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Abstract

Current understanding on the interactions between micro/nano-structured Ti surfaces and
macrophages is still limited. In this work, TiO2 nano-structures were introduced onto acid-
etched Ti surfaces by alkali-heat treatment, ion exchange and subsequent heat treatment. By
adjusting the concentration of NaOH during alkali-heat treatment, nano-flakes, nano-flakes
mixed with nano-wires or nano-wires could formed on acid-etched Ti surfaces. The micro- and
micro/nano-structured Ti surfaces possessed similar surface chemical and phase compositions.
In vitro results indicate that the morphology of macrophages was highly dependent on the
morphological features of nano-structures. Nano-flakes and nano-wires were favorable to
induce the formation of lamellipodia and filopodia, respectively. Compared to micro-structured
Ti surface, micro/nano-structured Ti surfaces polarized macrophages to their M2 phenotype
and enhanced the gene expressions of osteogenic growth factors in macrophages. The M2
polarized macrophages promoted the maturation of osteoblasts. Compared to that with nano-
flakes or nano-wires, the surface with mixed features of nano-flakes and nano-wires exhibited
stronger anti-inflammatory and osteo-immunomodulatory effects. The findings presented in
the current work suggest that introducing micro/nano-topographies onto Ti-based implant
surfaces is a promising strategy to modulate the inflammatory response and mediate
osteogenesis.
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1. Introduction

Titanium (Ti) and its alloys are extensively used in orthopedics and dentistry owing to their
good mechanical properties, excellent biocompatibility and outstanding corrosion resistance
[1]. The integration between Ti-based implants and bone tissue is generally achieved through
a series of complex biological processes including coagulation, inflammation, bone healing
and remodeling [2, 3]. In recent years, the development of osteoimmunology has gradually
revealed the shared signaling biomolecules and crosstalk between the skeleton and immune
system [4]. As an innate immune response, the inflammation induced by biomaterial
implantation has been realized to significantly regulate subsequent bone healing and modeling
[5, 6]. However, the inflammation-modulatory function of bone biomaterials did not receive
sufficient attention in the past decades.

Among various kinds of immune cells, macrophages are widely accepted to be mainly
responsible for biomaterial-induced inflammatory response. In general, macrophages can be
classed into two subtypes including pro-inflammatory M1 phenotype and anti-inflammatory
M2 phenotype [7, 8]. The former one is capable of secreting abundant pro-inflammatory
cytokines such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and IL-1f, while the
latter one favors in the release of anti-inflammatory cytokines including IL-10 and arginase-1
(Arg-1) [9, 10]. Moreover, the macrophages are highly plastic so that they can flexibly switch
their phenotypes and functions in response to various kinds of stimuli such as topographical
clues, superficial chemical features, bio-functional ions and molecules [6, 11-13]. Therefore, it
is of great importance to consider the regulatory effects of biomaterials on macrophage
phenotypes and functions during material design and development.

Ti-based implants are commonly subjected to surface modification which targets at altering
material surface chemistry and/or topography for enhanced bone regeneration [14, 15]. Among
surface topographical design, micro/nano-structured surfaces have received extensive attention
because they can interact with multi-scale biological components such as proteins and cells [ 16,
17]. There are in vitro and in vivo evidences showing that micro/nano-topographical surfaces
could direct modulate the response of bone forming cells such as mesenchymal stem cells
(MSCs), osteoblasts and osteoclasts [18-20]. However, the interactions between micro/nano-
topographical clues on Ti surfaces and macrophages have been explored limitedly. We
previously reported that the surface characteristics of micro-structured Ti surface decorated
with bio-ceramics nano-particles exhibited anti-inflammatory effect on macrophage
polarization [11]. Bai et al. found that micro/nano-structured Ti surface with hydroxyapatite

nano-particles and nano-rods induced M2 and M1 polarization in macrophages, respectively



[21]. Li et al. reported that micro-arc oxidized micro/nano-structured Ti surfaces deposited with
silver (Ag) nano-particles (~20 nm) activated both M1 and M2 phenotype in macrophages
within 5 days, while polarized macrophages to their M2 extreme in the later stage (day 7) [22].
These works suggest that micro/nano-structured Ti surfaces could modulate the polarization
behavior of macrophages, while they failed to decouple the influence of surface topography
and chemistry on macrophage response. To elucidate the effect of micro/nano-topography on
macrophage activation, it is of great importance to ensure that the micro- and nano-structures
are highly similar in chemical and phase compositions. So far, previously reported suitable
micro/nano-structured models for macrophage polarization investigation are mainly limited to
TiO; nanotubes with different sizes grown on micro-topographical Ti substrates [23, 24].
Therefore, the modulatory roles of micro-structured Ti surfaces decorated with other TiO>
nano-structures on macrophage polarization are worthy of investigation.

In this study, micro-structured Ti surfaces were prepared by acid etching. Subsequently, various
nanostructures including nano-flakes, nano-wires and nano-flakes mixed with nano-wires were
introduced onto micro-structured Ti surfaces via alkali-heat treatment, ion exchange and
subsequent heat treatment. The modulatory roles of as-prepared micro/nano-structured Ti
surfaces on macrophage polarization were investigated. In addition, the osteogenic capacities
of the inflammatory micro-environments created by surface-macrophage interactions were

explored.

2. Materials and methods

2.1 Preparation of micro/nano-structured Ti surfaces

Commercially pure Ti discs with a diameter of 13.5 mm and thickness of 2 mm were polished,
cleaned and corroded twice (10 min each time) in an acid solution containing 2.5% HF, 12.5%
HNO3; (volume fraction) within an ultrasonic cleaning machine. After acid etching, the discs
were rinsed twice in deionized water and dried in a vacuum drying chamber at 60 °C. As-
treated specimens were noted as AE-Ti.

For alkali-heat treatment, each AE Ti disc was placed in a 100 mL Teflon-lined autoclave
containing 60 mL NaOH solution. The treatment was conducted at 200 °C for 16 h in a furnace.
Thereafter, the specimens were washed, immersed in 10% HCI solution (volume fraction) for
15 min for ion exchange and heated at 600 °C for 2 h. The concentration of NaOH solution
employed for reaction was 0.5, 3 or 5 M. As-treated specimens were noted as AHO0.5-, AH3-
and AHS5-Ti, respectively.

2.2 Physicochemical characterizations of the surfaces



The surface morphology was observed by dual-beam scanning electron microscopy (DBSEM;
Helios Nanolab G3 UC, FEI, USA) equipped with energy dispersive X-ray spectroscopy (EDS).
The surface roughness was measured using a confocal microscope (CM; LSM700, Olympus,
Japan). The phase composition was detected by an X-ray diffractometer (XRD; Advance DS,
Bruker, Germany). The surface chemistry was analyzed using X-ray photoelectron
spectroscopy (XPS; ESCALAB250Xi, Thermo Fisher Scientific, USA). The surface
wettability was measured by a contact angle meter (CAM; OCA 25LHT, Dataphysics
instrument GmbH, Germany).

2.3 Cell culture and seeding

Human osteoblast-like SaOS-2 cells and murine-derived RAW 264.7 cells were selected as
models for osteoblasts and macrophages, respectively. SaOS-2 cells were cultured in McCoy’s
complete medium consisted of 84% McCoy’s medium (Gibco, USA), 15% fetal bovine serum
(FBS; Gibco, USA) and 1% penicillin-streptomycin (PS; Gibco, USA). RAW 264.7 cells were
incubated in HG-DMEM complete medium compose of 89% HG-DMEM (Gibco, USA), 10%
FBS and 1% PS. Both kinds of cells were cultured in an incubator under a condition of 37 °C,
5% CO; and 95% humidity.

The specimens sterilized by an autoclave were placed in 24-well plates. The macrophages were
seeded on each specimen surface at a density of 60, 000 cells per well. After culturing for 2
days, the medium in each group was collected, filtered by 0.22 um filter membrane and then
mixed with McCoy’s complete medium at a volume ratio of 1:6. As-mixed medium was noted
as macrophage-conditioned medium (MCM). SaOS-2 cells with a density of 15, 000 cells per
well were directly seeded in each well of 24-well plates and incubated with various MCM.
2.4 Macrophage response to micro/nano-structured Ti surfaces

2.4.1 Cell proliferation

The proliferation of cells was quantified using cell-counting kit-8 (CCK-8; Dojindo, Japan)
assay. At pre-defined time points, 270 uL HG-DMEM complete culture medium was mixed
with 30 puL CCK-8 and added into each well for incubation for 30 min. Subsequently, 100 puL
incubated solution from each well was transferred into a 96-well plate. The optical density (OD)
values were measured by a multimode plate reader (Thermo Fisher Scientific, USA) at 450 nm.
The viability of cells was evaluated by calcein-AM (Dojindo, Japan) staining. After culturing
for 1 and 3 days, the cells were washed twice using phosphate buffered saline (PBS; Hyclone,
USA). Subsequently, each specimen was incubated with 300 pL calcein-AM solution (2 pM in
PBS) in darkness for 15 min at 37 °C and photographed using fluorescence microscopy (DSY-
L140, Beijing Changheng Rongchuang Technology Co. LTD, China).



2.4.2 Cells morphology

After culturing for 2 days, the cells were fixed by 4% paraformaldehyde for 30 min, treated
with 1% Triton X-100 solution for 5 min and incubated with 5 pL/mL phalloidin-fluorescein
conjugate (Apexbio, USA) for 20 min at 37 °C. Thereafter, the cell nuclei were stained by 4'-
6-diamidino-2-phenylindole (DPAI; Sigma, USA) for 30 s. The fluorescent images were
recorded using a laser confocal microscope (LCM; FV1200, Olympus, Japan).

2.4.3 Gene expressions

On day 2, the cells were cracked by adding 200 uLL MZ buffer (Tiangen, China) into each well.
Thereafter, the total RNA was extracted using a miRNA isolation kit (Tiangen, China)
following the manufacturer’s protocol and quantified by a NanoDrop spectrophotometer
(NanoDrop2000, Thermo Fisher Scientific, USA). The extracted RNA was reversely
transcribed into cDNA with a QuantScript RT kit (Tiangen, China). The expression levels of
relative genes combined with SYBR Green Supermix (Bio-Rad, USA) were measured using
real-time quantitative polymerase chain reaction (RT-qPCR; CFX96 Touch, Bio-Rad, USA).
The primers employed were listed in Table S1.

2.4.4 Immunofluorescent staining

Inducible nitric oxide synthase (iNOS) and arginase-1 (Arg-1) were selected as surface markers
for M1 and M2 macrophages, respectively. The cells were fixed with 4% paraformaldehyde
for 30 min, treated with 1% Triton X-100 solution for 5 min and then blocked with 10% goat
serum for 2 h. After that, the cells were incubated with iNOS (1:500, Abcam, USA) and Arg-1
primary antibody (1:200, Abcam, USA) at 37 °C for 12 h, and then treated with the secondary
antibody solution containing Alexa Fluor 488 (1:200, Abcam, USA) and Alexa Fluor 594
(1:200, Abcam, USA) for 30 min. The nuclei were stained with DPAI for 30 s. The specimens
were characterized using a LCM.

2.5 In vitro macrophage-mediated osteogenesis

2.5.1 Cell proliferation

The proliferation of SaOS-2 cells was tested as described in section 2.4.1.

2.5.2 Alkaline phosphatase (ALP) activity

After culturing for 7 days, SaOS-2 cells were washed twice with PBS and lysed in 300 uL RIPA
lysis buffer (Beyotime, China) for 15 min at 4 °C. The suspensions were collected and
centrifuged for 10 min at 12, 000 rpm. The total protein content was measured using a BCA
protein assay (Beyotime, China). The ALP activity was determined by an ALP testing kit
(Beyotime, China) according to the manufacture’s protocol and normalized by the measured

protein content. For the staining of ALP activity, SaOS-2 cells were fixed by 4%



paraformaldehyde and stained by a BCIP/NBT alkaline phosphatase color development kit
(Beyotime, China). The images were taken under an optical microscope.

2.5.3 Collagen secretion

After culturing for 7 and 10 days, the cells were fixed, stained by sirius red (Solarbio,China)
for 16 h and photographed by optical microscopy. Subsequently, the dyes were dissolved in a
mixed solution composed of 0.2 M NaOH and methanol at a volume ratio of 1:1. The OD
values were measured by a multimode plate reader at 520 nm.

2.5.4 Matrix mineralization

For in vitro mineralization, each kind of MCM was further supplemented with 10 mM [3-
sodium glyceryl phosphate, 50 pg/mL vitamin C and 100 nM dexamethasone. After culturing
for 7 and 14 days, the cells fixed and stained with 2% alizarin red solution (Solarbio, China)
for 30 min. After washing for 3 times, the specimens were photographed using optical
microscopy and then dissolved in 10% cetylpyridinium chloride solution. The OD values were
measured by a multimode plate reader at 520 nm.

2.6 Statistical analysis of data

The results were generated from at least 3 three repetitions and expressed as mean + standard
deviation. The data were statistically analyzed using least significant difference (LSD) method.

* P <0.05 and ** P < 0.01 were considered to be significantly different.

3. Results

3.1 The physicochemical properties of various surfaces

3.1.1 Surface morphology and wettability

Fig. 1a exhibited the morphological features of various surfaces. Shallow pits (indicated by the
blue dotted lines) were observed on Ti surface after acid etching. After subsequent alkali-heat
treatment, ion exchange and heat treatment, nano-structures were further introduced onto AE-
Ti surface. The morphological features of nano-structures were adjustable by altering the
concentrations of NaOH solutions during the process of alkali-heat treatment. Nano-flakes,
nano-flakes mixed with nano-wires and nano-wires were observed in AHO.5-, AH3- and AHS5-
Ti group, respectively. As shown in Fig. 1b, the AH0.5-Ti surface was mainly composed of Ti
and O. The content of Na on AHO.5-Ti surface was within the measurement error of EDS
technique, indicating that the presence of Na could be ignored.

The surface roughness of AE-Ti was measured to be around 1.38 um (Fig. 1c), while the
roughness values in AH0.5-, AH3- and AHS5-Ti group were 1.53, 1.87 and 1.99 pum, respectively.

This suggests that the AE-Ti possessed micro-scale surface topography. Moreover, the



introduction of nano-structures enhanced the roughness in sub-micron scale. The micro-scale
pits combined with nano-structures could be perceived as typical micro/nano-structured
features on Ti surfaces. As shown in Fig. 1d, micro/nano-structured Ti surfaces possessed
significantly higher hydrophilicity compared to micro-structured Ti surface. Compared to those

of AHO.5- and AHS5-Ti surface, the water contact angle of AH3-Ti surface was even lower.
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Fig. 1 (a) The surface morphology of various specimens, (b) the elemental composition of

AHO.5-Ti surface analyzed by EDS as well as the measured (c¢) surface roughness and (d)
wettability.

3.1.2 Phase and chemical composition

As shown in Fig. 2a, only a-Ti peaks (JCPDF No. 44-1294) were detected in AE-Ti group.
After alkali-heat treatment, ion exchange and heat treatment, additional peaks corresponding
to anatase (JCPDF No. 21-1272) and rutile (JCPDF No. 21-1276) phase of TiO> were found in
AHO0.5-, AH3- and AH5-Ti group. The presence of anatase was more predominant than that of
rutile according to the peak intensity. This is probably because that the anatase phase could
irreversibly transfer to rutile at 550 °C, even though this process is extremely slow [25].

The chemical composition of each surface was analyzed by XPS technique. As shown in Fig.

2b, the full spectra revealed that all surface were composed of C, O and Ti. The C1s peaks



located at 284.6 eV and 288.2 eV could be attributed to CO> presented in XPS device and
adsorbed on specimen surfaces. For the spectra of Ti, two peaks located at 458.5 eV and 464.2
eV indicated the presence of TiO». The peaks of O, which were located at 529.7 eV and 531.6
eV, were considered to be corresponding to the lattice oxygen in TiO2 and surface hydroxyl

oxygen, respectively.
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Fig. 2 The (a) XRD patterns and (b) XPS spectra of various surfaces.

3.2 Macrophage response to various surfaces

3.2.1 Cell morphology

As shown in Fig. 3a, the morphology of macrophages was highly dependent on Ti surface
features. On AE-Ti surface, the macrophages were more polygonal in shape. Both lamellipodia
(red arrows) and filopodia (white arrows) were found in AE-Ti group. On both AHO0.5- and
AH3-Ti surface, the macrophages were stellated and the extension of lamellipodia was
observed. Compared to those on AHO0.5-Ti surface, the macrophages in AH3-Ti group formed
more filopodia. On AHS5-Ti surface, pancake-shaped macrophages with the extension of
numerous filopodia were noticed. The morphological features of macrophages grown on
various surfaces were quantitatively analyzed based on the LCM images. As shown in Fig. 3b
and c, the spreading area and major axis/minor ratio values of macrophages in different groups
were comparable (p > 0.05), indicating that the morphological features of macrophages in
response to various surfaces could not be simply described by their spreading areas and major

axis/minor ratios.
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Fig. 3 The (a) morphology of macrophages grown on various surfaces for 2 days as well as
quantitative analysis of cell morphological features including (b) spreading area and (c) ratio
of major axis/minor axis. The red and white arrows indicated the presence of lamellipodia

and filopodia, respectively. In addition, n.s. is noted for no significance (p > 0.05).

3.2.2 Macrophage proliferation
As shown in Fig. 4, the degrees of macrophage viability on various surfaces were comparable.
As AE-Ti surface is well-known for its cyto-compatibility, the micro/nano-structured Ti

surfaces could also be considered to be cyto-compatible.



(a) Cell viability

B AE-Ti
2.0 | I AHO.5-Ti
B AH3-Ti

AHS5-Ti

Absorbance (450 nm)

5 200Q;um
[ s =]

Fig. 4 The proliferation of macrophages grown on various surfaces for 1 and 3 days evaluated

by (a) CCK-8 assay and (b) live cell staining.

3.2.3 Macrophage polarization

The polarization behavior of macrophages in response to various surfaces was analyzed by RT-
qPCR technique. As shown in Fig. 5, micro/nano-structured Ti surfaces tended to polarize
macrophages to their M2 phenotype compared to micro-structured Ti surface. This is evidenced
by the down-regulated expressions of pro-inflammatory genes including iNOS (Fig. 5a), CD86
(Fig. 5b) and TNF-a (Fig. 5d) as well as up-regulated anti-inflammatory gene expressions
including CD206 (Fig. 5¢), IL-10 (Fig. 5f) and CCL-24 (Fig. 5g) in AHO.5-, AH3- and AH5-
Ti group. Among micro/nano-structured Ti surfaces, only AH0.5-Ti surface decreased the gene
expression of IL-1P (Fig. 5e) compared to control. This suggests that the gene expression of
IL-1p is less sensitive to nano-structures compared to that of TNF-a. It is worthy of mentioning
that gene expressions of IL-10 (Fig. 5f) and CCL-24 (Fig. 5g) were significantly higher in
AH3-Ti group compared those in AHO.5- and AH5-Ti group, indicating that AH3-Ti surface



exhibited the strongest anti-inflammatory effect. The gene expressions of osteogenic growth
factors were basically enhanced on micro/nano-structured Ti surface compared to micro-
structured Ti surface, with AH3-Ti surface exhibited the strongest stimulatory effects (Fig. Sh-
J)-
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Fig. 5 The gene expression levels of (a) iNOS, (b) CD86, (c) CD206, (d) TNF-a, (e) IL-1p,
(f) IL-10, (g) CCL-24, (h) TGF-p, (i) BMP-2 and (j) BMP-6 in macrophages grown on
various surfaces for 2 days. *p < 0.05 and **p < 0.01 indicate the presence of significant
differences between AE-Ti and other groups, #p <0.05 and ##p < 0.01 indicate the presence
of significant differences between AHO0.5-Ti and other groups, &p < 0.05 and &&p < 0.01

indicate the presence of significant differences between AH3-Ti and other groups.

The activation state of macrophages was also investigated at protein-level using
immunofluorescent staining method. As shown in Fig. 6, AE-Ti surface significantly promoted
the expression of iINOS compared other groups. However, the expressions of Arg-1 were higher
on micro/nano-structured surfaces, with AH3-Ti surface showing the highest Arg-1expression
level. The immunofluorescent staining results were consistent with those obtained by RT-PCR

technique.



AE-Ti AHO.5-Ti AH3-Ti AHS5-Ti

60 um
N

" g fC g »9 s* i

’ - * " d & ¢ .

o . 4 ' 4
] o8 oy
v Y » 4 e L = B
«

INOS

Fig. 6 Immunofluorescent staining results showing the expression levels of iNOS (red) and

Arg-1 (green) in macrophages in response to various surfaces with cell nuclei stained in blue.

3.3 In vitro Macrophage-mediated osteogenesis

3.3.1 Osteoblast proliferation

As shown in Fig. 7, the proliferation of SaOS-2 cells was enhanced in AHO0.5-, AH3- and AHS5-
MCM group on day 4 and 6 compared to control, even though AH0.5- and AH3-MCM did not

promoted cell proliferation on day 2.
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Fig. 7 The proliferation of osteoblasts cultured by various MCM for 2, 4 and 6 days evaluated
by (a) CCK-8 assay and (b) live cell staining. *p < 0.05 and **p < 0.01 indicate the presence
of significant differences between AE-MCM and other groups, #p <0.05 and ##p < 0.01
indicate the presence of significant differences between AH0.5-MCM and other groups, &p <
0.05 and &&p < 0.01 indicate the presence of significant differences between AH3-MCM

and other groups.

3.3.2 Osteoblast differentiation

The differentiation of SaOS-2 cells in response to various MCM was characterized by ALP
activity, collagen production and in vitro mineralization. As shown in Fig. 8a, AH3-MCM
promoted the ALP activity in SaOS-2 cells compared to other MCM. The secretion of collagen
was enhanced in AHO0.5- and AH3-MCM group on day 7 (Fig. 8b). Till day 10, the collagen



secretion was strong in AH0.5- and AH3-MCM group, mild in AH5-MCM group and weak in
AE-MCM group (Fig. 8b). As shown in Fig. 8c, the in vitro mineralization on day 7 and 14
mainly followed the trend: AH3-MCM > AH5-MCM = AH0.5-MCM > AE-MCM.
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Fig. 8 The (a) ALP activity, (b) collagen secretion and (c) in vitro mineralization of SaOS-2
cells incubated in various MCM. *p < 0.05 and **p < 0.01 indicate the presence of
significant differences between AE-MCM and other groups, #p <0.05 and ##p < 0.01 indicate
the presence of significant differences between AH0.5-MCM and other groups, &p < 0.05
and &&p < 0.01 indicate the presence of significant differences between AH3-MCM and

other groups.

4. Discussions
Understanding the interactions between micro/nano-structured surfaces and macrophages is

essential for the development of inflammation-modulatory Ti-based implants. In the current



work, various nano-structures were introduced onto AE-treated micro-structured Ti surface
through alkali-heat treatment. To decouple the influence of surface topography and chemistry
on cell response, the alkali-heat treated micro/nano-structured Ti surfaces were further soaked
in HCl solution for ion exchange. After that, a subsequent heat treatment process was employed
to modulate the phase composition.

4.1 The formation mechanism of micro/nano-structured Ti surfaces

During the process of acid etching, the acids could firstly dissolve the protective TiO film and
subsequently corrode Ti substrate, thus resulting in chemical texturing of Ti surface. After the
treatment, a naturally formed TiO> passivation layer will soon cover Ti surface again [26]. This
is confirmed by the XPS spectra of AE-Ti presented in Fig. 2b. During alkali-heat treatment,
the superficial TiO» layer of AE-Ti could react with Na" and OH" within NaOH solution to form
Na,TizO7 [27]. With increased concentration of NaOH solution, the nucleation of Na;TizO7
crystals could be enhanced, while their growth is speculated to be inhibited due to the
consumption of TiO2 and reactive ions during the nucleation process [28]. Thus, the AE-Ti
surface treated by NaOH solution with low concentration (0.5 M) formed larger, but less nano-
structures than that treat by high concentration NaOH solution (5M). Similarly, the surface
treated by 3M NaOH solution exhibited both features of nano-flakes and nano-wires (Fig. 1a)
[28]. During the process of ion exchange, H" could replace Na* within Na,TizO7 in HCI
solution and lead to the formation of H>Ti307. Consistently, no signal of Na was detected on
micro/nano-structured Ti surface by XPS technique (Fig. 2b). Thereafter, H>Ti307 could further
transform to TiO after heat treatment, evidenced by the XRD results presented in Fig. 2a.
Together, the chemical reactions involved in the preparation process of nano-structures on AE-
Ti surface could be listed as below:

Alkali-heat treatment: 3TiO, + 2Na" + 20H" — NaxTiz07 +H,O

Ion exchange: NayTi307 + 2H" — H,TizO7 + 2Na©

Heat treatment: H>Ti307 — 3TiO; + H2O

The wettability of a solid surface is well-known to be mainly determined by two factors
including surface topography and energy [29]. In this work, various specimen surfaces were
similar in chemical and phase composition. Thus, the surface topography is considered as a
major factor that influence material surface wettatbility. As discussed above, as-prepared
micro- and micro/nano-structured Ti surfaces possessed similar surface chemical and phase
compositions, while different surface topographies. Therefore, they are suitable models for the
investigation of the modulatory roles of micro/nano-structured surfaces on macrophage

response.



4.2 Macrophage response to various surfaces

The results presented in this work revealed that micro/nano-structured Ti surfaces significantly
modulated the morphology and polarization of macrophages, while rarely changed cell
proliferation. As various surfaces possessed similar surface chemistry, their surface
topographies were considered as the major factor in determining macrophage attachment and
polarization.

Previous investigations reported that micro/nano-structured surfaces could significantly
modulate cell adhesion by providing different contact areas between cells and surfaces [30-33].
As shown in Fig. 3a, the macrophages were polygonal on micro-structured Ti surface. This is
probably because that the cytoskeletons of macrophages could fully contact with the profiles
of shallow pits (Fig. 9). Consistently, macrophages grown on smooth or micro-roughened Ti
surfaces were previously reported to be polygon-shaped [34, 35]. With the presence of nano-
structures, the contact areas between macrophages and surfaces are considered to be
significantly confined. On AHS5 Ti surface, the macrophages extended numerous filopodia to
search for suitable positions for adhesion [36]. However, these filopodia did not transform to
lamellipodia because the nano-wires could not provide sufficient areas for macrophages to
form stable adhesion (Fig. 9). Differently, the nano-flakes could provide relatively larger areas
for macrophage adhesion. Therefore, more lamellipodia were found on AHO.5-Ti surface (Fig.
3). The macrophages were stellate on AHO.5-Ti surface because their cytoskeletons could not
fully contact with the profiles of nano-flakes (Fig. 9). These results suggest that the nano-flakes
and nano-wires are beneficial for the formation of lamellipodia and filopodia, respectively.
Consistently, both lamellipodia and filopodia were found to be obvious on AH3-Ti surface,

which possessed mixed surface features of nano-flakes and nano-wires (Fig. 3).



Osteoblast

Proliferation T
Differentiation

osteogenic
growth factors =

ﬁ*‘

anti—inﬂammator*y# » 4.
cytokines

lamellipodia " full contact
filopodia

Fig. 9 Schematic showing the interactions between micro/nano-structured surfaces and

macrophages as well as macrophage-mediated osteogenesis.

The polarization state of macrophages is closely related to their morphology [37]. McWhorter
et al. reported that MO, M1 and M2 macrophages were spherical, polygonal and spindle-like,
respectively [38]. However, Chen et al. recently found that roundish macrophages modulated
by nano-porous surfaces exhibited a more anti-inflammatory phenotype [39]. These results
suggest that the correlation between macrophage morphology and polarization is still
controversial. In the current work, stellate and roundish macrophages with the extension of
lamellipodia and/or filopodia were more anti-inflammatory compared to polygonal
macrophages. This indicates that the morphological feature of macrophages could not be
regarded as a single indicator for macrophage phenotype. However, it is reasonable to speculate
that the nano-structures could modulate the arrangement of macrophage cytoskeleton and thus
influence macrophage activation. In addition, the macrophages grown on AH3-Ti surface were
found to be more anti-inflammatory compared to those grown on AHO0.5-Ti and AH5-Ti surface,
suggesting that the nano-flakes and nano-wires could play a synergistic role in inducing M2
phenotype of macrophages. However, the underlying mechanisms are still needed to be
explored. The results suggest that introducing nano-structures on micro-structured Ti surfaces
could be a promising strategy to modulate macrophage response.

It is worthy of mentioning that the wettability of biomaterial surfaces could also modulate

cellular response. Lv et al. recently reported that a hydrophilic flat surface promoted M2



polarization in macrophages by modulating the interaction between integrin 1 and adsorbed
fibronectin [40]. Different from a flat surface which modulates protein adhesion due to its
wettability, micro/nano-structured surfaces interact with proteins in a more complex way. The
nano-structures of micro/nano-structured surfaces could modulate the conformation and
distribution of absorbed proteins in a surface morphology-dependent manner, which
subsequently influence cellular response. In addition, the wettability evaluated by contact angle
measurement reflects the interactions between a water-drop and material surface at macro-scale,
while cannot reflect protein-surface interactions at nano-scale. Thus, the surface topography of
micro/nano-structured surfaces is considered to be more important than the surface wettability
in modulating cellular response. Although RAW 264.7 cells are commonly employed cell
model for macrophages, they are different from primary macrophages to some extent.
Therefore, further investigations carried out using primary macrophages such as peripheral
blood mononuclear cell (PBMC)-derived and bone marrow-derived macrophages are still
needed.

4.3 Macrophage-mediated osteogenesis

The proliferation of SaOS-2 cells on day 6 was enhanced in AH3-, AH5- and AH0.5-MCM
group compared to that in AE-MCM group, suggesting that an anti-inflammatory micro-
environment is favorable for osteoblast proliferation. The differentiation of osteoblasts in
response to various MCM basically followed the trend: AH3-MCM > AH5-MCM = AHO0.5-
MCM > AE-MCM. This trend is consistent with the release profiles of osteogenic growth
factors from macrophages grown on various surfaces. At physiological concentration, TGF-f3
can induce matrix mineralization like dexamethasone [41]. In addition, BMPs are well-known
for their stimulatory roles on the osteogenic differentiation of MSCs and osteoblast maturation
[42-44]. Luo et al. compared the osteogenic potential of 14 human BMPs and found that BMP-
2, 6, and 9 are the most effective inducers of osteogenesis in vitro and in vivo [44]. The
promoted osteoblast differentiation in micro/nano-structured Ti groups compared to that on
micro-structured Ti surface could be owing to the enhanced gene expressions of TGF-f3 and
BMP-6. Moreover, macrophages grown on AH3-Ti surface expressed higher level of BMP-6
compared to those grown on AHO.5- and AHS-Ti surface, which explained the further enhanced
osteogenic potential of AH3-MCM. Consistently, Chen et al. found that M2 macrophages
induced by calcium phosphate coated magnesium scaffold expressed higher levels of BMP-2
and vascular endothelial growth factor (VEGF) to stimulate the osteogenic differentiation of
MSC:s [45]. Fernandes et al. reported that macrophages in their M2 phenotype could promote
the differentiation of MSCs [46]. Thus, inducing appropriate M2 phenotype in macrophages



via biomaterial surface engineering could be a promising approach for enhanced osteogenesis.

5. Conclusions

In this study, TiO2> nano-structures were introduced onto acid-etched micro-structured Ti
surfaces by alkali-heat treatment, ion exchange and subsequent heat treatment. The
morphological features of nano-structures could be modulated by adjusting the concentration
of NaOH solution during alkali-heat treatment. Both micro- and micro/nano-structured Ti
surfaces possessed similar surface chemical and phase compositions. The morphology of
macrophages was found to be highly dependent on the morphological features of nano-
structures on micro-structured Ti surfaces. The macrophages grown on micro/nano-structured
Ti surfaces were more anti-inflammatory and stronger in osteogenic potential compared to
those grown on micro-structured Ti surface. Compared to AHO.5- and AHS5-Ti surface, AH3-
Ti surface which possessed mixed features of nano-flakes and nano-wires exhibited the
strongest anti-inflammatory and osteoimmunomodulatory effects. The results suggest that
introducing nano-structures on micro-structured Ti surfaces could be a promising strategy to

modulate macrophage response.
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