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The surface topography of implants plays a major role in osteogenesis and immunomodulation. In this
study, three types of TiO, nanoarrays including nanorod arrays with a diameter of 45 nm (TiO,-N),
nanorod arrays with a diameter of 60 nm (TiO,-N N), and nanocone arrays (TiO,-NW) are prepared on
titanium and the behavior of bone marrow stromal cells (BMSCs) and polarization of macrophages are
studied. Compared to the planar titanium control, TiO, nanoarrays facilitate osteogenesis of BMSCs and
stimulate the pro-healing M2 phenotype. However, adhesion, spreading, proliferation, and osteogenic dif-
ferentiation of BMSCs are more pronounced on TiO,-N N than both TiO,-N and TiO,-NW. TiO,-NN also
produces the best immune microenvironment, while TiO,-NW is more favorable than TiO,-NN from the
viewpoint of cell adhesion and spreading of osteoblasts.

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

With the accelerating global trend of population aging and
the increasing incidence of dental and orthopedic related diseases,
there is a growing demand for implants [1]. Titanium (Ti) and its
alloys have been widely used as artificial implant materials due to
excellent mechanical properties, biocompatibility, and corrosion re-
sistance [2-5]. However, the nanometer-thick oxide layer on the
surface of Ti also renders Ti-based alloys biologically inert which
makes stable osseointegration difficult [6-8]. Osseointegration is a
complex bone and implant healing process, and the rapid estab-
lishment of strong and durable connections between implant and
bone tissues is vital to osseointegration [9]. Therefore, enhancing
the interface interaction between Ti and bone tissue is highly de-
sirable [10].

Numerous studies have shown that the surface morphology of
Ti implants can facilitate cell adhesion, spreading, proliferation and
differentiation [11-17]. Yu et al. found that nanorods were favor-
able for endothelial cell adhesion and angiogenesis [18]. Yuan et al.
prepared nanopores by sandblasting and acid etching and found
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the nanopores were conducive to osteoblast adhesion, prolifera-
tion and osteogenic differentiation [19]. Yang et al. believed that
nanowebs prepared by electrochemical anodization were beneficial
to stem cell adhesion and osteogenic differentiation [20]. Fabrica-
tion of the nanostructures on Ti by surface modification to enhance
osteogenesis or angiogenesis is still the focus of current research.

The primary techniques currently used to improve the bioactiv-
ity and compatibility of Ti implants include acid etching, anodiza-
tion, alkali heat treatment, sandblasting, electrochemical etching,
hydrothermal treatment, and so on [21-26]. In particular, the hy-
drothermal technique which is simple, environmentally friendly,
and economical [27] has been used to produce a variety of nanos-
tructures such as nanorods, nanotubes, and nanopores with good
biocompatibility [28-32]. Yao et al. have observed that nano-flakes
prepared on Ti hydrothermally have excellent osteogenic ability
[33]. Ma et al. have fabricated various nanostructures on Ti by
the alkali heat treatment and found that the materials induce os-
teogenic differentiation of stem cells [34]. In our previous studies,
TiO, nanorod arrays were hydrothermally prepared on Ti and pro-
liferation, spreading and differentiation of osteoblasts were demon-
strated [35-38]. However, the effects of various nanorod arrays on
the osteogenic activity of stem cells and immunomodulation of
macrophages have not been systematically studied.

1005-0302/© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.


https://doi.org/10.1016/j.jmst.2022.12.023
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmst
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmst.2022.12.023&domain=pdf
mailto:tangbin@tyut.edu.cn
mailto:zhangxiangyu@tyut.edu.cn
https://doi.org/10.1016/j.jmst.2022.12.023

R. Li, H. Zhang, X. Yao et al.

Journal of Materials Science & Technology 150 (2023) 233-244

Fig. 1. Schematic illustration of the preparation of nanoarrays on Ti and its effect on osteogenesis and immunomodulation in vitro.

In this study, the TiO, nanorod array (TiO,-N) prepared by a
one-step hydrothermal treatment in NaOH undergoes a second hy-
drothermal treatment to form TiO, nanorods with a larger diam-
eter (TiO,-NN) and nanocones (TiO,-NW) in NaOH and deionized
water, respectively. The effects of the different surface morpholo-
gies of TiO,-N, TiO,-NN and TiO,-NW on osteogenic activity and
immunomodulation are studied systematically (Fig. 1).

2. Experimental section
2.1. Preparation of different nanoarrays on Ti

High-purity titanium (Ti) plates with an ASTM classifi-
cation of Grl were cut into samples with dimensions of
3 cm x 3 cm x 2 mm and sonicated in acetone, ethanol and
deionized water successively. The samples were placed in a 50 mL
Teflon-lined stainless-steel autoclave containing 1 mol/L NaOH and
hydrothermally treated at 220 °C for 4 h. Afterwards, the sam-
ples were sonicated in deionized water for 30 s and immersed in
0.5 mol/L HCI for 0.5 h. After annealing in a muffle furnace at 550
°C for 2 h, TiO,-N was obtained. To prepare other morphologies, Ti
was treated hydrothermally at 220 °C in 1 mol/L NaOH for 4 h and
then underwent a second hydrothermal process at 220 °C for 4 h
in a 50 ml Teflon-lined stainless-steel autoclave containing 1 mol/L
NaOH solution and deionized water, respectively. After soaking in
0.5 mol/L HCI for 0.5 h and annealing at 550 °C for 2 h, TiO,-NN
and TiO,-NW were obtained, respectively.

2.2. Characterization

Field-emission scanning electron microscopy (FE-SEM, Ultra55,
Zeiss, Germany) and transmission electron microscopy (TEM, Tec-
nai G20, FEI, USA) were used to observe the surface morphology
and microstructure. The surface composition was determined by X-
ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher Sci-
entific). The phase composition was determined by X-ray diffrac-
tion (XRD, Rigaku Dmax-3C, Cu K, radiation, 26 from 5° to 90°,
step size of 0.02°). The roughness of the samples was examined
by atomic force microscopy (AFM, XE-100, Park Systems) and the
surface contact angles were measured on a contact angle meter
(JC2000D2, Powereach, China) at room temperature by the sessile
drop method.
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2.3. Protein adsorption

1 mL of the minimum essential medium alpha medium (a-
MEM, Gibco, America) containing 10% fetal bovine serum (FBS, Si-
jiging, China) was introduced onto each sample placed on a 24-
well plate. After incubation for 4 h, the medium was removed. The
samples were washed with the phosphate buffer (PBS) and agi-
tated in the 1% sodium dodecyl sulfate (SDS) solution for 1 h to
collect the protein. The protein adsorbed by the samples was as-
sayed by the enhanced BCA kit (cat# PO009; Beyotime).

2.4. Bone marrow stromal cells

2.4.1. Cell culture

According to the common protocol [39], bone marrow stromal
cells (BMSCs) were extracted from the tibiae and femur of 3-week-
old rats (generations 2 to 4) were used in the study. The cells were
cultured with the «-MEM medium containing 1% streptomycin, 1%
penicillin, and 10% FBS at 37 °C in an incubator filled with 95% air
and 5% CO,. The BMSCs were incubated on the samples with a cell
density of 1 x 10* cells/cm? and the medium was changed once a
day.

Additional 10 mmol/L B-glycerophosphate (Ekear, China),
50 pg/mL ascorbic acid (Ekear, China) and 10 nmol/L dexametha-
sone (Ekear, China) were added to the osteogenic medium to pre-
pare the osteogenic induction medium for the experiments on os-
teogenic induction.

2.4.2. Cell adhesion and skeleton

The cells were incubated on the samples for 1, 4, and 8 h. After
washing with PBS, the cells were fixed with 4% paraformaldehyde
(PFA) for 40 min and stained with 4,6-diamidino-2-phenylindole
(DAPI, Sigma, USA) in the dark for 10 min. Subsequently, fluores-
cent images were captured under a confocal laser scanning elec-
tron microscope (CLSM, C2 Plus, Nikon).

Prior to the morphological observation, the cells were cultured
on the samples for 24 h. They were washed with PBS and fixed
with 4% PFA for 40 min. Fluorescein isothiocyanate (FITC, Sigma,
USA) was added and the cells were stained in the dark for 1 h, fol-
lowed by counterstaining with DAPI for 10 min in darkness. Finally,
fluorescent images were acquired randomly by CLSM.
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2.4.3. Live/dead staining

The viability of cells on the samples was determined by
live/dead fluorescent staining (calcein AM and EthD-1). The cells
were seeded and washed with PBS after incubation for 1, 3, and 5
days. 50 pL of the staining solution was dropped onto the samples
and incubated in the dark for 1 h. The live cells (green) and dead
cells (red) were observed by CLSM.

2.4.4. Cell proliferation

Cell proliferation was quantified by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, USA) assay.
The cells were cultured and incubated for 1, 3 and 5 days. At each
time point, the samples were rinsed thrice with PBS and trans-
ferred to a new 24-well plate. 900 pL of the «-MEM medium and
100 pL of the MTT solution were added to each well and incu-
bated in the dark for 4 h. The mixture was removed and the crys-
tals were dissolved with 1 mL of dimethyl sulfoxide (DMSO, Sigma,
USA). The optical density (OD) of the solution was measured by a
microplate reader (Infinite F50, TECAN) at 492 nm.

2.4.5. Cell morphology

The morphology of the BMSCs on the samples was observed by
FE-SEM. The cells were seeded, incubated for 24 h, fixed with 3%
glutaraldehyde, and dehydrated with gradient alcohol. After drying
and gold plating, spreading of the BMSCs was monitored by FE-
SEM.

2.4.6. Alkaline phosphatase (ALP) activity

After stimulation in osteogenic induction medium for 4 and 7
days, the cells were rinsed gently with PBS, fixed with 4% PFA,
stained with the ALP color development kit (cat#C3206; Beyotime,
China) for 30 min, and imaged under an inverted light microscope
(Zeiss). The cells were lysed in the cell lysis solution (cat#P0013j;
Beyotime) and the ALP activity of the BMSCs was determined using
the ALP detection kit (cat#P0321; Beyotime, China).

2.4.7. Collagen secretion

The direct red (Sigma, America) stain was used to quantify type
I collagen secretion from the cells. The cells were seeded and in-
duced by the osteogenic induction medium for 7 and 14 days.
Thereafter, the samples were washed with PBS, fixed by 4% PFA,
and stained with direct red in the aqueous saturated picric acid
(0.1 wt.%) for 18 h. After rinsing with 0.1 mol/L acetic acid, the
cells were decolorized with 1 mL of the fading solution (0.2 mol/L
NaOH/methanol 1:1) and the OD value was measured at 570 nm
on a microplate reader.

2.4.8. Extracellular matrix (ECM) mineralization

Extracellular matrix mineralization was determined by alizarin
red (Aladdin, China) staining. After the cells were grown in the os-
teoinductive medium for 7 and 14 days, the samples were rinsed
three times with PBS and fixed in 75% ethanol for 1 h. The cells
were then stained with 40 mmol/L alizarin red stain for 30 min
and washed with deionized water until the water was clear. The
cells were eluted with 500 pL of 10% cetylpyridinium chloride for
2 h and the OD value of the solution was determined at 570 nm
on a microplate reader.

2.4.9. Osteogenesis-related gene expression

To further investigate the effects of the surface nanostructures
on the expression of osteogenesis-related genes in the BMSCs, the
cells were collected after culturing for 5 days. The RNA and re-
verse transcribed RNA were extracted by the Eastep® Super Total
RNA Extraction Kit (Promega) and PrimeScript™ RT Kit (Takara),
respectively. The expression levels of alkaline phosphatase (ALP),
runt-related transcription factor 2 (RUNX2), osteopontin (OPN),
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Table 1
Primers for RT-PCR.

Genes  Primers Sequences (5'-3')

Homo  Forward = AGCCAACTCGTCACAGTCC
RUNX2 Reverse ACATCGGTGATGGCAGGAAG
Homo  Forward  GACAAACTGGGGCCTGAGATA
ALP Reverse CTGACTTCCCTGCTTTCTTGG
Homo Forward ACTGATTTTCCCACGGACCT
OPN Reverse CTCCTCGCTTTCCATGTGTG
Homo  Forward  TCACACTCCTCGCCCTATTG
OCN Reverse AGCCAACTCGTCACAGTCC

and osteocalcin (OCN) were assayed by the StepOne Real-Time PCR
System (Applied Biosystems) according to the manufacturer’s pro-
tocols of TB Green Premix Ex Taq II (Takara). The gene content was
determined by the comparative CT (AACT) method and the gene
expression of GAPDH was used for normalization. The primer se-
quences used in RT-qPCR are presented in Table 1.

2.5. Biocompatibility of osteoblasts in vitro

2.5.1. Cell culture

The in vitro cell experiments were performed on the osteoblasts
(MC3T3-E1, Shanghai Chinese Academy of Sciences, Catalog num-
ber: GNM15). The experiments were performed by seeding 1 mL
of cells (1 x 10* cells/cm?2) on the sample surface and the medium
was changed once a day. The culturing method was the same as
that shown in Section 2.4.1.

2.5.2. Cell adhesion and skeleton
The experimental protocol was the same as that described in
Section 2.4.2.

2.5.3. Cytotoxicity
The experimental protocol was the same as that described in
Section 2.4.3.

2.5.4. Cell proliferation
The experimental protocol was the same as that shown in
Section 2.4.4.

2.6. Macrophages

2.6.1. Cell culture

The murine-derived macrophage cell line RAW 264.7 (TIB-71,
ATCC, VA, USA) was used in this study. The cells were incu-
bated in DMEM supplemented with 10% FBS and 1% (v/v) peni-
cillin/streptomycin and placed in a cell culture incubator con-
taining 5% CO,. After culturing in the normal medium overnight,
lipopolysaccharide (LPS, 100 ng/mL) was added to the culture
medium for 6 h to activate the macrophages. The medium was re-
placed with serum-free normal medium.

2.6.2. Cell morphology

The morphology of the macrophages was observed by FE-SEM.
The cells (2 x 10* cells/cm?) were seeded on the sample surface,
cultured in normal medium for 24 h, stimulated by LPS, and cul-
tured in serum-free normal medium for 12 h. 2.5% glutaraldehyde
was used to fix the cells and the morphology was examined by
FE-SEM according to the method described in Section 2.4.5.

2.6.3. Immunofluorescence staining

The inducible nitric oxide synthase (iNOS, M1 marker) and clus-
ter of differentiation 206 (CD206, M2 marker) were used as mark-
ers to assess the phenotype of the macrophages. The cells (5 x 104
cells/cm?) were cultured and incubated in the normal medium for
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Fig. 2. (a) Surface and cross-sectional images of TiO,-N, TiO,-NN, and TiO,-NW, (b) surface roughness of Ti and TiO, nanoarrays obtained by AFM, and (c) TEM images of
TiO,-N, TiO,-NN, and TiO,-NW.
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Fig. 3. (a) XPS survey spectra and high-resolution spectra of Ti 2p and O 1 s of the TiO, nanoarrays, (b) XRD patterns of Ti, TiO,-N, TiO,-NN, and TiO,-NW, (c) surface
wettability of Ti, TiO,-N, TiO,-NN, and TiO,-NW, and (d) total adsorbed proteins on Ti, TiO,-N, TiO,-NN and TiO,-NW after incubation for 4 h in the medium containing 10%
«-DMEM (***p < 0.001).

Fig. 4. Effects of the surface nanoarrays on osteogenic regulation of BMSCs. (a) CLSM images of the nuclei of the BMSCs on Ti, TiO,-N, TiO,-NN, and TiO,-NW after culturing
for 1, 4 and 8 h and (b) cytoskeleton of BMSCs. After culturing for 24 h, F-actin is stained with FITC (green) and the cell nuclei are stained with DAPI (blue). (c) CLSM images
after live/dead staining of the BMSCs after culturing for 1, 3, and 5 days and (d) MTT results of the BMSCs after 1, 3 and 5 days (***p < 0.001).
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Fig. 5. Morphologies of the BMSCs cultured on the samples for 1 day. The high-magnification images are taken from the area surrounded by squares in the low-magnification

images.

24 h, stimulated with LPS, and cultured in the serum-free normal
medium for 12 h. The cells were fixed with 4% PFA and washed
with PBS.

In the iNOS experiment, 1 mL of the immunostaining perme-
abilizer (Triton X-100) was added and permeabilized for 20 min
and then the cells were rinsed with PBS. 1 mL of the QuickBlock™
closure solution (PBS) was added and remained for 1 h. After the
blocking solution was removed, 500 pL of the diluted primary an-
tibody Anti-iNOS antibody (1:1000, Abcam, UK) was added and in-
cubated for 1 h, then overnight at 4 °C. Next, after incubating for
1 h and washing with PBS, 300 pL of the diluted secondary anti-
body m-IgGk BP-CFL 555 (1:100, sc-516177, Santa Cruz Biotechnol-
ogy, USA) was added and incubated for 1.5 h followed by washing
with PBS. The nuclei were stained by DAPI for 5 min, washed with
PBS, and photographed by CLSM. The CD206 uses the immunos-
taining permeabilizer (Saponin), primary antibody CD206 (1:2000,
Abcam, UK) and secondary antibody m-IgGk BP-CFL 488 (1:100,
sc-516176, Santa Cruz Biotechnology, USA).

2.7. Statistical analysis

The experiments were repeated 3 times and the data were
shown as mean =+ standard deviation (SD) based on the statistical
software SPSS 14.0. Statistical analysis was performed using one-
way analysis of variance and Student-Newman-Keuls (SNK) post
hoc test. *p < 0.05, ** p < 0.01, and *** p < 0.001 were consid-
ered to be statistically significant, highly significant and extremely
significant, respectively.
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3. Results and discussion
3.1. Characterization

Various nanostructures were prepared on Ti hydrothermally.
The nanorod structure was produced using a hydrothermal sol-
vent containing NaOH and by increasing the reaction time, the
nanoleaf structure morphs into a nanorod-like morphology. How-
ever, as the hydrothermal time is increased further, the nanorods
become twisted and entwined with each other forming a disor-
dered structure (Fig. S1 in Supplementary Information). A second
process is thus adopted to adjust the diameter and morphology of
the nanorods by changing the solvent in the hydrothermal treat-
ment. TiO,-N was fabricated on Ti by a one-step hydrothermal
treatment in NaOH, whereas TiO,-NN and TiO,-NW were prepared
using a second hydrothermal treatment with NaOH and deionized
water, respectively. As shown in Fig. 2(a), the three TiO, nanos-
tructures have uniform density and spatial distribution. The diam-
eters of the nanorod on TiO,-N, TiO,-NN and TiO,-NW are about
45, 60 and 32 nm, respectively. The spacing values of the nanos-
tructures in each of these three groups are measured from the
SEM images, and are about 42, 60 and 28 nm, respectively. AFM
shows that the roughness of TiO,-N, TiO,-NN and TiO,-NW is 129,
110, and 40.5 nm. After the secondary hydrothermal treatment, the
roughness of the nanoarrays decreases. The three TiO, nanostruc-
tures are characterized by TEM (Fig. 2(c)). Nanorods with a di-
ameter of about 45 nm are observed from the TiO,-N group but
that of the nanorods in the TiO,-NN group is 60 nm. This further
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Fig. 6. Osteogenesis of BMSCs on the nanoarrays. (a, b) Qualitative images and quantitative results of the ALP activity of BMSCs after osteogenesis induction for 4 and 7
days. (c, d) Qualitative images and quantitative results of type I collagen secretion by the BMSCs after osteogenesis induction for 7 and 14 days. (e, f) Qualitative images and
quantitative results of mineralization after osteogenesis induction for 7 and 14 days. (g) Effects of the nanoarrays on the osteogenesis-related genes ALP, RUNX2, OPN and

OCN by RT-qPCR (**p < 0.01, *** p < 0.001).

confirms the successful preparation of nanoarrays on Ti. A lattice
spacing of 0.35 nm is observed from the (101) plane of TiO, as
shown in Fig. 2(c) [35,36] because the precipitation rate of TiO,-
N is larger than the dissolution rate in NaOH in the second hy-
drothermal step [27]. When the solvent in the second hydrother-
mal treatment is changed to deionized water, a nanocone structure
is observed (TiO,-NW) possibly because when the dissolution rate
of TiO,-N is higher than the precipitation rate, highly anisotropic
growth results. During the reaction in deionized water, growth oc-
curs along the preferred direction leading to the formation of rod-
shape structures with sharp facets. If the hydrothermal reaction
proceeds, the nanocone structure forms gradually [40].

The chemical states of the TiO, nanoarrays are determined by
XPS (Fig. 3(a)) and the high-resolution spectra of Ti and O confirm
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the formation of TiO,. Fig. 3(b) shows the XRD patterns of Ti and
TiO, nanoarrays. The nanoarrays are mainly composed of anatase
TiO, and Ti. The surface wettability is shown in Fig. 3(c). The con-
tact angle on Ti is about 53° and decreases to about 13° on the
TiO, nanoarrays, indicating that the TiO, nanoarrays improve the
hydrophilicity of Ti. However, no significant difference is observed
among the TiO,-N, TiO,-NN, and TiO,-NW groups.

Protein adsorption is an essential step in the initial stage of cell
adhesion and affects the subsequent interactions with cells [41].
The amounts of proteins adsorbing on the TiO, nanoarrays are pre-
sented in Fig. 3(d). The protein concentrations on TiO,-N, TiO,-
NN, and TiO,-NW are 0.231, 0.285, and 0.231 mg/mL, respectively,
which are higher than that on Ti (0.208 mg/mL). This may be due
to the improved hydrophilicity and special nanostructures [42]. The
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Fig. 7. Effects of the surface nanoarrays on osteoblasts. (a, b) CLSM images of the cell nuclei and quantitative results after culturing for 1, 4, and 8 h on Ti, TiO,-N, TiO,-NN,
and TiO,-NW. (c) CLSM images after live/dead staining of the osteoblasts after culturing for 1, 3, and 5 days. (d) MTT results after culturing for 1, 3, and 5 days (***p < 0.001).

corrosion resistance of Ti and TiO, nanoarrays is shown in Fig. S2
and the corresponding values of Ecorr and Ieorr Obtained from the
polarization curves are shown in Table S1 in Supplementary Infor-
mation. The results show that the corrosion resistance of the sam-
ples with nanoarrays is better.

3.2. Effects of the nanoarrays on osteogenesis

The surface nanomorphology of implants affects protein ad-
sorption and can stimulate osteoblast migration to accelerate os-
seointegration [43-45]. BMSCs have been shown to influence bone
regeneration and benefit cellular therapy of bone diseases [46].
Herein, BMSCs are cultured on the nanoarrays to study the effects
on osteogenesis.

The adhesion ability of BMSCs to the nanoarrays is assessed by
DAPI staining. As shown in Fig. 4(a), after culturing for 8 h, the
number of adherent cells on TiO,-NN is larger than that on other
samples. The cell morphology after culturing for 24 h is observed
by FITC and DAPI staining (Fig. 4(b)). Compared to Ti, TiO,-N, TiO,-
NN, and TiO,-NW induce a higher F-actin assembly. In particu-
lar, spreading of BMSCs on TiO,-NN and TiO,-NW is better, espe-
cially on TiO,-NN which reveals a polygonal shape with cellular
pseudopodia. The results may be related to the roughness of the
nanoarrays as the rougher TiO,-NN promotes adhesion, diffusion,
and differentiation of BMSCs [47]. Live/dead staining (Fig. 4(c)) and
MTT assay (Fig. 4(d)) are performed to assess the cell viability and
proliferation of BMSCs on the various nanoarrays. The metabolic
activity of BMSCs on the nanoarrays is higher than that on Ti after
culturing for 5 d showing the number of cells shows the order of
TiO5-NN> TiO5-NW >TiO,-N.

The SEM images of the BMSCs after incubation for 1 day are
depicted in Fig. 5. BMSCs are observed to grow on all samples.
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Compared to Ti, flat lamellipodia are observed from TiO,-N and
TiO,-NW and TiO,-NN shows more pronounced stretching of the
flattened plate-like feet. The nanostructures with improved rough-
ness and hydrophilicity facilitate the adhesion of proteins, and the
nanostructures provide more spacer sites for the adhering inte-
grins [48,49], which changes the cellular behavior through cell-
sensing morphology, thus presenting different orientations and
shapes [50,51].

The ALP activity, collagen secretion, and ECM mineralization of
the nanoarrays are determined to investigate osteogenic differenti-
ation of BMSCs (Fig. 6). The qualitative micrographs and quantita-
tive results disclose that the nanoarrays induce a higher amount
of ALP than Ti. Among the different nanoarrays, the ALP activ-
ity of BMSCs on TiO,-NN is the highest, followed by TiO,-N and
TiO,-NW. Collagen secretion and ECM mineralization on the var-
ious nanoarrays are essentially the same as that of the ALP activ-
ity, confirming that TiO,-NN facilitates osteogenic differentiation of
BMSCs.

The effects of the nanoarrays on the expression of osteogenic-
related genes are monitored from the gene perspective by RT-qPCR
(Fig. 6(g)). Compared with Ti, all the nanoarrays upregulate the ex-
pressions of ALP, RUNX2, OPN and OCN. According to the early
differentiation marker ALP and late differentiation marker OCN,
the gene expression of TiO,-N and TiO,-NN is stronger than that
of TiO,-NW, especially TiO,-NN. RUNX2 is an important upstream
osteoblast-specific transcription factor [10,52] that stimulates tran-
scription of osteogenesis-related genes such as ALP [53] and OCN
[54] by combining specific regions. It has been shown that the de-
velopment of the osteoblast phenotype requires a regulated inter-
relationship between proliferation and differentiation [11]. The ex-
pression of genes for ALP, RUNX2, OPN and OCN markers are all
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Fig. 8. FE-SEM images of the macrophages after incubation for 24 h on the samples and stimulation with LPS for 6 h. The high-magnification images are taken from the

area surrounded by squares in the low-magnification images.

enhanced, but do not reach a statistical difference, probably be-
cause at this point cell proliferation reached its endpoint and os-
teogenic differentiation was underway [55].

The nanorods on TiO,-NN show better adhesion, spreading,
proliferation, and osteogenic differentiation of BMSCs boding well
for the osteogenic capacity. Generally, the cell behavior on the sur-
face of implants is influenced by many factors such as chemical
composition, surface topography, hydrophilicity, and protein ad-
sorption. As shown by our experiments, most of the nanoarrays
are TiO, which possesses excellent biocompatibility. However, TiO,
alone cannot regulate the cell behavior. It has been reported that
a hydrophilic surface favors cell adhesion and proliferation [56],
whereas a rough surface provides more sites for adherence of inte-
grin clusters [49]. Accordingly, the nanoarrays favor growth and os-
teogenic differentiation of BMSCs due to the improved hydrophilic-
ity and higher roughness [57]. The nanostructures also affect pro-
tein adsorption as well as integrin ligation and clustering [41],
which further influence assembly of focal adhesion and alter the
signaling pathways [58-60], then regulate cell shape and adhesion,
and thus guide cell fate [61,62]. It has been shown that nanorods
with a spacing value of about 70 nm can effectively promote
cell proliferation, differentiation and osteogenesis [18,63], which is
consistent with our results. TiO,-NN adsorbs more protein under
the same conditions because of the special surface nanostructure
and furthermore, the diameter and spacing of the nanorods are
more suitable for integrin activation and clustering. TiO,-NN shows
the best results in promoting adhesion, spreading, proliferation, as
well as osteogenic differentiation of BMSCs.
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3.3. Effects of the nanoarrays on osteoblasts

Directing BMSCs towards osteoblasts rather than other cell
types is crucial to bone tissue engineering [64]. Hence, the os-
teoblast cell line of MC3T3-E1 is cultured on Ti and TiO, nanoar-
rays to study the effects. The cell morphology is observed by flu-
orescent staining (Fig. S3) and the high-magnification micrograph
is shown in Fig. S4. Similar to the results of BMSCs, after incu-
bation for 24 h, spreading of osteoblasts on all the nanoarrays is
better than that on Ti. Among the different nanoarrays, TiO,-NW
induces more F-actin assembly than TiO,-N and TiO,-NN, and the
cells on TiO,-NW have a polygonal shape with filamentous and
lamellar pseudopods. The results are inconsistent with those ob-
served from the BMSCs. The initial adhesion, cell viability, and pro-
liferation of osteoblasts are studied (Fig. 7) and all the nanoarrays
promote better adhesion and proliferation of cells than Ti and the
cell viability and numbers show the following order of TiO,-NW
>TiO,-NN>TiO,-N.

Osteoblasts exhibit different behavior on the TiO, nanoarrays
compared to BMSCs. The osteoblasts are more sensitive to TiO-
NW rather than TiO,-NN probably due to the cell membrane char-
acteristics and cell dimensions [65,66]. In terms of cell proliferation
and cell viability, it has been shown that osteoblasts are less sensi-
tive to nanogrooves than BMSCs [67]. It can be seen from Fig. 2(a)
that TiO,-NW nanogrooves are the shallowest, so TiO,-NW is con-
ducive to the adhesion and spreading of osteoblasts. Furthermore,
it has been proved that osteogenic differentiation of BMSCs cul-
tured on the nanosurface at Ra=110 nm was increased compared
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Fig. 9. Immunomodulatory effects of the surface nanoarrays on macrophages. (a) Fluorescence images of CD206 (green) and nuclei (blue). (b) Quantitative fluorescence inten-
sities of macrophages on Ti, TiO,-N, TiO,-NN, and TiO,-NW. (c) Fluorescence images of iNOS (red) and nuclei (blue). (d) Quantitative fluorescence intensities of macrophages

on Ti, TiO,-N, TiO,-NN, and TiO,-NW (***p < 0.001).

to Ra=49 nm [68-70]. Combined with the AFM results, it can be
shown that TiO,-NN is more favorable for the osteogenic differen-
tiation of BMSCs. As discussed above, the cell behavior is related
to many factors and different cells respond differently to the same
factor. Osseointegration is a complex process involving osteogene-
sis, angiogenesis, osteoimmunomodulation, and so on [71,72] and
several kinds of cells are frequently involved and so more studies
are needed to illustrate the definitive effects of nanostructures on
different types of cells.

3.4. Effects of the nanoarrays on the immune response

Macrophages are an important component of innate immunity
and the functions can be modulated by the nano-textured topogra-
phies of implants [73]. After implantation, the immune response of
macrophages to osseointegration depends on the implant surface
and subsequently determines the fate of the implants [74-76]. In
this study, macrophages are cultured on the samples to investigate
the relationship between the nanoarrays and macrophage-induced
bone immunomodulation.

The shape of macrophages is related to the phenotype. The M1
macrophages are usually round with invasive footprints and M2
macrophages are mainly elongated with a spindle shape with a
lamellar footprint [77,78]. Macrophages are stimulated with LPS
and the morphology of the macrophages is displayed in Fig. 8.
Macrophages can grow on all the samples. However, the morphol-
ogy of the macrophages on Ti is round, whereas the macrophages
on the nanoarrays have a spindle shape and are extended in sheets.
Moreover, there are more filamentous feet at the lamellar exten-
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sion of the macrophages on TiO,-NN. The surface morphology
and hydrophilicity of implants affect the phenotype, spreading and
morphology of macrophages [79,80], which are regulated by cell-
material interactions [81-84]. In this work, we believe the specific
nanorod with a larger diameter plays a major role in immunomod-
ulation.

In order to further study the regulatory effects of the various
nanoarrays on the phenotypic transformation of macrophages, the
expression levels of protein of CD206 (CD206, as a representative
M2 marker) and iNOS (iNOS, as a representative M1 marker) of
the macrophages after culturing for 24 h are examined by fluo-
rescence staining (Fig. 9). According to the qualitative images and
quantitative results, all the nanoarrays enhance secretion of CD206
and downregulate secretion of iNOS from the macrophages. In par-
ticular, TiO,-NN shows improved expression of the M2 marker
but smaller expression of the M1 marker. The immunomodula-
tory effects of both TiO,-N and TiO,-NW are weaker than that of
TiO,-NN, and there is little difference in the expressions of CD206
and iNOS between the two. In addition, since LPS facilitates ac-
tivation of macrophages towards the M1 type [43,85,86], the im-
munofluorescence photograph and quantitative results of the sam-
ples not stimulated with LPS are used to serve as a control group
as shown in Fig. S5. Compared to LPS stimulation, secretion of
CD206 increases but secretion of iNOS decreases in line with our
conclusion. Based on the quantitative and qualitative results of im-
munofluorescence, it is evident that TiO,-NN is more favorable for
macrophage polarization toward the M2 type. Macrophages cul-
tured on TiO,-NN for 24 h might reduce macrophage secretion of
inflammatory factors [77,87], inducing macrophage polarization to-
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ward M2 type and release of anti-inflammatory cytokines. M2 type
macrophages normally trigger extracellular matrix synthesis, cell
proliferation and tissue remodeling in the latter stage [88]. In ad-
dition to having anti-inflammatory capacity [89], the released anti-
inflammatory cytokines can also enhance osteoblast differentiation
[90], thereby accelerating bone formation [91,92] and healing [93].

The immune response of macrophages is influenced by the sur-
face characteristics of the implants such as the morphology, rough-
ness, and hydrophilicity [81,84]. In this study, the effects of the
nanoarrays on the immunomodulatory is similar with those of
BMSCs. TiO,-NN promotes macrophages towards the M2 pheno-
type, enhances secretion of CD206, and downregulates secretion
of iNOS, suggesting that the surface characteristics of TiO,-NN is
more important in triggering the immune response and inducing
macrophage polarization towards the M2 type after implantation.
The immune environment further affects osteogenesis and angio-
genesis essential to subsequent bone tissue regeneration.

4. Conclusion

Nanoarrays with three different morphologies are prepared on
Ti hydrothermally in different solvents to enhance the osteogenic
properties. The nanoarrays exhibit enhanced cell adhesion, prolif-
eration, differentiation, and immunomodulatory effects. In partic-
ular, TiO,-NN shows the best results in promoting osteogenic dif-
ferentiation of BMSCs and stimulating macrophage polarization to-
wards the pro-healing M2 type to generate an immune microen-
vironment. TiO,-NW is more effective in enhancing adhesion and
proliferation of osteoblasts. The results provide insights and guid-
ance for the design of bioactive orthopedic and dental implants.
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Supporting Figures

Fig. S1. SEM image of conducting a one-step hydrothermal treatment for 8 h.



Fig. S2. Typical potentiodynamic polarization curves of Ti and TiO; nanoarrays in 0.9

wt.% NaCl solution.

Table S1 Electrochemical parameters obtained from potentiodynamic polarization

curves of Ti and TiO> nanoarrays in 0.9 wt.% NaCl solution.

Sample Ecorr (V) Teorr (A/cm?) X 107
Ti -0.508 7.828

TiO>-N -0.480 3.364

TiO>-NN -0.464 2.948

Ti02-NW -0.457 2.718




Fig. S3. Fluorescent images of the osteoblasts by CLSM with F-actin stained with FITC

(green) and nucleus stained with DAPI (blue).
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Fig. S4. High magnification cytoskeleton of osteoblasts. F-actin was stained with FITC

(green) and nucleus was stained with DAPI (blue).



Fig. S5. Immunomodulatory effects of surface nanoarrays on macrophages. (a)
Fluorescence staining images of CD206 (green) and nucleus (blue). (b) Quantitative
fluorescence intensity values of macrophages on Ti, TiO2-N, TiO2-NN and TiO>-NW.
(c) Fluorescence staining images of iNOS (red) and nucleus (blue). (d) Quantitative
fluorescence intensity values of macrophages on Ti, TiO2-N, TiO2-NN and TiO2-NW
(***P<0.001).
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