens. After rinsing and fixation,
osteoblasts in these groups were incubated in the reagent
and washed with ddH,O. Stained results were captured.
Then, Alizarin Red stain was dissolved in sodium phos-
phate (10 mM) and cetylpyridinium chloride (10%, Mack-
lin, China) solutions, and the OD values (490 nm) of these
solutions were recorded.

The transcription levels of early phenotypic markers for
osteogenesis [runt-related transcription factor-2 (Runx-2),
ALP, collagen type I (COL-1), and bone morphogenetic
protein-2 (BMP-2)] on day 7 and terminal osteogenesis
genes [osteocalcin (OCN)| on day 14 were detected by
RT-PCR. The relevant primer sequences are shown in
Table I.
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Osteoimmunomodulatory Responses of
Macrophages in the Specimens

Macrophage Cultivation

Macrophages (RAW 264.7, Chinese Academy of Sciences,
China) were used in this research. After normal culture
(DMEM with 10% FBS) for 24 h, macrophages were acti-
vated with lipopolysaccharide (LPS, 20 ng/mL) for 2 h.

Macrophage Morphology and Spreading

Macrophages (10*/cm?) were seeded on the specimens,
and the morphology of macrophages was captured by FE-
SEM after 24 h. The adhesion areas of all the cells on a
randomly selected low-magnification field by SEM (400x)
were analyzed and are shown as the means and standard
deviations.

Polarization of Macrophages

Flow cytometry and immunofluorescence assays were
adopted to assess the polarization of macrophages on
different specimens 24 h after activation. Then, the flu-
orescence intensities (FITC-conjugated inducible nitric
oxide synthase (iNOS); Tritc-conjugated arginase-1 (Arg-
1)) of macrophages on these specimens were assessed by
confocal laser fluorescence microscopy (LSM710, Zeiss,
Germany). Macrophages (1 x 10°) in these four groups
were treated with APC-labeled CD206 antibody (BioLe-
gend, USA) for flow cytometry assays (Beckman Coulter,
USA).

The transcription levels of CD206, interleukin-10 (IL-
10), and CDS86, the inflammatory genes IL-6, iNOS, tumor
necrosis factor-a (TNF-a) and IL-18, and the osteogenic
genes TGF-f1, VEGFA and BMP-2 were examined by
RT-PCR on day 3. The relevant primers are in Table I.

The translational levels of IL-18 (Abcam, USA), CD86
(Proteintech, USA), TNF-« (Proteintech, USA), BMP-2
(CST, USA), IL-10 (Proteintech, USA), IL-6 (Abcam,
USA), TGF-B1 (Proteintech, USA), iNOS (Proteintech,
USA), and GAPDH (Proteintech, USA) were detected by
western blots.

The Influence of Macrophage-Conditioned
Medium on Osteoblasts

Osteoblast-Mediated Osteogenesis in Conditioned
Medium

To prepare specimen-conditioned media, activated
macrophages (10* cells/cm?) were seeded onto specimens
and cultivated in serum-free medium for 1 day. Then,
these media were mixed with an equal volume of a-MEM
and used as specimen-conditioned media.

After culture in specimen-conditioned medium (5%
FBS) for 28 days, the ECM mineralization of osteoblasts
was qualitatively and quantitatively measured by Alizarin
Red staining.
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Table I. Primer sequences used for RT-PCR.
Primer Sequence (3'-5')
GAPDH-F TGATGGGTGTGAACCACGAG
GAPDH-R CCCTTCCACGATGCCAAAGT
ALP-F TGAGCGACACGGACAAGAAG
ALP-R GCCTGGTAGTTGTTGTGAGCAT
Runx-2-F AAATGCCTCCGCTGTTATGAA
Runx-2-R GCTCCGGCCCACAAATCT
COL-1-F CTCCGGCTCCTGCTCCTCTTA
COL-1-R ACCAGGAAGTCCAGGCTGTC
OCN-F CCGGGAGCAGTGTGAGCTTA
OCN-R AGGCGGTCTTCAAGCCATACT
BMP-2-F GCTCCACAAACGAGAAAAGC
BMP-2-R AGCAAGGGGAAAAGGACACT
CD86-F CTGCTCATCATTGTATGTCAC
CD86-R ACTGCCTTCACTCTGCATTTG
IL-10-F AGCCTTATCGGAAATGATCCAGT
IL-10-R GGCCTTGTAGACACCTTGGT
CD206-F AGACGAAATCCCTGCTACTG
CD206-R CACCCATTCGAAGGCATTC
IL-1B8-F TGGAGAGTGTGGATCCCAAG
IL-18-R GGTGCTGATGTACCAGTTGG
IL-6-F ATAGTCCTTCCTACCCCAATTTCC
IL-6-R GATGAATTGGATGGTCTTGGTCC
iINOS-F CACCAAGCTGAACTTGAGCG
iNOS-R CGTGGCTTTGGGCTCCTC
TNF-a-F CTGAACTTCGGGGTGATCGG
TNF-a-R GGCTTGTCACTCGAATTTTGAGA
Arg-1-F CTCCAAGCCAAAGTCCTTAGAG
Arg-1-R AGGAGCTGTCATTAGGGACATC
VEGFA-F GACTTGTGTTGGGAGGAGGA
VEGFA-R TCTGGAAGTGAGCCAATGTG
TGF-B1-F CAGTACAGCAAGGTCCTTGC
TGF-B1-R ACGTAGTAGACGATGGGCAG

The Influence of Macrophages on Osteoblast Migration
Osteoblasts cultured in specimen-conditioned medium in
a 6-well plate were prepared. A scratch was made across
the center of each well when the confluence of the cells
reached 90%. Subsequently, the cells in each well were
rinsed to eliminate the nonadherent cells. The movement
of cells toward the scratch was assessed at O h, 24 h, and
72 h. Then, the average migration distance was measured
by Imagel software.

Investigation of Osteointegration /In Vivo

Animal Feeding

The animal experiment acquired the approval
(LA2018233) of the Animal Research Committee of
Peking University. Twenty Wistar rats (male, 10 weeks
old; Weitonglihua, Beijing, China) were fed in a specific
pathogen-free (SPF) facility, and water and a standard diet
were available ad libitum.

Implant Placement and Tissue Preparation

Chloral hydrate (10%, 3 ml/kg, Leageng, China) was used
in the current animal experiments for rat anesthesia. Forty
holes (diameter: 2 mm), which were 5 mm from the
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metaphysis of the bilateral distal femur of 20 rats, were
prepared for implantation. Then, 40 implants of the four
groups (2 mm diameter, 2.5 mm length) were inserted into
the holes. Twelve hours or 2 weeks after surgery, the ani-
mals were sacrificed by deep anesthesia.

Investigation of Implant Biocompatibility

Twelve hours after surgery, 8 implants were removed from
the holes in the rats under anesthesia. After fixation with
4% paraformaldehyde, the structure of the blood clot on
the surface was evaluated by FE-SEM. The mean diame-
ters of fibers and pores in the meshwork of blood clots on
these four implants were measured by ImageJ. Two weeks
after implantation, eight implant samples, 2 weeks after
implantation, were extracted from the holes. The Ca and
P depositions of the implants were tested by FE-SEM and
EDS assays.

Hard Tissue Slices

Two weeks after implantation, 16 hard tissue sample
sections were prepared. After fixation and resin embed-
ding, bone tissues with the implants were sliced lon-
gitudinally with a section cutter. Sections (10 um in
thickness) were dyed with methylene blue/acid fuchsin.
The implant-bone interface was evaluated by microscopy
(Olympus, Japan). The bone-implant contacts (BICs%) of
these sections were analyzed with Image-Pro Plus.

SEM

Figure 1.

Statistical Analysis
All the data are shown as the mean 4 standard deviation
(SD). One-way ANOVA was performed using GraphPad
Prism 8 (San Diego, USA). Values of p < 0.05 were con-
sidered as significant.

RESULTS

Surface Properties of the Samples

The surface and cross-sectional topographies of these
groups were observed by FE-SEM and are shown in
Figures 1 and 2. Stripes of Ti-M and Ti2-M were reg-
ularly distributed (Figs. 1(A(a—d))). After AO, nonregu-
lar NTs were fabricated on the Ti2448 surface at 30 V
(Figs. 1(A(e, f))). The anodized Ti2448 surface had NTs
with diameters of approximately 100 nm and lengths of 5
pm (Figs. 1(A(f)), 2(A)). The anodized surface was not
flat, and some of the NTs bulged, while others sank. After
HT treatment for 10 h, the Ti2-NTSr still maintained NT
microstructures, which were similar to those of Ti2-NT
(Figs. 1(A(e-h))).

The Sr content in the Ti2-NTSr group was 4.29%
(Fig. 1(B(d))). The diameters of the nanotubes on
Ti2-NTSr were approximately 100 nm (Fig. 1(A(h))).
The content of O was substantially increased after
anodization (Figs. 1(B(c, d))). The O content in Ti2-
M was merely 5.35% (Fig. 1(B(b))) and increased
to approximately 28.03% (Ti2-NT) (Fig. 1(B(c)))
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Characterization of the Ti-M, Ti2-M, Ti2-NT, and Ti2-NTSr groups. Surface morphologies (A) of Ti-M (a, b), Ti2-M (c, d),

Ti2-NT (e, f), and Ti2-NTSr (g, h). Surface elemental contents (B) of Ti-M (a), Ti2-M (b), Ti2-NT (c), and Ti2-NTSr (d) determined
by EDS elemental content assays. Surface element compositions by XPS analysis (C) of Ti-M (a), Ti2-M (b), Ti2-NT (c), and

Ti2-NTSr (d).
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and 29.67% (Ti2-NTSr) (Fig. 1(B(d))) after anodized
oxidation.

The XPS spectra revealed that oxides were more abun-
dant on the surfaces of the Ti2-NT and Ti2-NTSr speci-
mens (Figs. 1(B(c, d)))) than on the surfaces of the Ti-M
(Fig. 1(C(a))) and Ti2-M (Fig. 1(C(b))). Elemental oxides
were analyzed, and the surface oxides of Ti2-NT were
TiO,, Nb,Os, ZrO,, and SnO (Fig. 1(C(c))). As shown
in Figures 1(C(d)), 2(D)), a well-defined Sr 3d core-level
spectrum, ranging from 133+0.5 eV to 135+0.5 eV, was
detected on the Ti2-NTSr sample [26].

The hydrophilicities of the Ti2-NTSr and Ti2-NT spec-
imens were significantly higher than those of the Ti2-M
and Ti-M specimens (Fig. 2(B)). The Sr release experi-
ment (Fig. 2(C)) demonstrated that there was a burst of
release on day 1, after which the release speed gradually
declined. At day 14, the soaked Ti2-NTSr still contained
1.16 Wt% of Sr (Fig. 2(E)) on the surface, which indi-
cated that the release of Sr on Ti2-NTSr specimens was a
long-term process. The zeta potentials of Ti2-NTSr from
pH 7.0 to pH 8.4 ranged from —21.5 mV to —22.5 mV

(Fig. 2(F)).

Osteogenesis of Different Specimens
Adhesion and Proliferation of Osteoblasts
The CCK-8 assay demonstrated that osteoblasts continu-
ally proliferated on the surfaces of the four groups from
day 1 to day 7 (Fig. 3(A)). The cell proliferation rate on
Ti2-M was higher than that on Ti-M (p < 0.05). Then, the
cell number decreased in the Ti2-NT and Ti2-NTSr groups
compared with the Ti2-M group (p < 0.05).

After incubation for 24 h, osteoblasts fully spread on
all specimens (Fig. 3(B)), and the cytoskeleton and nuclei
were observed by laser fluorescence confocal microscopy.
Osteoblasts on Ti-M and Ti2-M were regularly flattened,

A SEM

Ti2-NTSr

EDS

showing spindle morphology and growing along the stria-
tions, whereas cells on the Ti2-NT and Ti2-NTSr surfaces
exhibited polygonal morphology and grew irregularly and
spread out.

Osteogenic Differentiation and ECM Mineralization
Figure 3(C) shows that the ALP activities of the Ti2-NT
and Ti2-NTSr specimens were significantly increased com-
pared with those of the Ti-M and Ti2-M specimens (p <
0.05). Moreover, the ALP activity of the Ti2-NTSr group
was much higher than that of the Ti2-NT group (p < 0.05).
Figures 3(D), (E) shows that there were more ECM min-
eralized nodules in the Ti2-NTSr group than in the other
three groups (p < 0.05).

Osteogenic-Related Genes of Osteoblasts in These
Specimens

The transcription levels of osteogenic genes are
shown in Figure 3(F). Compared with that on Ti-
M, the expression of COL-1, ALP, BMP-2 and Runx-
2 was specifically increased in the other groups,
and the expression on Ti2-NTSr was the highest,
which indicated the enhancement of osteoblast adhe-
sion, osteogenic differentiation and secretion of bone
matrix and the eventual stimulation of subsequent min-
eralization on Ti2-NTSr. In addition, the expression of
the late-stage osteogenic gene OCN showed a similar
trend.

Osteoimmunology of Different Specimens
Macrophage Adhesion and Spreading

Macrophages on Ti-M and Ti2-M specimens resem-
bled polygonal stars and spread well with long filopo-
dia, whereas the cells on Ti2-NTSr were round with

B Contact Angles C " Sr** Release
:
1.
1
4 0
; 7
P &!“&,g‘" e 5 10 15
days
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e L] ey Ll e
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Figure 2. Cross-sectional images (A) of Ti2-NT (a) and Ti2-NTSr (b). Contact angles in the four groups (B). Sr release of Ti2-
NTSr examined by ICP-MS on days 1, 3, 5, 7, and 14 (C). The binding energy of Sr on Ti2-NTSr as determined by XPS (D). An
element content assay 14 days after Sr release was performed by EDS (E). Zeta potential of Ti2-NTSr (F). *p < 0.05 versus Ti-M;

&p < 0.05 versus Ti2-M; #p < 0.05 versus Ti2-NT.
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Figure 3. Detection of osteogenic abilities in osteoblasts. Osteoblast proliferation on the surface in these four groups by CCK-8
assays (A). Cytoskeleton and nuclei of osteoblasts on the surfaces of these four specimens stained with FITC-phalloidin and DAPI
(B), respectively. Images were observed at 40x magnification. ALP activity (C) of osteoblasts in these four samples. Qualitative
(D) and quantitative (E) mineralization analysis of osteoblasts by Alizarin Red assay. Osteogenic-related gene expression in
osteoblasts in these four samples (F). The data are shown as the mean+SD. *p < 0.05 versus Ti-M; ¥p < 0.05 versus Ti2-M;
#p < 0.05 versus Ti2-NT.

ALP

poor stretching (Fig. 4(A)). Cell adhesion area analysis
(Fig. 4(B)) demonstrated that the mean spreading area of
macrophages on the Ti-M specimen (108.346.6 um?)
was much larger than that on Ti2-NT (77.6 +5.5 um?,
0.71-fold, p < 0.05) and Ti2-NTSr (50.3 +-3.5 uwm?, 0.45-
fold, p < 0.05), whereas the spreading area on Ti2-
M (106.9 + 6.3 um?) was not significantly different
(p = 0.6267).

Macrophage Polarization

Immunofluorescence and flow cytometry assays of
macrophages demonstrated a higher percentage of M2-
phenotype cells in the Ti2-NTSr group than in the other
three groups (Figs. 4(C, D)). Moreover, the expres-
sion levels of M1-type markers (CD86) (Fig. 4(E)) and
inflammatory cytokine genes (IL-18, iNOS, TNF-a and
IL-6) (Fig. 4(F)) were significantly decreased in the Ti2-
NTSr samples. M2-type markers (Arg-I and CD206)

J. Biomed. Nanotechnol. 17, 1812-1823, 2021

Ti-M

Ti-M Ti2-M Ti2-NT  Ti2-NTSr

Alizarian Red Assay
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(Figs. 4(E, F)), anti-inflammatory cytokine genes (/L-10)
(Fig. 4(E)) and osteogenic genes (VEGFA, TGF-B1, and
BMP-2) (Fig. 4(G)) were significantly enhanced. The
translational levels of CD86, iNOS, IL-18, TNF-a and
IL-6 were also decreased (p < 0.05), while IL-10, TGF-g1
and BMP-2 were significantly increased (p < 0.05) in the
Ti2-NTSr groups (Fig. 4(H)).

Coupling Effect of Osteoimmunomodulation with
Osteogenesis

Osteoblast Recruitment

Figure 5(A) illustrates that the closure rates on Ti2-M
(7.2+£1.2%, p = 0.288) and Ti2-NT (6.9 £0.9%, p =
0.160) were not obviously different from those on Ti-M
(9.1 £ 1.6%), whereas the closure rate was significantly
increased on Ti2-NTSr (20.6 £1.8%) at 24 h (p < 0.05).
The closure rate in the Ti2-NTSr group (70.4 +2.6%)
was increased compared with those in the machined and
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Figure 4. Osteoimmunomodulatory ability assessment in macrophages. The adhesion and spreading of macrophages on these
four samples detected by FE-SEM (A). Quantitative spreading areas of macrophages (B). Macrophage polarization in these four
samples examined by laser confocal microscopy (C) and flow cytometric analysis (D). The expression levels of CD86, CD206,
IL-10 (E), IL-1B, IL-6, iINOS, TNF-a and Arg-1 (F) and BMP-2, VEGFA, and TGF-$ (G) were examined by RT-PCR. Translational
levels of CD86, TNF-a, BMP-2, IL-10, IL-6, TGF-3, IL-18, and iNOS (H) by Western blot. The data are shown as the mean + SD.
*p < 0.05 versus Ti-M; ¢p < 0.05 versus Ti2-M; *p < 0.05 versus Ti2-NT.

A Wound Healing B ... . C
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Figure 5. Effects of specimen-conditioned macrophage media on osteogenesis induction. The effect of specimen-conditioned
macrophage medium on osteoblast migration (A). Qualitative (B) and quantitative (C) mineralization analyses of osteoblasts in
specimen-conditioned macrophage media. The values are shown as the mean+SD. *p < 0.05 versus Ti-M; p < 0.05 versus Ti2-M;
#p < 0.05 versus Ti2-NT.

mineralization on Ti2-NT (1.7-fold) and Ti2-NTSr (3.8-
fold) was significantly enhanced (p < 0.05).

anodized groups (Ti2-M, 50.8 & 1.9%; Ti2-NT, 55.1 +
2.3%; Ti-M group 54.2+2.1%) (Fig. 5(A)) at 72 h

(p < 0.05).
Investigation of Osseointegration In Vivo

Immunomodulation of Osteogenesis

Qualitative Alizarin Red analysis (Fig. 5(B)) showed that
more ECM mineralized nodules were formed in Ti2-
NTSr-specific conditioned medium on day 28, and the
quantitative analysis supported this result (Fig. 5(C)).
Specifically, compared with that in the Ti-M group, ECM
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Figure 6(A) shows the surface of the screwed-out Ti2-
NTSr implant after surgery. The bottom surface of the
implant, where the NT coating was still intact, was cov-
ered with fibrous tissue. The fibrous structure of the
blood clot on Ti2-NTSr was thinner and denser than that
on other specimens, with more cells attached to it. In

J. Biomed. Nanotechnol. 17, 1812-1823, 2021
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Figure 6. Osseointegration assessment in vivo. The images of implants 12 h after implantation were collected by SEM (A). The
depositions of Ca and P on implants 2 weeks after implantation (B). Images of hard tissue slices (C) and BIC% (D) of these four

groups.

contrast, the fibrous structures on pure Ti-M and Ti2-
M were sparse with large pores. The depositions of Ca
and P elements in the Ti2-NTSr group (Fig. 6(B)) were
approximately 31.25% and 12.80%, respectively, which
were much higher than those of the Ti-M (Ca: 9.69%,
P: 426%), Ti2-M (Ca: 12.19%, P: 4.68%) and Ti2-
NT (Ca: 19.51%, P: 4.68%) groups. Both the qualitative
(Figs. 6(B(b, e, h, k))) and quantitative assays (Figs. 6(B(c,
f, i, 1))) of Ca and P showed the superior biocompatibility
of Ti2-NTSr implants.

Hard tissue images (Fig. 6(C)) showed abundant newly
formed woven bone and a higher BIC% (Fig. 6(D)) sur-
rounding the implants in the Ti2-NT (49.67 £0.94) and
Ti2-NTSr groups (56.17 £0.69), while less newly formed
bone and a lower BIC% were detected in the Ti-M
(28.50+1.10) and Ti2-M (32.17 +0.69) groups.

J. Biomed. Nanotechnol. 17, 1812-1823, 2021

DISCUSSION

The bone-implant surface is the exact point at which cells
activate intracellular responses that initiate the following
autocrine and paracrine procedures. Many cells, proteins,
and mediators are involved in interactive processes [23,
27-31]. Thus, surface microtopography and element com-
positions determine downstream reactions [32]. Compared
with microarc oxidation (MAQ) and sandblasted large-grit
acid-etched (SLA) modification, NT structures endowed
Ti2448 alloy with better osteogenic ability [27]. Sr has a
dose-dependent effect on bone metabolism. High-dose Sr
(>10 At%) undermines bone formation, and low-dose Sr
(1-7 At%) is conducive to osteogenesis [33, 34]. In our
work, the content of Sr on the surface of Ti2-NTSr was
approximately 1.51 At%, which is beneficial and safe for
osteogenesis.
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The EDS results demonstrated that Sr was well embed-
ded on Ti2-NTSr. In addition, the AO procedure increased
the presence of oxides. Oxides of biomaterials can alter the
signal transduction of osteoblasts, changing the adhesion
and extension of cells [35, 36] and subsequently enhancing
osteogenic differentiation, which is conducive to
osseointegration.

Osteoblast proliferation analysis of osteoblasts showed
that materials with Ti2-NT or Ti2-NTSr layers caused
compromised proliferation compared with Ti-M and Ti2-
M. It has been reported that Sr- and Sr-containing bioma-
terials can increase the proliferation and initial attachment
of osteoblasts [37, 38], whereas some studies have shown
that Sr barely has an impact on the initial adhesion of
osteoblasts [17, 39, 40]. In this study, the difference in cell
proliferation between the Ti2-NTSr and Ti2-NT groups
was not significant, indicating that Sr is not the decisive
factor in proliferation in the current study. Note that the
micromorphologies of the surface in the Ti2-NTSr and
Ti2-NT groups were similar (Fig. 1), and it is conceiv-
able that the regulation of osteoblast proliferation may be
primarily due to surface morphology.

A stiff and well-spread actin cytoskeleton in osteoblasts
is a prerequisite for good osteogenic differentiation, and
the roughened surface of Ti2-NTSr can simulate the archi-
tecture of collagen fibrils in bone tissue and offer a more
proper microtopography for osteogenesis [41, 42]. Sr, even
at low concentrations, could markedly stimulate osteogen-
esis and compromise bone resorption via many pathways,
including upregulating the expression of MAPK and the
endogenous BMP-2 pathway [17, 43]. In this study, early
osteogenesis-related and late-stage genes were similarly
upregulated in this group. In particular, Runx-2, which was
significantly upregulated in the Ti2-NTSr group, is a target
of the BMP-2/TGF-f1 signaling pathway and a vital regu-
lator of osteoblast differentiation [44, 45]. Thus, the results
showed enhanced early osteogenesis and late mineraliza-
tion in the Ti2-NTSr group in comparison with the other
groups, which supported our hypothesis that Ti2-NTSr can
facilitate osseointegration in vivo.

Immune cells are indispensable during the whole
process of osteogenesis. Macrophages, as pivotal
manipulators of osteoimmunomodulation and osseointe-
gration processes, are indispensable during osseointegra-
tion [46, 47]. Most macrophages undergoing early-stage
osseointegration are M1 macrophages, and a well-timed
shift from MI-type to M2-type macrophages is pivotal
to initiate new bone formation, while a prolonged M1
phase generates fibrous tissues around the implant and
compromises osseointegration.

Sr can exert immunomodulatory effects, providing a
suitable microenvironment for enhancing bone forma-
tion [20, 21]. The compositions and surface topographies
of biomaterials manipulate the behaviors of macrophages
by affecting their cytoskeleton [48]. Coating with improper
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nanostructures and compositions can stretch macrophages
and facilitate adhesion and extension, inducing M1 polar-
ization and intensifying osteoimmune responses by gen-
erating adverse cell adsorption forces. In contrast, an
appropriate layer can undermine the proliferation and
extension of macrophages, thus attenuating the osteoim-
mune response [49]. Additionally, hydrophobic materi-
als tend to improve macrophage adhesion, enhancing the
immune reaction [50], while hydrophilic surfaces inhibit
macrophage adhesion. In our study, the hydrophilic Ti2-
NTSr structure endowed the Ti2448 alloy with the ability
to reduce macrophage spreading, significantly downreg-
ulate the transcription levels of TNF-«, IL-183, and IL-
6, and upregulate the expression of anti-inflammatory
genes (IL-10) and osteogenic genes (TGF-B1, VEGFA,
and BMP-2). TGF-1 and BMP-2 are involved in multi-
ple biological processes, including osteogenesis activation.
VEGFA can promote osteoblast differentiation synergisti-
cally with BMP-2 [51]. Some studies have found that the
elastic modulus can modulate macrophage behavior [8].
However, Ti2-M exerted no significant regulatory effect
compared with Ti-M. Thus, the behaviors of macrophages
may be mainly determined by the surface micromorphol-
ogy and addition of bioactive elements to specimens.

As a complicated process, osteogenesis requires the
participation of multiple cells and mediators, which
are necessary throughout osseointegration [31, 52]. The
recruitment of osteoblasts to the implant-tissue surface
is indispensable for the formation of bone mass. Acti-
vated M2 macrophages can produce various cytokines,
including TGF-B1 and PDGF-BB, which can accelerate
the bone reconstruction process by recruiting osteoblasts
and some tissue-specific cells toward the bone implant
surface [31, 49]. Ti2-NTSr-conditioned medium exhibited
a strong capacity to recruit osteoblasts. The ECM min-
eralization assay also showed significant enhancement of
osteogenesis in the Ti2-NTSr group. Ideally, Ti2-NTSr-
coated Ti2448 material can recruit osteoblasts and then
induce their differentiation.

In vivo, the formation of blood clots on implants initi-
ates osseointegration [47], which is followed by the acti-
vation of platelets. Studies have shown that the fibers
of clots are thinner and denser when platelets are acti-
vated [53-55]. Dense clots with abundant branchy and
thin fibers are more rigid and can recruit more cells and
proteins to the vicinity of the clot, which will accel-
erate bone formation around the implant. The clots on
the surface of Ti2-NT and Ti2-NTSr were thin, compact
three-dimensional collagen networks with smaller pores.
The Ca and P contents of Ti2-NTSr were much higher
than the depositions of the other groups, which strongly
exhibited the favorable biocompatibility of Ti2-NTSr spec-
imens. Furthermore, the BIC% of the Ti2-NTSr implant
was much higher than that of the other groups (p < 0.053),
which demonstrated the superior osseointegration of Ti2-
NTSr-coated implants in vivo.

J. Biomed. Nanotechnol. 17, 1812-1823, 2021
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CONCLUSION

In this study, we successfully fabricated a newly devel-
oped Ti2-NTSr coating on a Ti2448 alloy by anodization
and HT processes. The Ti2-NTSr coating also possessed
excellent biocompatibility. The present study showed that
the Ti2-NTSr coating could improve osteogenic functions,
induce favorable osteoimmunomodulation and enhance
osseointegration. In conclusion, a Ti2448 alloy with a Ti2-
NTSr coating is conducive to osseointegration and has
potential for clinical applications.
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