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Abstract

Objectives: To investigate effects of TiO, nanotu-
bes of different diameters on J744A.1 macrophage
behaviour, secretion and expression of pro-inflam-
matory cytokines and chemokines.

Materials and methods: Macrophage-like J744A.1
cells were cultured on three types of Ti surface:
mechanically polished titanium plus 30 and 80 nm
TiO, nanotube surfaces, for 4, 24 and 48 h. Macro-
phage adhesion and proliferation were assessed
using CCK-8 assay. Levels of pro-inflammatory
cytokines (TNF-o, IL-1f and IL-6) and chemokines
(MCP-1 and MIP-1a) secreted into the supernatant
were measured using the Cytometric Bead Arrays
kit. TNF-o, MCP-1 and MIP-lo gene expression
were quantitatively analysed by real-time PCR.
Results: These show that TiO, nanotube surfaces,
especially of 80 nm TiO, nanotube, benefited mac-
rophage adhesion and proliferation, and reduced
protein secretion and mRNA expression of TNF-o,
MCP-1 and MIP-1a. IL-1p and IL-6 were undetect-
able on all the surfaces at all times.

Conclusions: TiO, nanotube surfaces, especially of
80 nm TiO, nanotube, reduced inflammatory
response in vitro, which might be part of a basis
for rapid osseointegration in implants with TiO,
nanotube surfaces in animal studies.

Introduction

Insertion of a dental implant into osseous tissue immedi-
ately triggers an inflammatory response at the implant site
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(1,2). Macrophages are among the first cells to arrive at
the tissue—implant interface and have, for a long time,
been recognized as key players in inflammation and
wound healing (3,4). They clear cell debris and begin to
produce growth factors, chemokines and cytokines, which
can influence progression of subsequent both inflamma-
tory and healing events (1—4). Recent studies indicate that
macrophages have remarkable functional plasticity and,
thus, can play both positive and negative roles in tissue
remodelling (5). For example, macrophages produce bone
morphogenetic protein-2 (6,7), transforming growth fac-
tor-beta (TGF-B) (8) as well as vascular endothelial
growth factor (1,9), all of which are important modulators
of wound healing. In addition, macrophages also produce
pro-inflammatory cytokines such as tumour necrosis fac-
tor-alpha (TNF-a) and chemokines such as monocyte che-
motactic protein-1 (MCP-1). TNF-o, at low levels, can
promote wound healing by indirectly stimulating inflam-
mation and increasing macrophage growth factors. How-
ever, at higher levels, specially over prolonged periods of
time, TNF-o has a detrimental effect on healing (10). Both
MCP-1 and MIP-1a have monocyte chemotactic activity
and play key roles in immunoregulatory and inflammatory
processes. MCP-1 and MIP-1a also play a critical role in
recruiting immune cells such as lymphocytes and mono-
cytes to the implant site, promoting inflammation (11,12).
Thus, reducing secretion of pro-inflammatory cytokines
and chemokines by macrophages may contribute to rapid
bone wound healing after dental implantation.

Currently, a great deal of effort is devoted to pro-
moting rapid osseointegration around dental implants by
changing implant surface characteristics such as its
chemistry and topography (13). Surface topography of
dental implants is a crucial factor that affects rate and
extent of osseointegration (13). Many studies have sug-
gested that titanium surface topography, especially at the
microscale level, influence bone as well as the immune
response, resulting in altered secretion of cytokines and
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growth factors by macrophages, in vitro and in vivo
(14-16). Latest pieces of research in surface modifica-
tion of dental implants have been focused on topogra-
phies organized specifically at the nanometre scale
(13,17). The rationale behind this change is that nano-
scale modification may contribute to mimicry of cellular
environments in favour of processes of rapid bone
accrual (13,17). Meanwhile, nanoscale surface topogra-
phies may also have effects on the immune response
(18-21). It can be hypothesized that macrophages recog-
nize nanoscale surface topographies and respond accord-
ingly by altered secretion of cytokines and chemokines;
this results in promotion of the osseointegration process.

Among common surface nanotopographies, the tita-
nium dioxide (TiO,) nanotubular surface has received
considerable attention. TiO, nanotubes can be fabricated
easily by anodization in a simple and economical way,
and nanotube dimensions can be precisely controlled
(22). In vitro studies have demonstrated that TiO, na-
notubes can provide good attachment for osteoblasts,
with suitable differentiation and osteoblastic gene
expression (23-26). In vivo, TiO, nanotube implant sur-
faces increase new bone formation, bone bonding
strength and bone-implant contact, specially during early
stages of healing (27-29). However, up to now it has
been unknown whether TiO, nanotubes of different
diameters have any differing effects on macrophage
responses. To better understand the adherent macro-
phage phenotype and its potential modulation by surface
topography, we investigated effects of TiO, nanotubes
of different diameters on macrophage behaviour, secre-
tion and expression of pro-inflammatory cytokines and
chemokines in vitro.

Materials and methods

Fabrication of TiO, nanotubes

The protocol for preparation of TiO, nanotubes by
anodization is described as follows. Titanium disks,
diameter of 15 mm, were cut from 0.6 mm thick sheets
of commercially pure titanium (cp Ti; Ti > 99.7%, Baoji
Titanium Industry Co., Ltd., Baoji, China). All disks
were polished with SiC paper of successive grades from
100 to 600 grit, then ultrasonically cleaned in acetone,
ethanol and distilled water respectively. Layers of TiO,
nanotubes on a titanium surface were formed in 0.5%
hydrofluoric acid solution at 5 and 20 V, for 1 h at
room temperature, to obtain nanotubes with diameters of
30 and 80 nm. A platinum electrode (99.9%; Tianjin
Aidahengsheng Technology Co., Ltd., Tianjin, China)
served as cathode. To crystallize the as-deposited amor-
phous-structured TiO, nanotubes, specimens were heat
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treated at 450 °C for 3 h. Identically sized mechanically
polished titanium (PO Ti) disk was used as control after
cleaning and sterilization. All the samples were sterilized
by ultraviolet irradiation for 2 h.

Surface characterization

Surface morphology of the TiO, nanotubes, before and
after heat treatment, was observed by using a field-emis-
sion scanning electron microscope (S4800 FE-SEM; Hit-
achi, Tokyo, Japan). Phase composition of TiO,
nanotubes, after heat treatment, was evaluated by X-ray
diffractometry (D8 advance; Bruker AXS, Karlsruhe,
Germany) using Cu Ko radiation in the 20 range at 20—
80°. Contact angle measurements were carried out by
sessile-drop method on a contact angle measuring sys-
tem (JC2000A; Shanghai Powereach Digital Company,
Shanghai, China) at room temperature. One microlitre of
ultra-pure water was employed in contact angle mea-
surements. Contact angle was measured by analysing
drop shape using the corresponding software (JC2000A;
Powereach Digital, Shanghai, China).

Cell culture

Mouse macrophage cell line J774A.1 was obtained from
the Cell Resource Center, Institute of Basic Medical Sci-
ences, Peking Union Medical College. Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% foetal bovine serum (FBS) and
1% penicillin/streptomycin at 37 °C in humidified 5%
CO, atmosphere. These were passaged every third day.
Cells were then seeded onto the different titanium discs
in 24-well polystyrene culture plates at 2 x 10* cells
per well. To analyse mRNA expression, cells were
seeded onto each different titanium disk at
1.5 x 10° cell/cm’.

Cell adhesion and proliferation

After culturing for 4, 24 and 48 h, cell adhesion and
proliferation were assessed using CCK-8 assay. At the
prescribed time points, culture supernatants were har-
vested for cytokine and chemokine assays, centrifuged
to remove particles (if any present), and stored at
-80 °C. Then, specimens with seeded macrophages were
rinsed with PBS and transferred to new 24-well culture
plates. Subsequently, 1 ml of DMEM and 100 pl of
CCK-8 solution (Beyotime Biotechnology Institute, Hai-
men, China) were added to each sample. After 2 h incu-
bation, 200 pl of solution on each sample were
transferred to a 96-well culture plate. Absorbance was
measured at 450 nm using a microplate reader (Spectra
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Max 386plus; Molecular Devices, Sunnyvale, CA,
USA). Three parallel replicates of each sample, at each
time point, were prepared during this cell adhesion and
proliferation assay.

Secretion of cytokine and chemokine proteins

After culturing for 4, 24 and 48 h, culture supernatants
were harvested for determination of secretion of cyto-
kine and chemokine proteins. Cytokine (TNF-o, IL-1f,
and IL-6) and chemokine (MCP-1 and MIP-1a) levels
were measured in cell culture supernatants using Cyto-
metric Bead Arrays (CBA) kit (BD Biosciences, San
Jose, CA, USA) according to the manufacturer’s instruc-
tions. A mouse CBA inflammation kit was used to
simultaneously detect mouse TNF-a, IL-18, IL-6, MCP-
1 and MIP-1a. In brief, a mixture of five capture bead
populations (50 pl) with distinct fluorescence intensities,
coated with antibodies specific to the above cytokines
and chemokines, was mixed with each sample/standard
(50 ul) and incubated for 1 h at room temperature.
Additionally, PE-conjugated detection reagents were
added to each assay tube to form sandwich complexes.
After 1 h incubation in the dark, samples were washed
once (200 g, 5 min) and resuspended in 300 pl of wash
buffer. The samples were acquired on a FACSAria Flow
Cytometer (BD Biosciences) immediately. Fluorescence
intensity was measured by flow cytometry, and quanti-
fied from a calibration curve using FCAP Array v1.0
Software (Softflow Technologies, New Brighton, MN,
USA). Range of detection was 10-2500 pg/ml for each
cytokine measured by CBA. All samples were assayed
in triplicate at each time point.

Quantitative real-time PCR analysis

After culturing for 24 and 48 h, specimens with seeded
macrophages were rinsed with PBS and transferred to
new 24-well culture plates. Total cell RNA extraction was
performed using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Quantity and quality of RNA obtained were
analysed by UV 2000 spectrophotometry (Unico Shang-
hai Instrument Co., Ltd., Shanghai, China), according to
the manufacturer’s instructions. Extracted RNA was sub-
sequently reverse-transcribed to cDNA using Prime-
Script™_RT reagent kit (Takara Bio, Shiga, Japan). Gene-
specific primers for TNF-o., MCP-1, MIP-10o and endoge-
nous housekeeping gene, GAPDH were commercially
synthesized (Sun Biomedical Technology Co. Ltd., Beij-
ing, China); specific primer sets are outlined in Table 1.
Then, real-time PCR (Line-gene real time PCR detection
system) was performed as follows: 45 cycles of 20 s at
95 °C, 25 s at 60 °C, 30 s at 72 °C after initial denatur-

© 2014 John Wiley & Sons Ltd

TiO> nanotubes on macrophage cytokines 97

Table 1. Sequences of the primers

Gene Primer sequence (forward/reverse) Product
size (bp)

TNF-o 5'-GTAGCCCACGTCGTAGCAAA-3' 137
5'-ACAAGGTACAACCCATCGGC-3’

MCP-1 5'-GAAGGAATGGGTCCAGACAT-3’ 127
5'-ACGGGTCAACTTCACATTCA-3’

MIP-10 5'-TCTGCGCTGACTCCAAAGAG-3' 130
5'-CTCAAGCCCCTGCTCTACAC-3’

GAPDH 5'-TTGCAGTGGCAAAGTGGAGA-3' 154

5'-GATGGGCTTCCCGTTGATGA-3

ation step of 120 s at 95 °C using a mixture of BioEasy
SYBR Green I, cDNA templates and each forward and
reverse primers. Quantification of gene expression was
based on Cr (threshold cycle) value of each measurement
and was presented as average and standard deviation of
three replicates.

SEM for analysis of cell morphology

After 4 h culture, cells on different samples were
washed gently with PBS, fixed in 3% glutaraldehyde at
4 °C in PBS for 2 h, and post-fixed in 1% osmium
tetroxide. Samples were then dehydrated in a graded ser-
ies of alcohol (50, 70, 80, 90 and 100%) for 10 min
each, dried in hexamethyldisilazane (HMDS) and coated
with a thin layer of gold/palladium. Cell morphology
was observed and recorded using scanning electron
microscopy (TM-1000 SEM; Hitachi).

Statistical analysis

Average values presented from at least three sample sets
for each time point. Error bars represent standard error
mean. Statistical comparisons were determined using
two-way analysis of variance (ANOVA) and post hoc
Tukey multiple comparison testing. Significance level
was set at P < 0.05.

Results

Surface characterization

Figure 1 is of SEM images of TiO, nanotube layers fab-
ricated by anodization at 5 and 20 V for 1 h. As men-
tioned, diameters of TiO, nanotubes were altered by
changing anodization potentials 5 and 20 V, to fabricate
nanotubes of 30 and 80 nm respectively. 80 nm TiO,
nanotube layer was found to be stable after heat treat-
ment; no discernible changes in pore diameter nor wall
thickness were observed after annealing at 450 °C for
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Figure 1. Scanning electron microscope images of the various sample surfaces before heat treatment. (a) 30 nm (5 V) TiO, nanotube surface,

(b) 80 nm (20V) TiO, nanotube surface and (c) mechanically polished Ti.

3 h (Fig. 2b,d). However, the 30 nm TiO, nanotube
layer was found to be unstable; surface morphologies
changed (Fig. 2a,c), which as discovered in previous
studies (30). Figure 3 shows XRD patterns of 30 and
80 nm TiO, nanotube samples annealed at 450 °C in
dry oxygen ambient conditions. Heat-treated 80 nm
TiO, nanotube layer was found to have anatase crystal-
line phase by x-ray diffractometer analysis (JCPDS card
no. 21-1272). Intensity of anatase peaks of the 30 nm
TiO, nanotube layer was not obvious, probably due to
the thin TiO, layer.

Water contact angles were used to assess hydrophi-
licity of samples in this study (Fig. 4). There is a pro-
portional relationship between contact angle and
hydrophobicity of a material. The most hydrophobic
sample was mechanically polished Ti, with water con-

© 2014 John Wiley & Sons Ltd

Figure 2. Scanning electron microscope
images of TiO, nanotube surfaces after
heat treatment. (a, ¢) 30 nm TiO, nanotube
surface and (b, d) 80 nm TiO, nanotube
surface.

tact angle of 53°. The most hydrophilic sample was
80 nm TiO, nanotubes, with water contact angle of 16°
(P < 0.05).

Cell adhesion and proliferation

As shown in Fig. 5, at all times, numbers of cells on
the 80 nm TiO, nanotube surface were statistically
higher than on the 30 nm TiO, nanotube and mechani-
cally polished Ti surfaces (P < 0.05).

Secretion of cytokine and chemokine proteins

Cytokine and chemokine secretion from the J744A.1
cells grown on different discs are shown in Fig. 6. At
all times, TNF-a secreted by macrophages cultured on
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Figure 3. XRD patterns of the various sample surfaces. (a)
mechanically polished Ti surface, (b) 30 nm TiO, nanotube surface
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Figure 4. Contact angles (degrees) of the various samples. Error
bars in the figure represent the standard deviation of nine specimens
for each piece of data. *Statistical significance (P < 0.05).

mechanically polished Ti surface were significantly
higher compared to 30 and 80 nm TiO, nanotube sur-
faces (P < 0.05). After 4 h culture, TNF-o was almost
undetectable on 30 and 80 nm TiO, nanotube surfaces,
as shown in Fig. 6a.

IL-1B and IL-6 were undetectable in macrophage
cultures on all surfaces at all times tested, which was
consistent with previous reports (14).

After 4 h culture, differences in MCP-1 level pro-
duced by macrophages, among all the surfaces, were not
statistically significant (P > 0.05). However, after 24
and 48 h culture, level of MCP-1 produced by macro-
phages on the mechanically polished Ti surface was sig-
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Figure 5. Macrophage adhesion and proliferation on the various
sample surfaces by CCK-8 assay. Error bars represent standard devi-
ation for three specimens for each piece of data. *Statistical signifi-
cance (P < 0.05).

nificantly higher compared to 30 and 80 nm TiO,
nanotube surfaces (P < 0.05), as shown in Fig. 6b.

After 4 h culture, 30 and 80 nm TiO, nanotube sur-
faces were found to down-regulate MIP-1o secretion of
the macrophages compared to those of the mechanically
polished Ti surface (P < 0.05). After 24 h culture, level
of MIP-1a produced on 30 nm TiO, nanotube surface
was significantly higher compared to mechanically pol-
ished Ti and 80 nm TiO, nanotube surfaces (P < 0.05).
However, after 48 h culture, differences in MIP-1a level
among all the surfaces, were not statistically significant
(P > 0.05), as shown in Fig. 6c¢.

TNF-o, MCP-1 and MIP-1a. mRNA levels

Levels of TNF-o, MCP-1 and MIP-1c mRNA from
macrophages grown on the different discs are shown in
Fig. 7. After 24 and 48 h culture, TNF-o« mRNA levels
on 80 nm TiO, nanotube surfaces were significantly
lower than those of mechanically polished Ti and
30 nm TiO, nanotube surfaces (P < 0.05), as shown in
Fig. 7a.

After 24 h culture, no significant difference was
observed in MCP-I mRNA expression among the three
surfaces; however, after 48 h, MCP-1 mRNA expression
on 80 nm TiO, nanotube surfaces were significantly
lower than those on mechanically polished Ti and
30 nm TiO, nanotube surfaces (P < 0.05), as shown in
Fig. 7b.

After 24 and 48 h culture, levels of MIP-1ox mRNA
on 30 and 80 nm TiO, nanotube surfaces were signifi-
cantly lower than those on mechanically polished Ti sur-
faces (P < 0.05), as shown in Fig. 7c.

Cell Proliferation, 48, 95-104
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Figure 6. TNF-o, MCP-1 and MIP-1a protein secretion by macro-
phages cultured on the various sample surfaces after 4, 24 and
48 h. (a) Concentration of TNF-a; (b) Concentration of MCP-1; (c).
Concentration of MIP-1la. Error bars represent standard deviation for
three specimens for each piece of data. *Statistical significance
(P < 0.05).

SEM of cell morphology

Scanning electron microscope images of macrophages
cultured on the three different sample surfaces are
presented in Fig. 8. On the mechanically polished Ti
surface, more cells were nearly spherical with small pro-
trusions visible on their surfaces. On the 30 and 80 nm
TiO, nanotube surfaces, more cells had elongated
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Figure 7. Evaluation of TNF-a, MCP-1 and MIP-1a mRNA levels
of macrophages cultured on the various sample surfaces after 24
and 48 h. (a) TNF-o. mRNA expression; (b) MCP-I mRNA expres-
sion; (c) MIP-1oo mRNA expression. Error bars represent the standard
deviation for three specimens for each piece of data. *Statistical signif-
icance (P < 0.05).

morphology and were well spread out; this was because
cells had numerous cytoplasmic protrusions/lamellipodia
holding fast to sample surfaces.

Cell Proliferation, 48, 95-104



2012-05-02 09:36

2012-05-02 09 D19 x40k 20um

TM1000_9947 TM1000_9980

2012-05-02

TiO; nanotubes on macrophage cytokines 101

D19 x200 500um TM1000_0027 20120502 11:23 D19 x200 S00um

BT vl SO

2012-05-02 11:11 D19 x40k 20um

o
10:0: D19 x40k 20um TM1000_0018

Figure 8. Scanning electron microscope images of macrophages cultured on the various sample surfaces for 4 h. (a, d) mechanically polished
Ti surface, (b, €) 30 nm TiO, nanotube surface and (c, f) 80 nm TiO, nanotube surface.

Discussion

Macrophages play a key role in modulating early events
in wound healing; interaction of macrophages with den-
tal implant surfaces can be an important determinant of
success of osseointegration (15). This study, using a
murine macrophage cell line, J744A.1, explored secre-
tion and expression of pro-inflammatory cytokines and
chemokines as a function of TiO, nanotube surfaces of
different diameters. The results demonstrate that macro-
phage adhesion and proliferation, cell morphology,
secretion and expression of pro-inflammatory cytokines
(TNF-0) and chemokines (MCP-1 and MIP-1a) were
affected by TiO, nanotube surfaces, especially of 80 nm
TiO, nanotube.

Early stages after implant insertion are important as
early events form the foundation of wound healing
around dental constructs (14). Macrophages are present
immediately after implantation and prior to bone forma-
tion at dental implant surfaces (1). They can produce a
variety of pro-inflammatory cytokines and chemokines,
which have an impact on bone formation and resorption.
Cytokines and chemokines produced by macrophages
play key roles in immunoregulatory and inflammatory
processes (1,5). Generally, pro-inflammatory cytokines
and chemokines such as TNF-o, MCP-1 and MIP-1a
have been associated with both delayed bone healing
and pathogenic bone loss. Furthermore, concentration of
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a single mediator can also affect outcome of a response
(8). Different dental implant surfaces have been shown
to induce different macrophage activation types and dif-
ferent levels of cytokine secretion (14,16). In this study,
TiO, nanotube surfaces, especially of 80 nm TiO, nano-
tube have been shown to induce different macrophage
activation and different secretion and expression of
TNF-o, MCP-1 and MIP-1a.

Macrophage phenotype can be characterized as pro-
inflammatory (M1) or immunomodulatory and tissue
remodelling (M2) (31). M1 cells, classically activated
pro-inflammatory macrophages, secrete pro-inflamma-
tory cytokines and chemokines such as IL-183, IL-6,
TNF-o. and MCP-1. In contrast, M2 cells, alternatively
activated, play a predominant role in suppression of
inflammatory responses and in promotion of tissue
repair and regeneration (31,32). Macrophages have
remarkable plasticity that allows them to efficiently
respond to environmental signals and change their phe-
notype. There is strong correlation between early mac-
rophage response to implants and outcome of tissue
remodelling. Increased numbers of M2 macrophages
and higher ratios of M2:M1 macrophages in the implant
site, are associated with more positive remodelling out-
comes (33). In this study, results of macrophage behav-
iour, secretion and expression of cytokines and
chemokines indicated that these cells may become dif-
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ferently activated upon interaction with TiO, nanotube
surfaces. The results imply that TiO, nanotube surfaces
can induce more M2 macrophages, which contributes to
rapid bone wound healing for dental implants with
TiO, nanotube surfaces in vivo.

Although the mechanism(s) of enhanced macro-
phage function on TiO, nanotube surfaces is still under
investigation, changes in both topography and chemis-
try after anodization, and subsequent treatment, could
have influenced macrophage responses observed in this
study. Several altered surface characteristics may be
responsible. First, surface topography resulting from
different anodization parameters could be a major factor
influencing macrophage functions (13,19,20). The
unique TiO, nanotube structures here provided more
surface area and more reactive sites for initial protein
interactions, which mediated macrophage adhesion (34).
For example, fibronectin and vitronectin adsorb to
implant surfaces and act as ligands for macrophages
through RGD-integrin receptor domains (34). These
ligand interactions with several others, are primary
interactions between implant surface and macrophages,
resulting in cytokine release (34). In this study, it is
possible that the unique nanotube-like structures were
the sites for preferential adsorption of proteins such as
fibronectin and vitronectin that mediated macrophage
adhesion and subsequent function. Second, surface
chemistry changed after anodization and subsequent
heat treatment. For example, Ercan et al. (30) found
80 nm TiO, nanotubes had highest ratios of Ti/O com-
pared to unanodized titanium. Yao et al. (35) provided
evidence that anodized titanium had lower carbon con-
tent than unanodized titanium. Equally as important, F
and N content were different between unanodized and
anodized titanium (20,35). Third, anatase titanium diox-
ide surfaces are known to acquire photocatalytic proper-
ties under ultraviolet irradiation. Photocatalytic titanium
dioxide surfaces are now thought to have various quali-
ties such as bactericidal activity, decontamination capa-
bility, and hydrophilicity (36,37). Amorphous TiO,
nanotubes can be transformed into anatase TiO, na-
notubes after heat treatment. Photocatalytic anatase
TiO, exhibits enhanced initial cell behaviour and early
bone formation (38,39). Thus, all TiO, nanotube sam-
ples in this study were annealed at 450 °C after anod-
ization to obtain anatase TiO, nanotube surfaces, and
were sterilized by ultraviolet irradiation. Finally,
changes in topography (35), heat treatment (40) and
sterilization method (41) could also affect surface wet-
tability and surface potential, which are known to influ-
ence cell responses. Cells preferentially attach to
surfaces with higher surface energy (42). In our study,
TiO, nanotube surfaces were more hydrophilic, thus of
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higher surface energy. All these changes affected mac-
rophage function. Other studies have shown that nano-
topographical surface modification has resulted in
marked down-regulation of the pro-inflammatory mac-
rophage genotype compared to conventional microrough
surface (11,19); this is consistent with the current
study. Results of cell adhesion, proliferation and cell
morphology here were consistent with those by Sun
et al. (21), but the results of cell adhesion were differ-
ent from those of Rajyalakshmi et al. (20). This is most
likely attributable to the fact that they used a different
macrophage cell line, different crystallinity of the TiO,
nanotubes and the different testing methods.

In our study, the 80 nm TiO, nanotube surface pro-
vided good adhesion and proliferation support for macro-
phages and reduced protein secretion and mRNA
expression of pro-inflammatory cytokines and chemokin-
es compared to 30 nm TiO, nanotube surface. Also, these
results can be explained by the following: First, the dif-
ferent nanotube sizes. On TiO, nanotubes, protein aggre-
gates adhere to the upper wall surface owing to presence
of empty nanotube pore spaces and gaps between adja-
cent nanotubes. It is possible that 80 nm TiO, nanotubes
provided more appropriate sites for preferential adsorp-
tion of proteins that mediated macrophage adhesion and
subsequent function. Second, the 80 nm TiO, nanotube
structure is discrete with a gap between adjacent nanotu-
bes (see Figs 1,2). Such a sub-division structure is impor-
tant for minimizing interfacial stresses between two
dissimilar materials contacted together. Third, gaps pres-
ent between adjacent 80 nm TiO, nanotubes may also be
useful as pathways for supply of nutrients — an essential
biological element for cell growth (23).

In conclusion, in the current study we have shown
that TiO, nanotube surfaces, especially of 80 nm TiO,
nanotube, benefited macrophage adherence and prolifer-
ation and reduced protein secretion and mRNA expres-
sion of pro-inflammatory cytokines (TNF-o) and
chemokines (MCP-1 and MIP-1a). Therefore, it can be
concluded that TiO, nanotube surfaces, especially of
80 nm TiO, nanotube, reduced the inflammatory
response in vitro, which might be part of a basis for
rapid osseointegration in implants with TiO, nanotube
surfaces in animal studies.
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