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ABSTRACT: In order to gain insight into how interfacial
effects influence cell responses, chemically modified anodized
TiO, nanotubes (ATNs) were used to simultaneously
investigate the effects of nanoscale substrate structure and
angstrom-scale chemicals on cell morphological change and
cell growth. Two small chemicals were used to modify the
ATNSs, namely, 3-aminopropyltrimethoxysilane (APTMS) and
3-mercaptopropyltrimethoxysilane (MPTMS), resulting in
APTMS-modified ATNs (APTMS-ATNs) and MPTMS-
modified ATNs (MPTMS-ATNs), respectively. In our in
vitro observation of NIH/3T3 fibroblasts, cells thrived on both

APTMS-ATNs

MPTMS-ATNs
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unmodified and modified ATNs. Quantitative analyses of cell numbers exhibited that APTMS-ATNs effectively facilitated cell
proliferation and directed cell orientation owing to full cell—substrate contact caused by positively charged amino groups
(—NH;") on the surface. In addition, scanning electron microscopy and fluorescence images showed different cell morphologies
on APTMS-ATNs and MPTMS-ATNs. APTMS-ATNs resulted in flat spreading of fibroblasts, while MPTMS-ATNss resulted in
fibroblasts with a three-dimensional solid shape and clear contours. The results indicate that the synergistic effects of nanotube
surface topology and small chemical modification and, to a lesser extent, surface hydrophilicity, alter the interfacial interactions
between cells and substrates, significantly affecting cell morphology, attachment, and growth. Using ATNs with different
interfacial effects from various small chemicals, orientation of cells into various patterns can be achieved and investigation of cell
fates, such as proliferation or stem cell differentiation, can be performed for future advanced medical or biological applications.
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B INTRODUCTION

Understanding cell—substrate interaction is a prerequisite for
the effective control of the function, growth, and movement of
cells in both in vitro and in vivo environments. The interplay
between cells and the underlying substrate also gives an insight
into cell fate and thus determines the criteria for the design of
biocompatible materials. Recently, a number of studies have
been conducted on the interaction between cells and
biomaterials with micro- or submicroscale to nanoscale
features."™ Due to the size scale of the subcellular structures,
such as integrins, on the membrane of mammalian cells,
investigation of cell responses in the nanoscale regime will not
only predict cell behavior during proliferation or differentiation
but also enable the development of materials truly compatible
with the biological system.

In order to determine how cells respond to minute structural
changes in the substrate, nanostructures based on existing
micro- and submicro-architectures have been fabricated using
various techniques, such as nanoelectromechanical system
techniques for creating nanogrooves,lo nanopits,11 or nano-
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pillars;* vapor—liquid—solid process for growing nanowires;'>">

chemical vapor deposition for forming nanotubes;*'*
etching for constructing nanonodules;”"* colloidal synthesis of
nanoparticles;'® polymer demixing for generating nanois-
lands;'”"® and electrochemical anodization for fabricating
nanotubes”'® or nanopillars.’® The primary considerations in
the creation of these nanodimensional structures have been the

acid

cost of fabrication and the uniformity and uniqueness of the
architecture. Among the various techniques employed so far,
electrochemical anodization is one of the most prevalent,
especially for the creation of various sizes of nanotubular
architectures on certain metals,”' such as aluminum?* and
titanium.”’ The nanotubular structures offer the advantage of
having random nanoparticles replaced by highly ordered tubes.
Furthermore, the nanotubular structures increase the surface
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roughness of the substrate and have a well-defined and
controllable pore size, wall thickness, and tube length.23

The nanoscale topography of material surfaces has been
reported to affect cell activities." Previous studies indicate that
nanostructures significantly influence different cell features and
behavior, such as morphology, extension, migration, growth,
differentiation, protrusion of filopodia, and cell prolifera-
tion.”” 1 1#192L24728 R example, nanotopographical groove
structures with a depth of 85—100 nm were shown to have a
great impact on fibroblast growth during regeneration of the
periodontal ligament.' Moreover, TiO, nanotubes having
diameters larger than 50 nm resulted in dramatically reduced
cell adhesion and spreading and a high extent of programmed
cell death among mesenchymal stem cells (MSCs).” On the
other hand, TiO, nanotubes 15 nm in diameter were found to
influence MSCs differentiation by inducing osteoclastic
activation and bone-forming activity."” Similarly, 300 nm
nanonodules hybridized with micropits enhanced differentia-
tion and proliferation of bone marrow-derived osteoblasts.”
Among these studies, there is still disagreement over how the
topography and dimensions of nanostructures particularly affect
cell fate. Furthermore, the above-mentioned nanostructures had
been chemically modified or physically coated with biomole-
cules of limited shelf life prior to biological and medical
applications. There is currently a lack of studies on the
teasibility of using small chemicals to substitute for commonly
used biomolecules and the influence of such chemicals on cell
fate, such as cell cycle phase during proliferation and changes in
cell morphology during differentiation.

In this study, we propose a method for investigating the
interfacial effects of small chemicals on cell responses using
chemically modified, anodized TiO, nanotubes (ATNs). ATNs
were fabricated in sodium fluoride, sulfuric acid, and ethylene
glycol containing electrolyte. The ATNs were treated with
oxygen plasma and modified with either 3-aminopropyltrime-
thoxysilane (APTMS) or 3-mercaptopropyltrimethoxysilane
(MPTMS), resulting in APTMS-modified ATNs (APTMS-
ATNs) and MPTMS-modified ATNs (MPTMS-ATNs),
respectively. These ATNs were then utilized to observe the
interfacial effects of chemically modified nanostructures on the
morphology, growth, viability, and proliferation of cells using
NIH/3T3 fibroblasts, one of the most common cells in
connective tissues. In this study, we also discuss how the small
chemical-modified ATNs affect the cell cycle phase and the
number and length of filopodia of fibroblast cells.

B EXPERIMENTAL SECTION

Fabrication of ATNs. Titanium webs (99.9% purity, 3 mm
nominal aperture, 0.35 mm wire diameter, 51% open rate,
Shang Kai Steel Co., Ltd.) were degreased by sonication in
acetone, 10% hydrochloric acid (HC, J.T. Baker), isopropanol,
and methanol, followed by rinsing with deionized (DI) water
and drying in a nitrogen stream prior to anodization. A two-
electrode electrochemical anodization cell, with a platinum
electrode as the cathode and the Ti web as the anode
positioned in parallel 5 cm apart, was used to fabricate TiO,
nanotubes. Anodization was performed at a constant voltage of
20 V using a DC power supply (GPC-3020D, GW Instek) and
with continuous mixing by a magnetic stirrer at 60 °C for 20
min. The hydrofluoric acid (HF)-free electrolyte contained 0.1
M sodium fluoride (NaF, Sigma), 1 M sulfuric acid (H,SO,,
J.T. Baker), and 5% ethylene glycol (C,H,(OH),, J.T. Baker) in
DI water at pH 4. The resulting ATNs were rinsed several

times with DI water and dried in the air. After drying, residues
on the surfaces of the ATNs were removed by sonication in
acetone for 3 min. ATN samples were then annealed at 400 °C
for 3 h in nitrogen gas. Finally, ATN samples were cleaned by
oxygen plasma for 10 s to remove organic contaminants.

Surface Modification of ATNs. ATN samples were
modified with 1% ethanolic solutions of the chemicals
APTMS (H,N(CH,);Si(OCH,);, Sigma) and MPTMS (HS-
(CH,);Si(OCH,);, Sigma) for 2 h to provide amine and
mercapto functional groups, respectively, to the ATN surfaces.
After functionalization, the APTMS-ATNs and MPTMS-ATNs
were separately rinsed with ethanol several times and then
heated in ethanol in an oven at 60 °C for 5 min. All samples
were dried in a nitrogen stream.

Characterization of Materials. The Ti web, ATN,
APTMS-ATN, and MPTMS-ATN samples were characterized
by electron spectroscopy for chemical analysis (ESCA) for
surface characterization of materials and by nanodrop contact
angle measurement for evaluation of nanoscale surface
properties.

The characteristic elemental compositions and chemical
structures of the material surfaces were examined by ESCA.
The ESCA spectra were acquired with Microlab 310F (VG
Scientific) and nonmonochromatic magnesium anode X-ray at
400 W, 15 kV, and 10 mA (Ka 1253.6 eV, a concentric
hemispherical capacitor analyzer). In the quantitative determi-
nation of the elemental compositions, the Tiy, O, Cyy Ny
S3p3/2 and Siy,, core level spectra were measured and calculated
from the ESCA peak area with correction algorithms and
relative sensitivity factors.”” The compositional peaks of N
and S,3/, were identified using the XPS Peak fitting program
and a Shirley background,® together with a database for
elements and native oxides®' and organic polymers.**

The nanoscale surface property was evaluated via the sessile
drop method using a computer-automated goniometer
(OCA20, Dataphysics). The water contact angles were
measured and averaged using six nanoliter-drops (i.e., each
drop with a volume of 1 uL).

NIH/3T3 Fibroblast Culture. The Ti web, ATN, APTMS-
ATN, and MPTMS-ATN samples used for the cell culture
assays were first cleaned by immersing in 70% ethanol solution
overnight and irradiating with ultraviolet light for 30 min. The
samples were then washed with sterile phosphate buffered
saline (PBS) solution three times before cell seeding. NIH/3T3
fibroblasts (ATCC CRL-1658) were seeded on Ti web, ATN,
APTMS-ATN, and MPTMS-ATN samples at a density of 5 X
10° cells/mL. The fibroblast cells were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum and 100
ug/mL penicillin—streptomycin in a humidified atmosphere
with 5% CO, and 95% air at 37 °C. Cell culture media and
supplements were purchased from Life Technologies.

Cell Growth Assay and Observation of Cell Morphol-
ogy. Viability of cells cultured on Ti web, ATN, APTMS-ATN,
and MPTMS-ATN samples was assessed using the LIVE/
DEAD Viability/Cytotoxicity kit (Molecular Probes), which is
capable of simultaneous determination of live and dead cells.
Fluorescence observation of the LIVE/DEAD assay was
performed separately for green and red emission (calcein AM
and EthD-1, respectively) using a fluorescence microscope.
Samples containing fibroblast cells were first washed by PBS to
remove the nonadhered cells. Working solutions of calcein AM
(2 uM) and EthD-1 (1 uM), for distinguishing live and dead
cells, respectively, were added to the samples and incubated for
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Figure 1. Chemical characterization of Ti web, ATN, APTMS-ATN, and MPTMS-ATN surfaces using ESCA. (A) The survey spectra reveal the
atomic compositions of the samples. The spectra show that the porous layer of our ATNs consists of oxygen and titanium without any fluorine ions
owing to the HF-free electrolyte. The characteristic elements of carbon and silicon appeared after the modification of ATNs with APTMS and
MPTMS. Likewise, the characteristic elements of nitrogen and sulfur can be observed for APTMS-ATNs and MPTMS-ATNS, respectively. (B)
Peaks for the amine functional group (—NH,) and ammonium ion (—NH;*) were resolved at 399.9 and 401.5 eV, respectively, in the N, scan of the
APTMS-ATN surface. (C) Peaks for the mercapto group (—SH) and disulfide bond (—S—S—) were resolved at 163.6 and 164.6 eV, respectively, in

the S,,3/, scan of the MPTMS-ATN surface.

30 min. Six samples each for Ti web, ATN, APTMS-ATN, and
MPTMS-ATN were used for the assessment of cell viability
using image analysis software Image] (NIH, Bethesda, ML).
Cell growth calculations were performed on each sample by
enumerating the number of live cells per high-power field from
captured digital images taken from six random fields.

In order to prepare cells for fluorescence observation of cell
morphology, fibroblast cells were fixed on day S of culture with
4% paraformaldehyde for 20 min at RT. The fixed cells were
then washed with PBS and treated with 0.1% Triton X-100
(American Bioanalytical). Samples were stained with 1 mg/mL
DAPI and rhodamine—phalloidin (1:500, Molecular Probes) in
PBS for 1 h. Afterward, cells were immunochemically stained
with mouse antivinculin monocolonal antibody (1:200,
Millipore), followed by FITC-conjugated antimouse secondary
antibody (1:200, Millipore). Samples were washed twice with
1% bovine serum albumin in PBS and examined under a
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fluorescence microscope. Cell numbers and cell cycle phase for
cell growth assay were determined using image analysis
software MetaMorph (Molecular Devices) by enumerating
the number DAPI-stained nuclei per high power field from
captured digital images taken from six random fields.

Fluorescence observation and image capture of stained
fibroblast cells were performed using a phase-contrast upright
microscope (Eclipse 80i, Nikon) equipped with fluorescent
optics and an intensified charged coupled device camera
(Evolution VF, MediaCybernetics).

In order to confirm the cell growth measurements by the
calcein AM (LIVE/DEAD) and DAPI staining, a colorimetric
assay based on WST-1 (ab155902, Abcam) was used to
measure cell proliferation in each sample. Samples were treated
with WST-1 for 2 h in an incubator, and then the absorbance of
the liquid from the samples was measured using UV-—vis
spectroscopy (Cintra 202, GBC) at 420—480 nm.
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Table 1. Quantitative Determination of the Elemental Composition of Ti Web, ATN, APTMS-ATN, and MPTMS-ATN Surfaces

Based on ESCA“?

atomic composition (%)

Tiy, Oy
Ti web 61.79 + 0.14 3821 + 0.14
ATN 34.98 + 0.09 65.02 + 0.09
APTMS-ATN 15.68 + 0.07 68.58 + 0.12
MPTMS-ATN 1591 + 0.07 67.70 + 0.08

“n = 9; value (%) = mean + SEM.

Cls le Si2p SZp3/2
11.84 + 0.07 2.59 + 0.06 1.31 + 0.11 -
12.34 + 0.08 - 1.31 + 0.10 2.73 + 0.08

The morphology of the adhered cells on Ti webs, ATNs,
APTMS-ATNs, and MPTMS-ATNs was also observed using
scanning electron microscopy (SEM). After 5 days of culture,
the samples were fixed in the 2.5% glutaraldehyde for 30 min,
dehydrated in a graded series of ethanol, and washed three
times for 15 min by absolute ethanol. The prepared samples
were coated with a thin layer of gold using a sputter coater
(Auto 108, Cressington) and then observed using SEM (JSM-
6700F, JEOL). SEM images were thresholded to convert to
binary images. And then, the evaluation of cell morphological
change with regard to the total number and length of filopodia
per cell was performed using ImageJ. The means and standard
errors of cell morphological change were statistically analyzed.
Thirty cells were selected randomly for evaluation. Cells that
were clustered together were excluded in the analyses of
filopodia expression among the fibroblast cells.

Statistical Analyses. Contact angle data were analyzed for
statistical significance using one-way analysis of variance
(ANOVA) with Bonferroni’s test (significance assessed at p <
0.05). Cell morphological change and cell growth data were
analyzed for statistical significance using one-way ANOVA with
Tukey’s pairwise comparisons test (significance assessed at p <
0.05).

B RESULTS AND DISCUSSION

Characterization of Small Chemicals. Before the
investigation of interfacial effects on cell responses, unmodified
and modified ATN structures were characterized and analyzed
by ESCA and contact-angle measurements to look for possible
factors in the small chemical modifications affecting cell fates.

Figure 1A shows the survey spectrum from the ESCA
analyses of Ti web, ATN, APTMS-ATN and MPTMS-ATN
samples. The quantitative atomic compositions of the samples
are listed in Table 1. Figure S1 (in Supporting Information
[SI]) shows that our ATN fabrication process successfully
created nanotubular TiO, structures on the Ti web. ESCA
analyses revealed that the nanotube layer of our ATNs with
pores 60 nm in diameter (Figure SIB—D in SI) consisted of
approximately 65% oxygen and 35% titanium. The lack of any
observable change in the macro- and nanoscales among plasma-
cleaned ATNs, APTMS-ATNs, and MPTMS-ATNs (Figure
S1B-D in SI) is expected. Plasma cleaning with O, gas only
breaks organic bonds of surface contaminants, resulting in an
ultraclean surface; it does not result in any physical or chemical
change in the ATN material. On the other hand, APTMS and
MPTMS are molecules with a length of ~0.8 nm, which is too
small to be viewed by the SEM equipment used. In addition,
the surface modification time was only limited to 1 h; therefore,
the resulting APTMS and MPTMS modification would most
probably be a monolayer, which has a thickness of a single
APTMS or MPTMS molecule.

12074

The ESCA and X-ray diffraction (XRD) results (Figure
S1E,F in SI) clearly show that our ATNs consisted of TiO, and
were free of fluorine ions owing to the HF-free electrolyte
unlike in other studies.””> ATNs with a high degree of
biocompatibility are required for biomedical applications, such
as in dental'>* or bone implants.>> However, most reported
ATN structures were fabricated in electrolytes containing
HE.”'%3%%7 Since fluorosis is widely known to cause cell death
and decalcification of bones,®® for medical applications, it is
imprudent to utilize such ATN materials, which might contain
remaining fluoride.

The characteristic elements of carbon and silicon in the
molecules of APTMS and MPTMS appeared in the ESCA
survey spectra after the chemical modification of ATNs, as can
be seen in Figure 1A and Table 1. The characteristic peaks of
nitrogen for APTMS and sulfur for MPTMS also appeared for
APTMS-ATN and MPTMS-ATN samples, respectively, as
shown in Figure 1A. Moreover, peaks for the amine functional
group (—NH,) and ammonium ion (—NH;") were resolved at
399.9 and 401.5 eV, respectively, in the N;; scan of the
APTMS-ATN surface (Figure 1B). On the other hand, peaks
for the mercapto group (—SH) and disulfide bond (—S—S—)
were resolved at 163.6 and 164.6 eV, respectively, in the S,,3,,
scan of the MPTMS-ATN surface (Figure 1C).

In terms of contact angle measurements, it was found that
ATNs (51.13 + 2.12°), APTMS-ATNss (42.85 + 1.30°), and
MPTMS-ATNs (61.98 + 0.85°) were hydrophilic because they
resulted in an average water contact angle significantly less than
90° (Figure 2).** On the other hand, Ti web is relatively
hydrophobic because of a higher average water contact angle
(87.08 + 1.74°). The different degrees of hydrophilicity or
hydrophobicity of materials are due to their varied surface
properties, such as heterogeneity of the surface, produced by
different treatments.

After anodization and plasma cleaning, contact angle
measurements revealed that our ATNs became more hydro-
philic (lower water contact angle) because of increased surface
roughness and hydroxylation. Anodization of titanium sub-
strates increases surface roughness and changes the chemical
surface species, thereby altering the hydrophilicity of ATNs.*
Oxygen-plasma cleaning after anodization can remove organic
contaminants and increase oxygen-containing groups, such as
—OH groups, to promote surface hydroxylation and further
enhance wettability on our ATNs.**~** According to the ESCA
N, scan of APTMS-ATNs, amine groups (—NH,) have a
tendency to ionize upon contact with water molecules, resulting
in ammonium ions (—NH;"). These ammonium ions lead to
ion—dipole attractive forces between APTMS molecules and
water molecules, thereby resulting in the increased hydro-
philicity of APTMS-ATNs. Even though APTMS molecules
replace —OH groups on ATNs, the strength of an ion—dipole
force is stronger than a dipole—dipole force or hydrogen
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Figure 2. Evaluation of surface property of Ti web, ATN, APTMS-
ATN, and MPTMS-ATN using contact angle measurements. Results
show the degree of hydrophilicity/hydrophobicity of the samples: Ti
web (87.08 + 1.74°), ATN (S1.13 + 2.12°), APTMS-ATN (42.85 +
1.30°), and MPTMS-ATN (61.98 + 0.85°). n = 6; contact angle (deg)
= mean + SEM, *p < 0.05, **p < 0.01, significant difference relative to
Ti web.

bonding.43 Therefore, the net result is APTMS-ATNs having
greater hydrophilicity than ATNs. On the other hand,
MPTMS-ATNs were relatively hydrophobic in comparison
with ATNs and APTMS-ATNs because of the hydrophobic
property of the sulfur atom.**

Interfacial Effect of Small Chemicals on Cell Growth.
ATNs with nanoscale tubular structures modified with small
chemicals were fabricated to investigate the interfacial effects of
angstrom-scale chemicals on the growth of fibroblasts, the most
common cell in connective tissues. Cell viability is defined here
as the number of fibroblasts that remain attached on the
substrates (ATNs, APTMS-ATNs, and MPTMS-ATNS) after S
days of culture. Images A—C of Figure 3 show the DAPI-
stained nuclei of cells cultured on ATN, APTMS-ATN, and
MPTMS-ATN samples, respectively.

Figure S2 (in SI) shows the results of cell cycle analyses of
the fibroblast DNA labeled with DAPI using MetaMorph
software. As shown in Table 2, the highest number of attached
fibroblasts on day 5 was found on APTMS-ATNs, followed by
MPTMS-ATNs, ATNSs, and then raw Ti webs. Fibroblast cells
cultured on a polystyrene dish served as the negative control.
Cell growth in each sample was quantified by the total cell
number on a 1 mm? area under different stages of the cell cycle,
as determined by MetaMorph. Results of cell viability
evaluation in the different samples indicate that Ti web has
inherent biocompatibility in comparison with the dish.
Statistical results of cell quantification using MetaMorph
(Table 2) are 26622 + 5.34, 420.11 + 8.68, and 353.22 +
8.04 for ATN, APTMS-ATN, and MPTMS-ATN, respectively.

In order to verify the results of cell quantification using
MetaMorph, in situ direct observation of cell viability on
substrates was performed using LIVE/DEAD staining before
cell fixation, followed by evaluation of cell viability using
Image]. In Figure 3D—F, in situ LIVE/DEAD staining exhibits
cell growth and viability on ATNs, APTMS-ATNs, and
MPTMS-ATNs. On the basis of the occurrence of green
fluorescence, cells thrived on all the ATNs samples. For each

group of samples the results of cell growth, based on
MetaMorph, were in accordance with the evaluation of
viability/cytotoxicity using Image] (Table 2). Moreover,
statistical results of cell viability using either MetaMorph or
Image] are consistent with the results obtained using WST-1
assay, one of the common colorimetric assays used in the
quantification of cell growth (Table 2). It is worthy to note that
software analysis provides an alternative and convenient way to
determine cell viability.

Cell cycle describes the sequence of activities a cell
undergoes during proliferation, which involves a first
checkpoint for DNA synthesis (G1), DNA replication (S), a
second checkpoint signaling the start of cell division (G2), cell
division (M), and finally the production of two daughter cells.
Results of cell cycle analyses show that fibroblasts proliferated
better on unmodified and modified ATN surfaces in
comparison with culture dish and Ti web (Figure 3G). Cell
numbers at G1, S, and late M phases significantly increased
after S days of culture on APTMS-ATN and MPTMS-ATN.
The results indicate that angstrom-scale chemicals, such as
APTMS and MPTMS, on a nanoscale architecture considerably
enhance cell growth and entry to specific phases of the cell
cycle.

Apart from the surface topology of the ATN materials, the
effect of enhanced hydrophilicity as a result of plasma cleaning
and chemical surface modification on fibroblast attachment and
growth was also explored. The dependence of cell spreading on
surface energy, hydrophobicity, or hydrophilicity is not yet
established because of contradicting observations on various
bulk materials.*™*® In this study, no significant difference was
observed for relatively hydrophobic Ti web and hydrophilic
dish in our cell growth observation (Table 2), suggesting minor
influence of surface energy on cell attachment. On the other
hand, the nanotubular surface of anodized TiO, has been used
in many studies to investigate the feasibility of using those
substrates as coatings for bone”>*®*** and dental'>'?
implants. It has been shown that anodized TiO, surfaces
provide a favorable substrate for growth and maintenance of
bone cells.*’ In vivo rat studies showed that anodized TiO, is
biocompatible, ie., it does not cause chronic inflammation.*’
Furthermore, reduced bacterial adhesion and enhanced
osteoblast differentiation have been observed on antibiotic-
loaded TiO, nanotubes.>

It can be seen from Table 2 that there is a significant
difference in the number of cells between all ATN materials
and raw Ti web. This indicates that anodization imparts the Ti
web with nanoscale structures favorable for cell attachment.
The relatively higher cell number on all ATN surfaces
compared with raw Ti web is primarily due to the rougher
surface and greater surface area. This surface topology
promotes a locked-in cell configuration, which enhances cell
attachment and proliferation.” A previous study showed the
ATNs provided accelerated cell-surface interaction and
strongly enhanced cell activities.”' Accordingly, all of our
unmodified and modified nanoscale ATN structures are
conducive to cell attachment and proliferation. Because of the
unclear relationship between hydrophilicity and cell attach-
ment, it is more likely that the nanostructures of the ATN
surfaces have a more significant effect on cell adhesion than
hydrophilicity. Moreover, APTMS modification resulted in an
improvement of cell attachment, and, to some extent, cell
proliferation, as can be seen in the 7-day culture in Figure S3
(in SI).
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Figure 3. Cell viability of fibroblasts on various substrates after S days of culture. Fluorescence images show DAPI-stained nuclei of cells on ATN
(A), APTMS-ATN (B), and MPTMS-ATN (C) and LIVE/DEAD-stained cells on ATN (D), APTMS-ATN (E), and MPTMS-ATN (F). The
LIVE/DEAD staining demonstrates in situ cell growth and viability on the samples, as evaluated by Image]. (G) Results of statistical analyses of
DAPI-stained nuclei on various substrates using MetaMorph showing cell numbers for different phases of the cell cycle. n = 6; value (cell number/
mm?®) = mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001, significant difference relative to Ti web. (See Figure S2 in SI for the detailed results of

cell growth evaluation using MetaMorph for one trial.).

Table 2. Analyses” of Cell Viability in Ti web, ATN, APTMS-ATN, and MPTMS-ATN after S Days of Culture

total cell number using MetaMorph cell cycle

analysis
polystyrene dish (negative 219.56 + 5.68
control)
Ti web 174.44 + 5.24
ATN 26622 + 5.34 (V)
APTMS-ATN 420.11 + 8.68 (%)
MPTMS-ATN 35322 + 8.04 ()

total cell number using Image] (LIVE/DEAD total cell number using WST-1

assay) assay

244.56 + 8.93 224.88 + 3.92

17279 + 6.42
258.16 + 7.74 (¥)
422.07 + 5.90 (%)
341.57 + 6.34(°)

197.56 + 11.07
285.44 + 8.68 (¥)
434.89 + 11.80 (%)
374.89 + 10.52 (%)

“n = 9; value (cell number/mm?) = mean + SEM. p < 0.05. “p < 0.01, significant difference relative to Ti web.

Extracelluar matrix components, such as laminin, collagen,
and fibronectin, have been utilized as biochemical cues to
mediate the crosstalk between cells and materials and provide a
suitable environment for cell attachment, differentiation, or
proliferation." Physical coating of substrates by such proteins
has been widely used in conventional culture because the
proteins are relatively easy to manipulate. However, protein

coatings are likely to dissolve in static or dynamic culture
conditions and easily lose their biofunctional and active
properties. Therefore, it is advisable to search for suitable
chemical molecules that can afford a long-term biocompatible
and stable environment for cell growth. Furthermore, covalent
immobilization of small chemicals on substrates can provide
more resistance to harsh environments. From our results, the
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Figure 4. Representative SEM images of fibroblasts on unmodified and modified ATNs. Low-magnification images show the morphology of
fibroblasts on ATN (A), APTMS-ATN (B), and MPTMS-ATN (C). High-magnification images of fibroblasts on ATN (D), APTMS-ATN (E), and
MPTMS-ATN (F) corresponding to images (A), (B), and (C). The filopodia protrusions (white arrows) and cell morphology show different cell
attachment behaviors on the various substrates.

B. APTMS-ATN C. MPTMS-ATN

200 pm 200 pm 200 pm

E. APTMS-ATN F. MPTMS-ATN

10 pm 10 um

H. APTMS-ATN I. MPTMS-ATN

10pm 10 pm

Figure 5. Fluorescence observation of fibroblasts on unmodified and modified ATNs after S days of culture. Rhodamine—phalloidin staining of actin
(red) and DAPI staining of nuclei (blue) of fibroblasts for examining cell adhesion and spreading patterns on ATN (A), APTMS-ATN (B), and
MPTMS-ATN (C). Higher-magnification images of stained cells on ATN (D), APTMS-ATN (E), and MPTMS-ATN (F) corresponding to (A),
(B), and (C). Immunostaining of ATN (G), APTMS-ATN (H), and MPTMS-ATN (I) with monoclonal antivinculin antibody (green) to
rhodamine—phalloidin with DAPI-stained nuclei.
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combination of angstrom-scale chemicals and nanoscale
structures in APTMS- and MPTMS-modified ATNs provided
better compatibility to cell growth. Therefore, APTMS and
MPTMS are two alternatives to delicate biomolecules, such as
proteins, because of their relatively simple composition and
stable properties.

Microscopic Examination of Cell Responses to
Modified Surfaces. Fibroblasts on unmodified and modified
ATNs exhibited protruded filopodia based on SEM scans
(Figure 4) and actin filaments in the cytoskeleton based on
fluorescence images (Figure 5). Compared with the Ti web
(Figure S4 in SI), all fibroblasts on unmodified (Figure 4A) and
modified nanostructures (Figure 4B,C) protruded relatively
more and longer filopodia and manifested more clearly a
spindle phenotype.

Table 3 shows the measured length and number of filopodia
of fibroblasts on the different surfaces according to the SEM

Table 3. Statistical Analyses” of Length and Number of
Filopodia of Fibroblasts Cultured on Ti Web, ATN, APTMS-
ATN, and MPTMS-ATN

length of filopodia (um) number of filopodia (100 m™2)

Ti web 2.72 + 0.40 1517 + 0.79

ATN 6.70 + 0.56 (%) 26.56 + 1.10 (%)
APTMS-ATN 8.18 + 0.92 () 38.53 + 1.57 (%)
MPTMS-ATN 6.39 + 0.62 (%) 2647 + 1.31 (%)

“n = 36; value = mean + SEM. %p < 0.05. p < 0.01, significant
difference relative to Ti web.

images. White arrows represent where filopodia were. The
average length of filopodia on ATNs (Figure 4D), APTMS-
ATNs (Figure 4E), and MPTMS-ATNs (Figure 4F) were more
than twice longer than those on Ti webs. It is obvious that the
presence of nanostructures in ATNs led to the increased length
(6.70 + 0.56 ym) and number (26.56 + 1.10/100 um?) of
filopodia in cultured fibroblasts. In addition, the highest length
and number of filopodia (8.18 + 0.92 um and 38.53 + 1.57/
100 pm? respectively) were observed on APTMS-ATNs.
Compared with ATNs and APTMS-ATNs, MPTMS-ATNs
resulted in relatively unfavorable cell attachment as shown by
the shorter length and fewer filopodia (6.39 + 0.62 ym and
2647 + 1.31/100 um?, respectively) on the nanoscale surface.

Filopodia, typically found at the leading edge of a migrating
or an elongating cell, have been associated with the ability of
cells to probe chemically and topographically heterogeneous
surfaces.”” When cells contact a substrate, cells first protrude
filamentous (F)-actin filopodia®® to sense the external
nanostructure environment.'”'>'%* A nanoscale structure
with dimensions of 15 nm has been found to promote cell
adhesion, extensive filopodia, proliferation, migration, and
differentiation of different cell types, such as MSCs and
hematopoietic stem cells, in contrast with structures with 100
nm dimensions.”'” Here, the increased number of filopodia on
unmodified and modified ATNs, a diameter of 60 nm, implies
that fibroblasts firmly anchored on the substrates. The effect of
the nanoporous surface of TiO, on cell adhesion and
proliferation has also been investigated in other studies.”'**>**

It was observed that the filopodia of fibroblasts actually
propagate into the nanotubes.>’ This behavior was also
observed in MC3T3-E1 osteoblast cells on aligned TiO,
nanotubes.”® Abundant amounts of extracellular matrix
between neighboring osteoblast cells were observed on

nanotubular surfaces, with filopodia extensions protrudin

from the cells to grasp the nanoporous surface for anchorage.”

Furthermore, it was observed that slight changes in nanotube
dimensions caused a change in osteoblast behavior: small-
diameter nanotubes promoted osteoblast adhesion, while large-
diameter nanotubes resulted in lower gopulation of cells with
extremely elongated cell morphology.”

Evaluation of cell viability and proliferation in this study
revealed significantly higher cell numbers on unmodified and
modified ATNs probably because of the crucial role of dynamic
actin assemblies of filopodia in mitosis during cell
growth.'”*** QOur findings also showed that appropriate
small chemical modification can vary cell behavior in the
nanoscale regime. For instance, fibroblasts presented longer
and more extensive fibrous networks of filopodia on APTMS-
ATNs with 60 nm diameter nanotubes (Figure 4 and Table 3).
IUPAC defines biocompatibility as the “ability to be in contact
with a living system without producing an adverse effect”.>®
Supposing that cell seeding and surface modification were done
uniformly on the substrate, it is possible that APTMS
modification produced a more biocompatible surface for
fibroblast cells according to our analyses of cell viability and
proliferation.

In order to distinguish differences in fibroblast adhesion and
spreading patterns on unmodified and modified ATNs,
rhodamine—phalloidin and DAPI stainings were performed
(Figure SA—F). Fluorescent phalloidin is widely used in the
study of actin networks in biology. In comparison with the
uneven cell distribution on ATN (Figure SA) and MPTMS-
ATN (Figure SC), cells on APTMS-ATN (Figure SB)
expressed directional growth and even spreading on the fifth
day of culture based on actin—phalloidin staining. In the higher-
magnification images (Figure SD—F), APTMS-ATN (Figure
SE) shows actin distribution in the perinuclear spaces and cell
edges and shows a directional and organized cell growth with
elongated fibroblast phenotype. However, fibroblasts on ATNs
(Figure SD) have a morphology with disordered distribution of
cells on the substrate. Fibroblasts expressed the prevalence of
actin-containing stress fibers from nuclei to cell edges on
MPTMS-ATNs (Figure SF).

Supplementary immunostaining with monoclonal antivincu-
lin antibody to rhodamine—phalloidin was performed (Figure
SG-I) to further visualize the actin-based cytoskeleton in the
cell—cell and cell—substrate junctions."**® Vinculin expression
(green fluorescence) represents focal adhesions to the surfaces
of unmodified and modified ATNs. Vinculin, which associates
with the integrin-based cell-ECM interactions, can regulate
traction forces and adhesion strength to the extracellular
environment.”’ Previous studies indicate TiO, nanotubes had a
diameter of 30—50 nm and showed MSCs spread out with a
phenotypical morphology owing to dense clusters of integrins
on the nanotubes.”'” The presence of integrin-associated
vinculin and stress fibers in the cytoplasm of fibroblasts in
unmodified and modified ATNs shows that cells anchored onto
the three-dimensional (3D) environment with different
morphologies. In addition, the relatively homogeneous
expression of vinculin on ATNs and APTMS-ATNs (Figure
SG,H) means that fibroblasts adhered well through integrins on
the substrates and possessed better cell—cell and cell—substrate
interactions to promote growth. On the other hand, vinculin
expression with a relatively sparse distribution around the
nuclei on MPTMS-ATNs (Figure SI) means that fibroblasts
spread less and had less traction force for anchoring onto the
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Figure 6. Schematic of the proposed mechanisms of the interfacial effects of nanostructures and small chemicals on cell attachment. The substantial
increase of surface roughness of ATNs offers more contact areas for fibroblasts proliferation compared with Ti substrate. APTMS-ATNs with a
positively charged surface create a suitable environment for firm attachment and flat spreading of cells via electrostatic interaction between the cell
membrane and APTMS. MPTMS interacts with cells by forming new disulfide bonds with proteoglycans on the cell membrane, resulting in cells
with a 3D solid shape and clear contours due to the lack of surface contact.

substrate.”” The different cell morphology observed for
MPTMS-ATNS is due to less focal adhesion of cells, resulting
in concrete and solid shapes.*>***° This explains the contracted
and 3D solid morphology of fibroblasts on MPTMS-ATNSs in
the SEM scan (Figure 4F).

Mechanisms of Interfacial Interaction between Cells
and Substrates. Conventional tissue culture polystyrene
dishes are treated with gas plasma to create oxygen-containing
groups on the surface so as to gain a negatively charged
hydrophilic surface after addition of medium.*® Oxygen-plasma-
treated ATNs also increase oxygen-containing groups, such as
—OH groups, and possess negatively charged hydrophilic
surfaces in contact with medium. The negatively charged
hydrophilic surface with highly energetic oxygen-containing
groups would then evenly bind with cell adhesive proteins and
render a surface for cell growth.®' Regardless of the property of
the negatively charged hydrophilic surface, our observation
found that relatively higher fibroblast growth on plasma-treated
ATNs (Table 2) is due to the nanostructure of ATN.

Since the cell membrane comprises a negatively charged
phospholipid bilayer with embedded proteins and sugars,
positively charged surfaces promote cell adhesion and guide cell
growth among mammalian cells.”> When a negative charge is
imparted on surfaces, cell attachment is relatively low due to
the inhibition of interactions with negatively charged cell
surface proteoglycans or prevention of adsorption of negatively
charged adhesive proteins, such as serum albumin, the most
abundant protein in serum.*® Figure 6 illustrates the possible
mechanisms of interfacial interaction between cells and ATNs
and between cells and small chemicals in this study. The growth
of cell number and filopodia in ATNs, APTMS-ATNs, and
MPTMS-ATNs in Table 2 and Table 3 showed the substantial
increases because of surface roughness and more contact areas
for fibroblast proliferation compared with Ti substrate. Studies
also demonstrated that nanostructures increased the surface
roughness and significantly influenced cell features and
behavior, such as protrusion of filopodia and cell prolifer-
ation.>”'@1#192124738 5y the other hand, APTMS-ATN
surface promoted cell attachment owing to positively charged
amine functional groups.*>** This is supported by the relatively
higher cell growth (Table 2), homogeneous vinculin expression

(Figure SH), and flat filamentous network from fibroblasts
(Figure 4E) in APTMS-ATNs. On the basis of our ESCA
analyses, surface modification with APTMS was shown to
introduce both amine groups (—NH,) and ammonium ions
(—NHj;") to the surface of the ATNs (Figure 1B). Although the
ammonium ions were probably due to previous exposure of the
samples to water vapor, ammonium ions on the APTMS-ATN
surface were probably present during cell culture as well
because amine groups are easily protonated in the physiological
environment. The resulting positively charged surface renders a
suitable environment for firm attachment and flat spreading of
fibroblast cells via electrostatic attraction.

As for cell growth on MPTMS-ATNs, Figure 6 shows a
different interfacial mechanism compared with APTMS-ATNs
because of the specific functional groups involved. This is
supported by the contracted and 3D solid morphology of
fibroblast cells on MPTMS-ATNs (Figure 4C,F), which is
different from the flat morphology observed in APTMS-ATNs
(Figure 4B,E). Previous studies have shown that mercapto
functional groups are highly reactive and easily form new
disulide bonds with proteins through an interchange—
reduction reaction.®>”% Although mercapto group-modified
silicon surfaces were shown to lead to fewer cancer cells in
comparison with —COOH-, —NH,-, —OH-, and —CHj;-
modified substrates,’® the mechanism of cell attachment or
detachment on these modified substrates has not been
discussed. As shown by vinculin immunostaining, cells on our
MPTMS-ATNs revealed a relatively 3D solid morphology and
clear contours (Figure 4) caused by the lack of focal adhesions
(Figure SI). Therefore, the mercapto groups on the MPTMS-
ATNs result in a relatively unstable environment for fibroblasts,
leading to cell detachment during routine cell culture. In other
words, MPTMS-ATNs have essentially good biocompatibility
but produce less contact area for cell attachment. On the basis
of our results (Table 2), MPTMS-ATNs were shown to result
in better cell proliferation than unmodified ATNs, but APTMS-
ATNs showed the highest cell growth after 5 days of culture as
a result of more cell-substrate contact areas for cell
attachment.

Surface roughness, greater surface area, and additional
functional chemicals on ATNs promote cell attachment and
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proliferation. Hydrophilicity, on the other hand, is believed to
have minor influence on the expression of adhesion-related
molecules on the cell surface. Our results indicate that the
nanoscale surface roughness of ATNs was the main cause of
enhanced cell proliferation. Likewise, APTMS functional
groups provided closer contact between cells and substrates,
thereby promoting cell spreading, growth, and orientation
(Figure SB,EH). Therefore, the relatively better biocompati-
bility of APTMS-ATNs is mainly a consequence of the
synergistic interfacial effects of nanotube surface topology and
positive surface charge, instead of enhanced surface hydro-
philicity. For both APTMS-ATNs and MPTMS-ATNs,
however, the mechanisms of interfacial effects show that
specific functional groups have the capacity to alter the
properties of nanoscale surfaces and affect the stability of the
cell culture environment.

B CONCLUSIONS

The combined interfacial effects of nanoscale architecture and
small chemicals alter fibroblast cell attachment and growth.
Although plasma-treated polystyrene dishes and ATNs
presented the negatively charged hydrophilic surfaces for
adsorbing positively charged cell adhesive proteins, the
nanotubular structure of ATNs greatly enhanced cell growth.
In addition, both nanotopographical structures and surface
functional groups have a significant impact on the length and
number of protruded filopodia from the fibroblasts. Although
APTMS and MPTMS are too small to be visualized by SEM
(length ~ 0.8 nm), the influence of these small chemicals on
cell attachment, growth, and morphology is very apparent.
APTMS-modified ATNs have a positively charged surface that
promotes electrostatic attraction of negatively charged cell
surface proteoglycans and adsorption of negatively charged
adhesive proteins. On the other hand, MPTMS-modified ATNs
contain mercapto functional groups which produce less contact
area for cell attachment. Consequently, the specific functional
group of surface chemical modifications can alter the stability of
the culture environment by making subtle changes on the
properties of nanoscale structures. On the basis of our results,
ATNs materials, in particular, APTMS-modified ATNs, are
shown to be suitable for future application in implants where
integration with the native environment is crucial.

This study provided insights into how interfacial interactions
due to nanostructures and small chemical modifications affect
cell fate. In the future, it will be possible to combine amine,
mercapto, and other functional groups of small chemicals for
selectively functionalizing substrates and patterning cells. These
materials can be used for advanced medical or biological studies
on cell communication and investigation of various cell
behaviors, such as adhesion, migration, and differentiation.
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