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Abstract: Nanotopography modification is a major focus of interest in current titanium surface
design; however, the influence of the nanostructured surface on human cell/bacterium behavior
has rarely been systematically evaluated. In this study, a homogeneous nanofiber structure
was prepared on a titanium surface (Nano) by alkali-hydrothermal treatment, and the effects
of this Nano surface on the behaviors of human MG-63 osteoblasts, human gingival epithelial
cells (HGECs) and human gingival fibroblasts (HGFs) were evaluated in comparison with a
smooth titanium surface (Smooth) by polishing and a micro-rough titanium surface (Micro) by
sandblasting and acid etching. In addition, the impacts of these different surface morphologies
on human THP-1 macrophage polarization and Streptococcus mutans attachment were also
assessed. Our findings showed that the nanostructured surface enhanced the osteogenic activity
of MG-63 cells (Nano=Micro>Smooth) at the same time that it improved the attachment of
HGECs (Nano>Smooth>Micro) and HGFs (Nano=Micro>Smooth). Furthermore, the surface
with nanotexture did not affect macrophage polarization (Nano=Micro=Smooth), but did reduce
initial bacterial adhesion (Nano<<Smooth<<Micro). These results suggest that the nanostructured
titanium surface may promote bone and soft tissue healing, and thereby increase the success
and survival of dental implants.

Keywords: nanotopography, osteogenic differentiation, soft tissue barrier, macrophage
polarization, antimicrobial effect

Introduction

Titanium implants, due to their predictable performance in the clinic, have been widely
used in the dental field for the replacement of missing teeth.! Upon its placement in
the jaw, an implant must interface successfully with three types of cells, including
osteoblasts from the bone and epithelial cells plus the underlying fibroblasts from the
soft tissue.>* Among these cells, osteoblasts secrete matrix proteins and deposit bone
mineral for osteogenesis and osseointegration to withstand occlusal loading, whereas
epithelial cells and fibroblasts adhere to the transmucosal component to form a barrier
to protect the underlying bone tissues.** Moreover, implant surfaces are exposed to
a bacteria-rich environment and rapidly become colonized by oral bacteria that can
compete with epithelial and connective tissues and cells for binding to the implant
surface.’ Bacterial accumulation may result in infection, destruction of the tissue-
implant integration or even implant failure; accordingly, inhibiting bacterial adhesion
would be conducive to the success and survival of implants.®®
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Furthermore, advanced studies have addressed the crucial
role of macrophages in regulating early tissue healing.”!
Macrophages are a heterogeneous population, as they can be
activated to either a classical M1 phenotype for promoting
the inflammatory response or an alternative M2 phenotype
for the resolution of inflammation and subsequent wound
healing.''? Although rapid physiological resolution of
inflammation is conducive to tissue healing, continued
chronic inflammation would result in the hyperplasia of
fibrotic scar tissue, ultimately leading to implant failure.'>!
Therefore, it would also be beneficial for early tissue heal-
ing and implant success to control the inflammatory process
through macrophage polarization.

It is well known that surface properties, including topog-
raphy and chemistry, are primarily important in establishing
the response of tissues to implants.'>'¢ Persistent efforts
have been made in recent decades to promote tissue healing
for early loading via modifying the implant surface. It has
been recognized that microrough titanium surfaces (eg, sur-
faces treated by sandblasting and acid etching [SLA]) could
improve osteoblastic activity and osseointegration. However,
roughened surfaces are also associated with increased bacte-
rial accumulation and inadequate epithelial cell adhesion,
which may increase the chances of infection, with subsequent
risk of implant failure.'”?° Recently, nanotopography modi-
fication of titanium substrates for accelerating tissue healing
has become a major focus of interest.?'?? Several methods
have been developed to produce nanotopography, among
which chemical treatment (eg, alkali treatment) is widely used
due to its good operability and flexibility.*?* In our previous
work, a homogeneous nanofiber structure was prepared by
alkali-hydrothermal treatment (NaOH and H,0,), and this
method showed enhanced osteogenic activity of osteoblasts in
comparison to implants with a smooth surface.? In addition,
this nanotopography could also act as a delivery platform
for the sustained and controlled release of bioactive ions,
thus further improving the biocompatibility. However, the
advantage of this nanostructured surface over the widely used
microrough surface in practice is unclear, especially in terms
of osteogenic capability.?® Furthermore, knowledge of how the
nanotopography influences the soft tissue cells, macrophages
and early-colonizing bacteria is currently limited.

In this study, we systematically evaluated the effects of the
nanotopography prepared by alkali-hydrothermal treatment on
the behaviors of human MG-63 osteoblasts, human gingival
epithelial cells (HGECs), human gingival fibroblasts (HGFs),
human THP-1 macrophages and early bacterial attachment
using Streptococcus mutans in comparison to smooth surfaces

by polishing and microrough surfaces by SLA. Our work
provides an overview of the relative merits of the promising
nanotopography and would also provide guidelines for sub-
sequent surface bioactive ion modification that overcomes its
potential drawbacks for better tissue integration.

Materials and methods

Specimen fabrication and characterization
Pure titanium plates with dimensions of 10x10x1 mm and
20x20x1 mm were machined and divided into three groups
as follows: 1) Smooth sample: samples were polished using
multiple sandpapers, cleaned ultrasonically in ethanol, deion-
ized water and ultrapure water, sequentially, and dried in
an ambient atmosphere (ie, 0.1 MPa at 25°C and relative
humidity between 40% and 50%). 2) Micro sample: smooth
samples were sandblasted with alumina particles 100 pm in
size under air pressure of 0.6 MPa and then acid etched with
a mixed solution of acid (18% HCI: 48% H,SO,, v:iv=1:1)
at 60°C for 4 hours. 3) Nano sample: Smooth samples were
subjected to alkali-hydrothermal treatment to construct the
nanostructure.?”’” Briefly, Smooth samples were immersed in
a mixed solution of 7.5 mL H,0, (30%) and 2.5 mL NaOH
(5 M) aqueous solution in a reaction vessel with a teflon lining
at 80°C for 24 hours. After cooling to room temperature (RT;
25°C) naturally, the samples were gently rinsed with deion-
ized water and then immersed in 0.1 M HCl aqueous solution
for 2 hours to dissolve the NaOH left on the sample surfaces.
Finally, the samples were washed to neutral pH with deion-
ized water, dried in an ambient atmosphere and annealed at
450°C for 1 hour to obtain the nanostructure. Prior to use,
all groups were ultrasonically cleaned in acetone, anhydrous
ethanol and distilled water, sequentially.

The surface topographies were examined using field-
emission scanning electron microscopy (FE-SEM; Magellan
400, FEI, Hillsboro, OR, USA) with an acceleration voltage
of 15 kV. The crystallinity of the films was characterized
using an X-ray diffractometer (XRD; Rigaku, Tokyo, Japan)
fitted with a Cu-Kow (A=1.541 A) source at 40 kV and 100 mA.
The scans were conducted in the range of 26=15°-80° with
a step size of 0.02°, and the glancing angle of the incident
beam against the surface of the specimen was fixed at 1°.
The chemical composition of the titanium surfaces was deter-
mined by X-ray photoelectron spectroscopy (XPS; PHI 5802
system, Physical Electronics Inc, Eden Prairie, MN, USA)
with an Al Ko (1,486.6 V) source. The roughness measure-
ments were performed using a surface profiler (HOMMEL
TESTER T8000, Hommel, Villingen-Schwenningen,
Germany) with a scan distance of 5.0 mm and a scan speed
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of 0.1 mm/s. The surface wettability was examined using a
surface-contact angle machine (Automatic Contact Angle
Meter Model SL200B, Solon Information Technology
Co., Ltd., Shanghai, People’s Republic of China) and was
performed in an ambient environment using 2 pL of sessile
distilled water droplets.?®

Behavior of human osteoblasts on

different samples

Human MG-63 osteoblasts (Institute of Biochemistry and
Cell Biology, Chinese Academy of Science, Shanghai,
People’s Republic of China) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; HyClone, South Logan,
UT, USA) supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Waltham, MA, USA) and
1% penicillin/streptomycin (Thermo Fisher Scientific) at
standard culture conditions (37°C and 5% CO,), with the
culture media changed every 2 days. MG-63 cells were
subcultured using trypsin-ethylenediaminetetraacetic acid
(EDTA; Thermo Fisher Scientific), and cells at passages 3—6
were used in this study.

MG63 cells (2.0x10* cells/well) were seeded onto differ-
ent samples in 24-well plates, with culture media replaced
every 2 days. The cell morphology was inspected after cultur-
ing for 24 hours. The cell proliferation was evaluated after
1,3 and 5 days. The intracellular alkaline phosphatase (ALP)
activity and the immunofluorescence staining of osteocalcin
(OCN; Abcam, Cambridge, MA, USA) were examined at
14 days. For quantitative real-time polymerase chain reaction
(qRT-PCR) to assess osteogenesis-related gene expression,
8.0x10* cells/well were seeded onto the specimens in 6-well
plates and cultured for 7 days and 14 days.

Behaviors of HGECs and HGFs on

different samples

Healthy human gingival tissues were obtained from tissues
overlying the affected third molar teeth of adult subjects dur-
ing the course of surgery. The research protocol was approved
by the Independent Ethics Committee of Shanghai Ninth
People’s Hospital affiliated to Shanghai JiaoTong University,
School of Medicine, and written informed consent was
obtained from each donator. The explants were submerged
in dispase Il solution (2.0 U/mL; Roche, Basel, Switzerland)
overnight at 4°C to separate the epithelium layer from the
underlying connective tissue. After mincing 1-2 mm? pieces,
the epithelium fragments were incubated in trypsin-EDTA
at 37°C for 10 minutes to isolate HGECs.?*3° Then, the cells
were collected and fed with defined keratinocyte—serum-free

medium (Thermo Fisher Scientific) supplemented with 1%
penicillin/streptomycin, with culture media refreshed every
2 days. The remaining gingival connective tissues were
placed in DMEM containing 10% FBS and 1% penicillin/
streptomycin, where they were cut into 2—-3 mm?-sized pieces.
HGFs were cultured from these connective tissue pieces in
DMEM with culture media changed every 3 days.*' Both
HGECs and HGFs were subcultured using trypsin-EDTA,
and cells from passages 2—4 were used.

HGECs (5.0x10* cells/well) or HGFs (2.0x10* cells/
well) were seeded onto the samples in 24-well plates with
culture media replaced every 2 days. The cell morphology
was evaluated after 24 hours. The cell proliferation was
measured after 1, 3 and 5 days. After incubation for 24 hours,
the immunofluorescence staining of integrin 4 (Abcam)
was performed for HGECs, whereas the staining of vinculin
(KeyGen Biotech, Nanjing, People’s Republic of China) was
performed with HGFs. For evaluating the adhesion-related
gene expression, HGECs (4.0x10° cells/well) or HGFs
(3.0x10° cells/well) were seeded onto the Ti specimens in
6-well plates and incubated for 24 hours.

Behavior of human macrophage

polarization on different samples
Cells from the human monocytic cell line THP-1 (Institute of
Biochemistry and Cell Chinese Academy of Science) were
maintained in Roswell Park Memorial Institute (RPMI) 1640
medium (Thermo Fisher Scientific) containing 10% FBS and 1%
penicillin/streptomycin. Cells were subcultured every 3 days.
For the differentiation of THP-1 monocytes to mac-
rophages, cells at passages 3—6 were seeded onto the
samples in 24-well plates (1.0x10° cells/well) or 6-well
plates (1.0x10° cells/well) in RPM1/10% FBS contain-
ing 100 ng/mL phorbol 12-myristate 13-acetate (PMA;
Thermo Fisher Scientific) and allowed to attach to the
samples overnight. Then, adherent MO-differentiated cells
were treated with random phase multiple access RPMI/10%
FBS alone (MO control), or with RPMI/10% FBS containing
20 ng/mL interferon gamma (IFN-y; PeproTech, Rocky
Hill, NJ, USA), plus 100 ng/mL lipopolysaccharide (LPS;
Sigma-Aldrich, St Louis, MO, USA) for M1 polarization
or containing 20 ng/mL interleukin-4 (IL-4; PeproTech)
for M2 polarization. After 24 hours of incubation, the cell
morphology, gene expression and protein level for C-C
chemokine receptor type 7 (CCR7; Abcam) and cluster of
differentiation 206 (CD206; Abcam) of M0, M1 and M2 were
analyzed to evaluate the effects of different surface mor-
phologies on the behavior of the macrophage polarization.
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Protocol for cell experiment

For cell morphology characterization, the samples were fixed
in 2.5% glutaraldehyde and dehydrated in a graded ethanol
series. After lyophilization, desiccation and gold sputter coat-
ing, the cells on samples were visualized by scanning electron
microscope (SEM; Hitachi S-3400, Tokyo, Japan).

The cell proliferation on samples was examined
using a colorimetric assay using the WST-8 kit (Dojindo;
Kumamoto, Japan) and 4’,6-diamidino-2-phenylindole
(DAPI) staining (Sigma-Aldrich) following the manufac-
turer’s instructions.

For qRT-PCR, total ribonucleic acid from the samples
was isolated using Trizol reagent (TaKaRa, Tokyo, Japan),
and cDNAs were generated using Transcriptor First Strand
cDNA Synthesis Kit (Roche). qRT-PCR was conducted
using FastStart Essential DNA Green Master (Roche) on
a real-time PCR system (LightCycler 480, Roche). Data
were analyzed using the 2744°T method.* Glyceraldehyde
3-phosphate dehydrogenase was used as a loading control,
and the Smooth sample was used as control. The primers
used are shown in Table 1.

The intracellular ALP activity was quantified by detect-
ing optical density values at 405 nm using a SpectraMax
MS plate reader (Molecular Devices, Sunnyvale, CA, USA)
after samples were incubated with p-nitrophenyl phosphate
(Sigma-Aldrich) at 37°C for 30 minutes. The results were
normalized using the total protein amounts, which were
calculated using a bicinchoninic acid protein assay kit
(Beyotime, Jiangsu, People’s Republic of China).

For immunofluorescence staining, the samples were fixed
in 4% paraformaldehyde for 15 minutes, permeabilized with

Table | Primers used for real-time polymerase chain reaction

0.2% Triton X-100 for 10 minutes and blocked in 1% bovine
serum albumin (Sigma-Aldrich) for 1 hour at RT. Then, the
samples were incubated with primary antibody ata 1/100 dilu-
tion for 1 hour at RT. Cyanine Cy™3-conjugated secondary
antibodies (Jackson Immunoresearch Laboratories, West
Grove, PA, USA) diluted 1/200 was used for another 1 hour
at RT. The cytoskeleton and nucleus were stained with fluo-
rescein isothiocyanate-phalloidin (Sigma-Aldrich) and DAPI,
respectively. The samples were observed using a confocal
laser scanning microscope (Leica, Hamburg, Germany).

Behavior of S. mutans on different

samples
S. mutans UA159 (American Type Culture Collection) was
maintained in tryptic soy (Sigma-Aldrich) agar and cultured
in tryptic soy broth for 24 hours at 37°C and 5% CO,. For
bacterial adhesion, a solution containing the bacteria at a con-
centration of 108 colony forming units (CFU)/mL was seeded
on each sample to a density 0of 0.06 mL/cm?. The samples with
bacterial solution were incubated for 1 hour. The dissociated
bacterial solution was collected and inoculated into a standard
agar culture medium. After 24 hours of incubation at 37°C,
the active bacteria were counted according to the National
Standard of China GB/T 4789.2 protocol. In the SEM exami-
nation, a solution containing the bacteria at a concentration of
10® CFU/mL was introduced onto each sample to a density
of 0.06 mL/cm?, incubated at 37°C for 1 hour, fixed, and
dehydrated according to the same protocol for cells.

For biofilm formation, a solution containing the bacteria
at a concentration of 10’ CFU/mL was seeded on each sample
to a density of 0.06 mL/cm? The samples with bacterial

Gene Forward primer sequence (5’-3’) Reverse primer sequence (3'-5")
ALP GGACATGCAGTACGAGCTGA CCTTCCACCAGCAAGAAGAA
coLl TGTTCAGCTTTGTGGACCTC CTTGGTCTCGTCACAGATCA
OCN GGCACCCTTCTTTCCTCTTC GCCCACAGATTCCTCTTCTG
Laminin o3 GTTCACAGCAGCAAAGGGTG CAATTGCAGGGAACACACCG
Laminin 33 GAGCTTTCAGGCGATCTGGA CCCCAACAGGTGGATAGCAG
Laminin y2 CATTAGACGGCCTCCTGCAT CGCAGTTGGCTGTTGATCTG
Integrin a6 TCGGGAGTACCTTGGTGGAT AGCATGGATCTCAGCCTTGT
Integrin 4 CCGGGAGAGGGAGGAAGA GCAGTAGGCGCAGTCCTTAT
Fibronectin ATCACCCTCACCAACCTCAC TCCCTCGGAACATCAGAAAC
Integrin o3 CATCCTCCTGCTGTGGAAGT CGGTCAGCCTCTCTGTCTCT
Integrin B TACTTGTGAAGCCAGCAACG ACAGACACCAAGGCAGGTCT
Vinculin GCTGCCAGTTCTCATTTCAGC ATGGCTTCAGTGTCCTTGCT
CCR7 TGAGGTCACGGACGATTACAT GTAGGCCCACGAAACAAATGAT
CD206 CTACAAGGGATCGGGTTTATGGA TTGGCATTGCCTAGTAGCGTA
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

Abbreviations: ALP, alkaline phosphatase; CCR7, C-C chemokine receptor type 7; CD206, cluster of differentiation 206; COL/, type | collagen; OCN, osteocalcin; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.
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solution were incubated for 24 hours. The biofilm formation
on each sample was evaluated using the bacteria counting
method and SEM as described above.

Statistical analysis

Experiments were performed in triplicate. For continuous
results, the data were expressed as the mean * standard
deviation. Statistically significant differences (P<<0.05)
among the three groups were identified by one-way analysis
of variance and Student Newman—Keuls post hoc analysis
using Statistical Package for the Social Sciences (SPSS)
software (version 19.0; Chicago, IL, USA) and GraphPad
Prism (version 5; La Jolla, CA, USA).

Results

Characterization of samples

Surface morphology and composition

The surface topographies of the Smooth, Micro and Nano
samples were investigated with FE-SEM. There were clear
differences among the specimens (Figure 1A). After the
polishing procedure, the majority of the Smooth sample
appeared flat and smooth, although some visible scratches

and irregular pits could also be observed. The Micro sample
prepared by SLA exhibited a typical rough surface with
microporous morphology, which showed round micropits
distributed over the surface. In addition, numerous secondary
micropores, inhabiting the rough macrotexture, could also
be observed. After alkali-hydrothermal treatment, the Nano
sample displayed a gradual peak-to-valley morphology at a
low magnification. At a high magnification, a homogeneous
unique nanofiber texture was formed on the Nano surface,
nearly perpendicular to the substrate. XRD and XPS tests
were conducted to examine the crystalline phase and chemi-
cal compositions, respectively. On the basis of the results
presented in Figure S1 and Table S1, all of the sample sur-
faces were composed of the crystalline phase of TiO, and Ti
with a similar Ti/O ratio.

Surface roughness

The surface roughness is graphically shown as the values
of Ra (average roughness) and Rz (average maximum
height; Figure 1B and C). The Ra of the Smooth sample
was 0.0910.01 um, whereas the Nano sample exhibited
a slightly rougher surface (Ra =0.452+0.03 um). A much
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Figure | Surface characterization of the three types of samples.
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Notes: (A) Surface morphologies of the three samples (Smooth, Micro and Nano) at different magnifications. (B, C) Surface roughness of prepared samples. (D) Surface
wettability analyzed using water contact angles. **P<<0.001 versus Smooth surface; **P<<0.001 versus Micro surface.

Abbreviations: Ra, average roughness; Rz, average maximum height.
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rougher surface was observed on the Micro sample, with an
Ra value of 1.44+0.30 um. In addition to the Ra value, the
Rz of the Smooth, Nano and Micro samples we measured
were 0.631£0.05 um, 2.9240.25 um and 8.05+1.72 pm,
respectively. The large differences between the Ra and Rz
in the Micro and Nano samples revealed that these two sur-
faces were mainly composed of high peak and valley types
of structures.

Surface wettability

Wetting angle measurements are presented in Figure 1D.
The contact angles of the water droplets on Smooth, Micro
and Nano samples were 85.57°+4.45°, 107.46°+2.90° and
8.10°+2.22°, respectively, indicating that the Nano surface
had excellent hydrophilicity.

Behavior of human MG-63 osteoblasts on

different samples

Cell morphology, proliferation and osteogenesis activity were
monitored to evaluate the impacts of different surfaces on the
behavior of human MG-63 osteoblasts (Figures 2 and S2).

Cell morphology

The morphology of the MG-63 cells on samples was observed
using SEM. After 24 hours of incubation, MG-63 cells on the
Smooth sample displayed a spindle shape, whereas on Micro
and Nano samples, the cells exhibited polygonal morphology
with lamellipodia extension (Figure 2A).

Cell proliferation

The cell proliferation activity was assessed using the WST-8
assay (Figure 2B) and DAPI staining (Figure 2C) after 1, 3
and 5 days of incubation on these three types of surfaces. In
all groups, the cell numbers increased rapidly with time, and
no significant differences were observed among the different
surfaces through all these three culture times, indicating that
the cell proliferation was clearly not related to the surface
morphology.

Osteogenesis activity

The relative gene expression of osteogenic markers, includ-
ing ALP, type I collagen (COL 1) and OCN, was detected
by qRT-PCR after incubation on different samples for
7 days and 14 days. Meanwhile, the intracellular ALP
activity and immunofluorescence staining of OCN were
also evaluated after 14 days. As presented in Figure 2D
and E, the gene expression levels of osteogenesis-related
factors (ALP, COL I and OCN) and the intracellular ALP
activity on different samples generally followed the ranking

of Nano sample=Micro sample>Smooth sample. In addi-
tion, immunofluorescence staining revealed that the protein
expression level of OCN in osteoblasts on the Nano sample
was similar to those on the Micro sample, whereas cells on
the Nano and Micro surfaces showed stronger expression
of OCN when compared with those on the Smooth sample
(Figures 2F and S2).

Behavior of HGECs on different samples
Cell morphology, adhesion activity and proliferation ability
were detected to assess the influence of different morpholo-
gies on the behavior of HGECs (Figures 3 and S3).

Cell morphology

After culturing for 24 hours, HGECs on the Nano sample
spread out evenly and showed a polygonal shape with abun-
dant filopodia and lamellipodia, whereas cells on the Smooth
and Micro samples exhibited a hemispherical shape with less
filopodia and lamellipodia extension (Figure 3A).

Adhesion activity

The relative gene expression levels of adhesion molecules
(laminin o3, laminin 3, laminin )2, integrin o6 and integrin
p4) in HGECs after 24 hours of incubation on different
samples followed the ranking of Nano sample>Smooth
sample>Micro sample (Figure 3B). Immunofluorescence
staining of integrin 4 exhibited granular multiform patches
throughout the cytoplasm of HGECs (Figures 3C and S3).
Similar to its gene expression pattern, the protein expression
level of integrin 34 was strongest on the Nano sample and
weakest on the Micro sample.

Cell proliferation

The cell number after culturing on the different samples for
1, 3 and 5 days followed the ranking of Nano sample>>Smooth
sample>Micro sample (Figure 3D and E). In other words,
HGECs on the Nano sample proliferated fastest with time,
followed by the Smooth sample, whereas cells on the Micro
sample showed the weakest proliferation activity.

Behavior of HGFs on different samples
Cell morphology, adhesion activity and proliferation ability

were tested to investigate the effects of different surfaces on
the behavior of HGFs (Figures 4 and S4).

Cell morphology

After 24 hours of incubation, the HGFs on the three samples
were elongated in shape with long filamentous extensions
(Figure 4A).
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Abbreviations: ALP, alkaline phosphatase; COL 1, type | collagen; OCN, osteocalcin; OD, optical density.

Adhesion activity

After culturing for 24 hours, the relative expression levels
of adhesion-related genes (fibronectin, integrin o3, integrin
BI and vinculin) in HGFs on different samples followed the
ranking of Nano sample=Micro sample>Smooth sample
(Figure 4B). Immunofluorescence staining of vinculin
showed elongated spots located diffusely in the cytoplasm
of HGFs (Figures 4C and S4). Furthermore, cells on the
Nano and Micro samples displayed stronger expression

of vinculin than those on the Smooth sample, whereas no
obvious differences were observed between the Nano and
Micro samples.

Cell proliferation

HGFs proliferated rapidly with time on all samples and
showed similar numbers of cells after culturing for 1, 3
and 5 days, without any significant differences (Figure 4D
and E).
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Notes: (A) Cell morphology after 24 hours of seeding. (B) Adhesion-related gene expression (laminin o3, laminin 33, laminin Y2, integrin o6 and integrin 34) measured
with quantitative real-time polymerase chain reaction after 24 hours of incubation. (C) Protein expression of integrin 34 detected using immunofluorescence staining after
24 hours of culture; integrin B4 (red), actin (green) and nucleus (blue). (D, E) Cell proliferation measured with the WST-8 kit and 4’,6-diamidino-2-phenylindole staining after

I, 3 and 5 days of culture. *P<<0.05, **P<<0.01, ***P<<0.001 versus Smooth surface; *#P<<0.001 versus Micro surface.

Behavior of human macrophage
polarization on different samples

Cell morphology and macrophage phenotype were analyzed
to assess the effects of surface morphologies on the behavior
of human THP-1 macrophages in the presence or absence of
biological agents (Figures 5 and S5).

Cell morphology
Cells with the same phenotype (M0, M1 or M2) appeared
similar in shape on the different types of samples. In detail,
MO macrophages on all the samples showed a spherical
shape, whereas M1 and M2 macrophages were elongated in
shape (Figure 5A).

Macrophage polarization
To evaluate cell polarization, qRT-PCR of M1 phenotype
markers (CCR7) and M2 phenotype markers (CD206)

was performed, with the MO macrophages on the Smooth
sample as control (Figure 5B).>* For M0 macrophages,
both the expression of CCR7 and CD206 could be detected,
with no marked differences among samples. Compared
to MO macrophages, the M1 phenotype induced by IFN-y
plus LPS displayed prominent upregulation of CCR7 and
reduction of CD206, with no differences across the groups.
Conversely, M2 macrophages treated with IL-4 exhibited
enhanced expression of CD206 and decreased CCR7 expres-
sion, with no differences among surfaces. Furthermore,
immunofluorescence staining for CCR7 and CD206 was
conducted for MO, M1 and M2 macrophages (Figures 5C
and S5). Both the expression of CCR7 and CD206 in the MO
phenotype could be observed on all samples, with similar
protein levels across the groups. For M1 macrophages, the
cells showed strong expression of CCR7 and little CD206
expression, with no foundational differences among samples.
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For M2 macrophages, the cells showed abundant CD206
expression and low expression of CCR7, with similar protein
expression among surfaces.

Behavior of S. mutans on different

samples

Bacterial adhesion and biofilm formation were analyzed
to test the effects of different surfaces on the behavior of
S. mutans (Figure 6).

Bacterial adhesion

After seeding for 1 hour, the number of bacteria adhered to
the samples was detected using the bacteria count method and
SEM (Figure 6A and B). The attached bacteria number followed
the ranking of Nano sample<<Smooth sample<<Micro sample.

Biofilm formation

After culturing for 24 hours, the biofilm formation on the
samples followed the ranking of Nano sample<<Smooth
sample<<Micro sample, as evaluated using the bacteria count
method and SEM (Figure 6C and D).

Discussion

A main consideration in developing dental implant surfaces
is to promote tissue integration around the peri-implant
bone and soft tissue and at the same time diminishing bacterial
adherence.>** Nanoscale topography is currently regarded as
a promising approach to surface design; however, the effects
of nanotopography have rarely been systematically evaluated.
In this study, a Nano surface with homogeneous nanofiber
texture was prepared by alkali-hydrothermal treatment, and
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its effects on tissue healing and antimicrobial property were
evaluated in vitro and compared to Smooth surface by pol-
ishing and Micro surface by SLA. Our results showed that
the Nano surface not only enhanced the osteogenic differen-
tiation of human MG-63 osteoblasts (Nano=Micro>Smooth)
but also promoted the early attachment of both HGECs
(Nano>Smooth>Micro) and HGFs (Nano=Micro>Smooth).
Moreover, the Nano surface did not alter macrophage
polarization (Nano=Micro=Smooth), but decreased initial
biofilm formation of S. mutans (Nano<Smooth<<Micro). These
findings suggest that implant surfaces with nanotopography may
enhance early tissue integration and increase implant survival.

The establishment of osseointegration is the undisputed
pre-condition for clinical success of an implant, and enhanced
osteogenic activity of osteoblasts by surface modification
could result in an increased osseointegration.***¢ In this
study, MG-63 cells, obtained from a human osteosarcoma,
were used to model the response of human osteoblasts on the
three different titanium surfaces. Despite being a tumor cell
line, MG-63 cells exhibit numerous osteoblastic traits that
are typical of a relatively immature osteoblast, including the
stimulation of ALP activity and OCN synthesis.>” As a result,
they are a good model for the examination of the early stages
of osteogenic differentiation on biomaterial surfaces.’®*
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Our results revealed that MG-63 osteoblasts grew well on
all surfaces. However, MG-63 cells on the Nano surface
exhibited increased osteogenic differentiation, shown as
enhanced ALP activity and upregulated expression of
OCN when compared with the Smooth surface.*® More
importantly, the osteogenic activity on the Nano surface
was similar to that on the Micro surface prepared by SLA.
As the microrough surface by SLA is generally known to
enhance osteogenic differentiation of osteoblasts and is com-
monly used in practice to improve osseointegration,?*’ the
similar osteogenic activity between the Nano surface and
the Micro surface may indicate that implants with a Nano
surface could achieve favorable osseointegration comparable
with SLA surfaces.

In addition to bone-implant integration, early attach-
ment and accelerated proliferation of epithelial cells and
fibroblasts surrounding the implant neck to form a biological
seal are of critical importance for the success and survival
of implants.*! In this study, to figure out the roles of surface
morphology during the soft tissue integration, both HGECs
and HGFs from human gingival tissue were cultured on
different titanium surfaces for systemic analysis. The data
showed that after 24 hours of incubation, HGECs on the
Nano surface spread readily and exhibited upregulated
gene expression of integrin o654, the major component of

the hemidesmosome, and laminin o333y2 (laminin-5), the
major component of the basement membrane, compared
to the Smooth and Micro surfaces.* Immunofluorescence
staining of integrin B4 also revealed stronger expression of
the hemidesmosome on the Nano surface compared with the
others. Because hemidesmosomes and basement membrane
ensure efficient attachment of epithelial cells to the implant
surface, these results predict that HGECs on Nano surfaces
could achieve better attachment to the implant than the
others.*** In addition, the Nano surface also markedly
promoted the proliferation activity of HGECs compared
to Smooth and Micro surfaces. Thus, implants with Nano
surfaces may achieve earlier epithelial sealing around the
transmucosal component than that with a Smooth surface or
Micro surface. Unlike the response of HGECs, HGF's spread
well and grew rapidly on all surfaces; however, on the Nano
and Micro surfaces, these cells expressed higher amounts
of vinculin than on the Smooth surface. It is known that
fibroblasts adhere to implant surfaces by focal adhesion.*
Vinculin is a focal adhesion linker protein, and increased
vinculin expression is associated with enhanced adhesion
strength.* Therefore, both the Nano and Micro surfaces
could result in a stronger adhesion of HGF's to the implant
than Smooth surface, which is beneficial for the stability
of connective tissue integration. Taken together, the Nano
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surface promoted the attachment of both HGECs and HGFs
when compared with other surfaces. Thus, implants with
Nano surfaces may result in an early and effective forma-
tion of soft tissue barrier, which would be beneficial for the
long-term maintenance of osseointegration.

Moreover, the tissue healing around peri-implant bone
and soft tissue was affected by the host inflammatory
response, in which macrophages play a major regulatory role
due to different polarization conditions (ie, pro-inflammatory
M1 and anti-inflammatory pro-healing M2). After instal-
lation of dental implants, an acute inflammatory response
(M1) is initiated by tissue injury, followed by the resolution
of inflammation and tissue repair (M2).>* In this study,
THP-1 macrophages treated with PMA (M0) were used to
act as a model of human peripheral blood monocyte-derived
macrophages and were further polarized into M1 by IFN-y
plus LPS or M2 by IL-4 for evaluating the effects of different
surface morphologies on macrophage polarization.*® As indi-
cated by the similar expression of CCR7 (M1 marker) and
CD206 (M2 marker), our data suggested that macrophages
exhibited similar phenotypes among these three types of
surfaces in MO, M1 or M2. These results may indicate that
surface morphologies have little influence on the activity of
macrophage polarization under the same stimulus. In other
words, with equal degrees of tissue injury, the three dif-
ferent types of surfaces may undergo the same progress of
inflammation and have similar microenvironments for the
beginning of bone and soft tissue healing. Because tissues
are injured after surgical trauma or during infection, it would
be beneficial for the resolution of inflammation and early
tissue repair to lessen surgical trauma and prevent infection.
As surgical traumas were mainly associated with the surgical
procedures, for morphology modification of implant surface
to reduce tissue damage, one feasible approach is to prevent
infection caused by bacteria.

To be fully functional, the dental implants protrude
through the soft tissue and are exposed to a bacteria-rich
environment at all times. The colonization of bacteria (dental
plaque formation) on implant surfaces may trigger the inflam-
matory process, contributing to the early and late stages of
implant failure.” Among oral microbial flora, S. mutans is
one of the best-known early colonizers and biofilm-forming
organisms during dental plaque formation, and this biofilm
provides a suitable environment for the late colonizers to
form mature plaque.’*” We found that Nano surfaces inhibited
the initial attachment and biofilm formation of S. mutans
compared to Smooth surfaces, whereas Micro surfaces
exhibited contrary behavior. The antimicrobial outcome,

together with early and favorable attachment of HGEC and
HGF on the Nano surface, may lead to less bacterial infec-
tion caused by plaque accumulation compared to Smooth and
Micro surfaces and thus facilitate the early tissue healing and
long-term success and survival of implants.

Overall, the Nano surfaces interfaced well simultaneously
with MG-63 cells, HGECs and HGFs, along with reduced
bacterial accumulation. In detail, the attachment activity
of HGECs and antibacterial efficacy on the Nano surface
were better than that on the Smooth and Micro surfaces.
In addition, when considering the osteogenic activity of
MG-63 cells and adhesion activity of HGFs, the Nano sur-
face exhibited beneficial effects that were similar to those
of the Micro surface but better than those of the Smooth
surface. There were few differences among these three types
of surface morphologies in regulating the activity of mac-
rophage polarization. On the basis of these results, the Nano
surface may be a better option for designing transmucosal
components or abutment of an implant and an alternative to
the SLA surface for designing bone-contacting regions of
the implant. Because the nanotopography used in this study
could also act as a delivery platform for the sustained and
controlled release of bioactive ions that further improves
the biological activity, it is first necessary to improve the
biocompatibility of the nanostructured surface with the osteo-
blasts, fibroblasts and macrophages (ie, M2 polarization).
Thus, further studies will be conducted to perform chemical
modification on the present nanostructured surfaces for better
tissue healing, especially for osseointegration and connective
tissue barrier formation.

Conclusion

Titanium surfaces with homogeneous nanofiber textures
prepared with alkali-hydrothermal treatment enhanced
the osteogenic activity of MG-63 osteoblasts at the same
time that they promoted the adhesion activity of HGECs
and HGFs when compared with smooth surfaces by pol-
ishing and micro-rough surfaces by SLA. Moreover, the
nanostructured surfaces did not alter macrophage polariza-
tion, but reduced initial bacterial adhesion. From a clinical
perspective, the nanostructured titanium surface may promote
the healing of both peri-implant bone and soft tissue as well
as reduce bacterial infection, which would be beneficial
for early loading and the long-term success and survival of
dental implants. More research is needed to further improve
the biocompatibility of the nanostructured surfaces with the
osteoblasts, fibroblasts and macrophages (ie, M2) through
modification of the surface chemistry.
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staining after 14 days of culture; osteocalcin (red), actin (green) and nucleus (blue).
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Table S| Percent contents of C, O and Ti elements for various
samples determined by X-ray photoelectron spectroscopy

Sample Elemental content (at%)
C o Ti
Smooth 58.89 30.95 10.16
Micro 50.47 38.75 10.77
Nano 50.36 36.89 12.76
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Figure S3 Protein expression of integrin 34 detected using immunofluorescence
staining after 24 hours of culture; integrin 34 (red), actin (green) and nucleus (blue).
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Figure S4 Protein expression of vinculin detected using immunofluorescence
staining after 24 hours of culture; vinculin (red), actin (green) and nucleus (blue).
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Figure S5 Protein expression of CCR7 (M| marker) and CD206 (M2 marker) was
measured using immunofluorescence staining after treatment with control, interferon
gamma plus lipopolysaccharide or interleukin-4; CCR7 and CD206 (red).
Abbreviations: CCR7, C-C chemokine receptor type 7; CD206, cluster of
differentiation 206.
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