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a b s t r a c t

Nanotopography controls cell behaviours, such as cell adhesion and migration. However, the mecha-
nisms responsible for topology-mediated cellular functions are not fully understood. A variety of
nanopores was fabricated on 316L stainless steel to investigate the effects of spatial control on the
growth and function of fibroblasts, the temporal regulation of integrins, and their effects on migration.
The NIH-3T3 fibroblast cell line was cultured on the nanopore surfaces, whose pore diameters ranged
from 40 to 210 nm. The 40 and 75 nm nanopores enhanced cell proliferation, focal adhesion formation
and protein expression of vinculin and b-tubulin after 24 h of incubation. Integrin expression was
analysed by qPCR, which showed the extent of spatial and temporal regulation achieved by the nano-
pores. The protein expression of pERK1/2 was greatly attenuated in cells grown on 185 and 210 nm
nanopore surfaces at 12 and 24 h. In summary, the 40 and 75 nm nanopore surfaces promoted cell
adhesion and migration in fibroblasts by controlling the temporal expression of integrins and ERK1/2.
The current study provides insight into the improvement of the design of stainless steel implants and
parameters that affect biocompatibility. The ability to regulate the expression of integrin and ERK1/2
using nanopore surfaces could lead to further applications of surface modification in the fields of
biomaterials science and tissue engineering.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cell migration plays a critical role in a variety of biological and
disease processes such as the healing of skin, connective tissue
repair and inflammation [1]. After tissue injury, fibroblasts migrate
towards the wound, enhance cell division near the edge of the
wound and secrete ECM to support further cell migration [2]. The
presence of various types of fibroblasts is critical towound recovery
[3]. Therefore, controlling fibroblast migration and proliferation is
essential to improving tissue repair processes after implantation.
The mechanics of cell migration are ascribed to the focal adhesion
between integrin and ECM. The fibronectin receptor a5b1 integrin
is highly expressed in human fibroblasts and promotes fibroblast
s Science and Engineering,
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motility and survival [4]. Moreover, a11b1 is the major receptor for
collagen I on mouse embryonic fibroblasts and might be required
for cell migration [5]. The optimum speed of cell migration occurs
at intermediate levels of expression of a5b1 or a2b1 integrins or
intermediate concentrations of ligands, including fibronectin or
collagen [6]. In addition, the activation of the extracellular signal-
regulated kinase (ERK) is believed to direct cell migration, attach-
ment and integrins expression [7]. Studies have shown that
integrin a2 plays a critical role in mediating ERK activation for cell
adhesion and motility [8]. ERK is activated during the formation of
focal adhesions and the regulation of human corneal epithelial cell
migration associated with wound closure [9].

The ability of cells to adhere, migrate and express cell functions
on metallic surfaces is crucial for tissue repair after implantation.
One of the prevailing metallic materials is 316L stainless steel
because its favourable combination of strength, fabrication prop-
erties and low in vivo toxicity make it suitable for use in ortho-
paedic, dental and surgical implants [10]. Further, 316L stainless
steel shows reduced cytotoxicity and inflammatory response
through the regulation of lactate dehydrogenase activity and
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Table 1
Gene names and sequence primers for real-time PCR.

Gene Forward sequence Reverse sequence

GAPDH tcttcaccaccatggagaagg ctcactggcatgaccttc
b1-integrin gaggttcaatttgaaattagc ggctctgcactgaacacattc
b2-integrin aggagcatcgctaatcctga ccagactcggtgatctcgtt
b3-integrin ggacatctactacttgatgg accgtgtctccaatcttgag
b4-integrin agggaggctggctttcaatgtagt ttcaccaggtgctcagtgtcatca
b5-integrin tatgcactagtggaagtgcc ccctcacacttcctctgacc
b6-integrin tctgacattgttcagattgc acttccagttccacctcaga
b7-integrin agtgtgcgactgtaactgtggtga actctgcacaatccctgtactgct
b8-integrin caaaggacagtgtgcggaag gttgacacagtgctgtgctg
a1-integrin cgatgacgctctgccaaact ccgaagttctggcattggga
a2-integrin gcaccacattagcatacaga ggcatcatacaggagaggaa
a3-integrin gtctggaaaccttgtcaaccc caaccacagctcaatctcagc
a4-integrin cccaggctacatcgttttgt ccatgctaatcccagtgtt
a5-integrin ctgcagctgcatttccgagtctgg gaagccgagcttgtagaggacgta
a6-integrin tggaggtacagttgttggtgagca aaacaccgtcactcgaacctgagt
a7-integrin ccaggacctggccatccgtg ctatccttgcgcagaatgac
a8-integrin gcccagcttctgctgcaccg cccaaggtcacacaccacca
a9-integrin cctaacgttgcactgcaacc agcagaaaaatgaggatcccc
a10-integrin tggagtctctctccatcc tcgatgaacagtcttcctaccagc
a11-integrin ccgccttcctctgcttcataccca gccgcctctcctcgttcacacacact
aIIb-integrin tggtggtggcagcagaagaa gtagggaggagacgttgaac
aD-integrin tggatctcgactcgtggtgg cactttttcgggccccattc
aE-integrin ggacgatcaagcaacatcaa ggaaccgtgctcattaaagg
aL-integrin ttgagggcacaaacagacag tcatccaggccacagtgtaa
aM-integrin cagatcaacaatgtgaccgtatgg catcatgtccttgtactgccgc
aV-integrin gtcttatacagagccagacccg cttcacagtcagtgtcagaggg
aX-integrin acacagtgtgctccagtatga gcccagggatatgttcacagc
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tumour necrosis factor alpha in human monocytes [11]. Therefore,
stainless steel can provide an anti-corrosion and non-cytotoxic
surface to induce the adhesion of osteoblasts [12]. A critical factor
to consider in developingmetallic biomimetic cell-stimulating cues
is the fact that the extracellular environment features nano-scale
topographic interfaces. However, only a few studies have dis-
cussed the cellular responses of molecules such as integrin on
metallic surface topographies. The focus of this study is to combine
fundamental aspects of nanotopography and cellular molecular
biology to temporally modulate cell-substrate responses between
NIH-3T3 fibroblasts and nanopore surfaces of 316L stainless steel.

Surface modification has been used to improve the biocom-
patibility of stainless steel implants. Enhanced human osteoblast
cell adhesion and proliferation has been observed on 316L stainless
steel after calcium phosphate or hydroxyapatite-coated treatment
[13]. However, hydroxyapatite and calcium phosphate coatings
with thicknesses of w10e100 mm are chemically unstable and
exhibit deteriorating mechanical strength during long-term
implantation in vivo [14,15]. Nanotopography may hold the key to
modifying the surfaces and enhancing the mechanical strength of
metallic implants. Previous studies have shown that the surfaces of
30 nm TiO2 nanotubes promote stem cell adhesion, whereas
nanotubes measuring 70e100 nm induce cytoskeletal stress and
differentiation into osteoblast-like cells [16]. Endothelial cells are
able to interact with 100 nm TiO2 nanotubes to achieve enhanced
cellular migration, focal adhesion and viability [17]. Furthermore,
nanotopography may regulate integrins expression and modulate
cell function. Structures featuring 14 nm deep pits enhance osteo-
blastic cell attachment and spreading by enhancing integrin aV
expression [18]. Integrin a2b1 signalling, required for osteoblastic
differentiation, can be induced by the sub-microstructure of the Ti
surface [19]. Although the molecular mechanism that governs the
topological control of nanostructures over cell migration is under
intensive investigation, the temporal expression of genes in
adapting to a nanostructured environment has yet to be explored.
Furthermore, the correlation between the entire spectrum of
integrins expression and cellular migration when interacting with
nanostructured surfaces requires systematic investigation.

To further explore the general phenomenon of topological
sensing, experiments using the NIH-3T3 cell linewere performed to
investigate the nanotopological influence of different nanoscale
structures [20]. In the current study, nanopores with diameters
ranging from 40 to 210 nm were created on stainless steel. The
effects on cell growth, migration, and adhesion were evaluated. In
particular, the temporal expression of integrins was quantified. The
aim of this study was to investigate the size dependence of nano-
pore surfaces on the growth and function of fibroblasts and to
discuss the interplay between adhesion and migration, together
with advanced surface nano-engineering, which might help us
understand cellular responses to nano-environments.

2. Materials and methods

2.1. Cell culture

To eliminate the possible contamination of nano-microparticles, cell culturing
was performed in a class-10 clean room. NIH-3T3 fibroblasts were cultured in
Dulbecco’s Modified Eagle’s Medium without antibiotics and were complimented
with 10% FCS. The cells were incubated at 37 �C in 5% CO2.

2.2. Chemicals

Glutaraldehyde and osmium tetroxide were purchased from Electron Micros-
copy Sciences (USA). Anti-vinculin mouse antibody was purchased from Abcam
(USA). Alexa Fluor 594 phalloidin and Alexa Fluor 488 goat anti-mouse IgG were
purchased from Invitrogen (USA). Trypsin was purchased from Sigma (USA). Bro-
modeoxyuridine and antibody were purchased from Millipore. Other chemicals of
analytical grade or higher were purchased from Sigma orMerck. Anti-integrin rabbit
antibody and anti-b-tubulin mouse antibody were purchased from Novus.

2.3. Fabrication of nanopore surfaces

Medical 316L stainless steel samples were mechanically polished with abrasive
papers (grade 250, 800, 2000 and 4000) followed by alumina powder (0.3 mm).
Electropolishing was then executed in an electrolytic bath, whose temperature was
maintained between 5 and 10 �C for 30 min. The electrolyte was composed of
a mixture of 40mL of perchloric acid and 760 mL of ethylene-glycol monobutylether
[21]. The applied voltages for anodisation were 30, 45, 60, 70, and 75 V for 40, 75,
160, 185, and 210 nm nanopore surfaces, respectively; the electrolytic solution was
stirred by a rotating magnet. After electropolishing, the samples were rinsed with
large amounts of distilled water and then cleaned with the electrolyte overnight.
Polished stainless steel substrates were used as control flat substrates. Five flat
nanopore surfaces (n ¼ 6) were analysed by scanning electron microscopy (JEOL
JSM-6500 TFE-SEM). Atomic force microscopy (AFM) was used to characterise the
depths and roughness of the substrates.

2.4. Morphological observation by scanning electron microscopy (SEM)

Fibroblasts were seeded at a density of 5.0 � 103 cells/cm2 on the different
nanopore surfaces for 12, 24, 48 and 72 h of incubation. After removing the culture
medium, the wells were rinsed three times with phosphate buffer saline (PBS). The
cells were fixed with 1% glutaraldehyde in PBS at 4 �C for 20 min, followed by post-
fixation in 1% osmium tetroxide for 30 min. Dehydration was performed using
a series of ethanol concentrations (10 min incubation each in 50%, 60%, 70%, 80%,
90%, 95%, and 100% ethanol), after which the samples were air dried. The specimens
were sputter-coated with platinum and examined by JEOL JSM-6500 TFE-SEM at an
accelerating voltage of 5 kiloelectron volts (keV). The surface area of the cells grown
on nanopores was quantified and compared to the surface area of cells grown on
a flat surface using the ImageJ software package (NIH) to trace the cytoplasmic
borders of the cells. SEM images of six different substrate fields were measured per
sample, and three separate samples were measured for each nanopore surface.

2.5. Measurement of cell number by cell density

Cells were double stained using 40 ,6-diamidino-2-phenylindole (DAPI) and
phalloidin. NIH-3T3 fibroblasts were harvested and fixed using 4% para-
formaldehyde diluted in PBS for 30 min, followed by three washes in PBS. Cell
membranes were permeabilised during a 10 min incubation in 0.1% Triton X-100,
followed by three PBS washes. MG63 cells were incubated with phalloidin and
nuclei counterstained with DAPI for 15 min at room temperature. The samples were
mounted and imaged using a Leica TCS SP2 confocal microscope. The cell number
was counted using the ImageJ software package and expressed in terms of cell
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density. Six different substrate fields were measured per sample, and three separate
samples were measured for each nanopore surface.

2.6. Immunostaining

Fibroblasts were seeded at a density of 5.0 � 103 cells/cm2 on the different
nanopore surfaces for 12, 24, 48 and 72 h of incubation. The adhered cells were fixed
with 4% paraformaldehyde in PBS for 15 min followed by three PBS washes. The cell
membranes were permeated by incubating in 0.1% Triton X-100 for 10 min, followed
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Fig. 1. Surfaces of highly ordered nanopores with different diameters on 316L stainless stee
and 210 nm that were fabricated by varying the anodisation potential from 30 to 75 V. Scale
50 and 55 nm.
by three PBS washes, and were then blocked by 1% BSA in PBS for 1 h, followed by an
additional three PBS washes. The samples were incubated with phalloidin and anti-
vinculin antibody, which was diluted in 0.5% BSA for 1 h, followed by incubating
with Alexa Fluor 488 goat anti-mouse antibody for 1 h, three PBS washes and
examination using a Leica TCS SP2 confocal microscope. Immunostaining with
anti-vinculin antibody and phalloidin as performed. The focal adhesion area and
number per cell were determined using ImageJ. For each experimental condition,
the number of vinculin plaques and microfilament bundles per cell were counted
and compared to those for cells that were cultured on a flat surface.
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Table 2
Characteristic surface parameters.

Flat Nanopore (nm)

40 75 160 185 210

Diameter (nm) e 38.4 � 5 73 � 7 157 � 12 185 � 15 210 � 14
Depth (nm) e 4.2 � 0.8 9.8 � 1 22 � 2 52 � 7 54 � 2.6
Pitch (nm) e 23 � 3 32 � 3 44 � 4 47 � 5 50 � 4
Mean roughness (nm) 0.5 � 0.2 0.2 � 0.1 0.6 � 0.2 0.7 � 0.14 3 � 0.3 2.3 � 1.5
Maximum roughness (nm) 2.5 � 0.9 0.96 � 0.3 3.3 � 1 3.9 � 1.5 15 � 2.3 16 � 9

12 h

Flat

40 nm

75 nm

160 nm

185 nm

210 nm

24 h 48 h 72 h

Fig. 2. The morphology of NIH-3T3 fibroblasts seeded on nanopore surfaces. Fibroblast growth on flat, 40 nm, 75 nm, 160 nm, 185 nm and 210 nm nanopore surfaces and their
morphologies were observed by SEM after 12, 24, 48 and 72 h of incubation. Scale bar ¼ 10 mm.
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2.7. Quantitative real-time PCR

Oligo primers used to amplify genes of interest were designed based on the
sequences provided in previous reports [22] (Table 1). The specificity of the syn-
thesised primers was verified by polymerase chain reaction (PCR) using reverse
transcribed mRNA extracted from an NIH-3T3 fibroblast as a template. The sizes of
the PCR products were resolved using agarose gel electrophoresis. Total RNA was
extracted by using TRI-reagent (Talron Biotech) according to the manufacturer’s
specifications. The RNA was isolated using chloroform extraction and isopropanol
precipitation. The RNA extract was immediately purified using an RNeasy Mini Kit
(Qiagen) to remove impurities and unwanted organic compounds. Purified RNAwas
resuspended in DEPC-treated water and quantified by OD260. The OD260-to-OD280

ratio usually exceeded 2.0 at this stage. For cDNA synthesis, 1 mg total RNA was
annealed using 1 mg oligo-dT primer, followed by reverse transcription using
SuperScript� III Reverse Transcriptase (Invitrogen) in a total volume of 50 mL.
Between 0.2 and 0.5 mL of the reverse transcription reactions were used for quan-
titative PCR using SYBR Green I performed on an iCycler iQ5 (Bio-Rad Laboratories).
The cycling conditions were as follows: 1 cycle of 5 min at 95 �C and 50 cycles of 20 s
at 95 �C, 20 s at 55 �C, and 40 s at 72 �C. Fluorescence was measured after each 72 �C
step. The expression levels were obtained using threshold cycles (Ct) that were
determined by the iCycler iQ Detection System software. Relative transcript quan-
tities were calculated using the DDCt. GAPDH was used as a reference gene and was
amplified along with the target genes from the same cDNA samples. The difference
in threshold cycles between the sample mRNA and GAPDHmRNAwas defined as the
DCt. The difference between the DCt of the control cells and the DCt of the cells
grown on nanopore surfaces was defined as the DDCt. The fold change in mRNA
expression was expressed as 2DDCt. The results were expressed as the mean � SD of
six experiments.

2.8. Western blot

Cultured NIH-3T3 fibroblasts were lysed and centrifuged at 12,000 g for 2 min at
4 �C. The supernatants were transferred to new Eppendorf tubes and protein
concentrations were defined by using UV/VIS spectroscopy. After the protein
concentrations were defined, solutions were mixed with 4X sample buffer and lysis
buffer to a final concentration of 1 mg/mL protein. Samples were heated at 95 �C for
3 min and cooled at 0 �C for 3 min; this step was repeated twice. Proteins were
separated using 10% SDS-PAGE gels and transferred to PVDF membranes. Nonspe-
cific protein binding was blocked using a 5% milk solution at 4 �C overnight. The
membranes were subsequently blotted at 4 �C overnight using the specific anti-
bodies indicated for each experiment, which were diluted in blocking buffer. Specific
primary antibodies were blotted using second antibodies in the blocking buffer at
room temperature for 1 h. Chemiluminescent detection was performed using
western blotting luminol and oxidising reagents (USA.).

2.9. Wound healing assay

To conduct a wound healing assay, 1 � 105 cells were grown on the nanopore
surfaces and allowed to reach confluence and further incubated in medium con-
taining 2% FCS. The cell monolayers were wounded by a plastic pipette [23]. After
wounding, cells were washed with PBS and incubated for 6, 12, 18, 24 and 48 h in
medium containing 2% FCS. After incubation, the cells were fixed with 4% para-
formaldehyde in PBS for 30 min, followed by three PBS washes. The cell membranes
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washes. The samples were incubated with DAPI and phalloidin for 15 min at room
temperature, followed by three PBS washes. Images of cell samples were takenwith
a fluorescencemicroscope. The areas between the cell layer borders were measured.
Cell numbers in the wounding region were calculated using fluorescence images.

2.10. Statistics

The experiments were repeated three times on the nanopore surfaces. Data
were expressed as the mean � standard deviation. A one-way analysis of variance
followed by Tukey’s post test was used for statistical analysis (GraphPad, La Jolla,
CA), and the level of significance was set to P ＜ 0.05.

3. Results

3.1. Fabrication of nanopore surfaces

Nanopores with pore diameters of 40, 75, 160, 185 and 210 nm
were fabricated as described above, by electropolishing on 316L
stainless steel. After electropolishing, the morphology, depth and
roughness of the surfaces was verified by SEM and AFM images
(Fig. 1). Highly ordered nanopores with 5 different pore sizes
between 40 and 210 nm were created. Polished stainless steel
substrates were used as control flat substrates. The characteristic
parameters are outlined in Table 2. The pore depths were 4, 10, 20,
50 and 55 nm for pore sizes of 40, 75, 160, 185 and 210 nm,
respectively. The surface roughness of the nanopores increased
with the applied voltage. The nanopore surfaces were well
controlled and highly defined.

3.2. Nanopore-modulated cell morphology and growth of
fibroblasts

Nanotopography is known to modulate the cell morphology of
NIH-3T3 fibroblasts [24]. To evaluate the growth of fibroblasts, NIH-
3T3 fibroblasts were cultured on nanopores and flat 316L stainless
steel substrates for 12, 24, 48 and 72 h. SEM images showed that the
cells seeded on 40 and 75 nm nanopore surfaces exhibited
extended morphology, with a large cell spreading areas. However,
the cells seeded on 185 and 210 nm nanopore surfaces were smaller
with restricted lamellipodia (Fig. 2). The cell spreading area was
measured and compared with that of cells grown on flat surfaces.
The maximum spreading area was observed for cells grown on 40
and 75 nm nanopores (Fig. 3a).

The size-dependent modulation of cells by nanopores was
investigated over different culture times. Viable cells were counted
b
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Fig. 4. Fluorescent images showing focal adhesion formation through vinculin (green) and actin filaments (red). NIH-3T3 fibroblasts were seeded on flat, 40 nm, 75 nm, 160 nm,
185 nm and 210 nm nanopores for 12, 24, 48 and 72 h. The distribution of vinculin and actin filaments in the fibroblast cultured on the various nanopore surfaces was observed.
Scale bar ¼ 50 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and compared to cells grown on flat surfaces (Fig. 3b). The cells
grown on 40 and 75 nm nanopores surfaces started to outgrow
after 24 h of incubation. A two-fold enhancement in cell number
relative to the cell number on the flat substrates was observed on
the 40 and 75 nm nanopore surfaces after 48 and 72 h of incuba-
tion, respectively. It should be noted that a slight but significant
decrease in density was observed for cells grown on the 210 nm
nanopore surface after 72 h. These results indicate that the diam-
eter of the nanopores is a predominant factor in the stimulation of
cell morphology and growth.

3.3. Nanopore-modulated cell adhesion and cytoskeleton of
fibroblasts

Vinculin bridges focal adhesion complexes with cytoskeleton
[25]. To evaluate the role of adhesion molecules in nanopore-
induced cell attachment, immunostaining specific to vinculin was
performed (Fig. 4). Vinculin staining was widely distributed within
cells grown on flat surfaces and the 40 and 75 nm nanopore
surfaces at 48 and 72 h. The amount of vinculin increased in cells
grown on the flat surfaces and the 40 and 75 nm nanopore surfaces
but decreased in cells grown on the 185 and 210 nm nanopore
surfaces after 24, 48 and 72 h.

The number of focal adhesions (focal point density) and
vinculin-stained area per cell were plotted against incubation time
(Fig. 5a, b). Significant differences were observed after 24 h. At 48 h,
60

50

40

30

20

10

0

F
o
c
a
l
 
a
d
h
e
s
i
o
n
 
p
e
r
 
c
e
l
l

12 h

* *

*

a

c

*

*

*

24 h 48 h 72 h

12 h 2

60

M
i
c
r
o
f
i
l
a
m
e
n
t
 
b
u
n
d
l
e
s
 
p
e
r
 
c
e
l
l

50

40

30

20

10

0

Flat
40 nm
75 nm
160 nm
185 nm
210 nm

Flat
40 nm
75 nm
160 n
185 n
210 n

Fig. 5. The quantitative analysis of focal adhesion and cytoskeleton organisation on the nano
surfaces. (b) The average area of vinculin plaques per cell. (c) The average number of microfi
number, vinculin plaque area and number of microfilament bundles were determined usin
from at least 3 experiments is shown. *p < 0.05 and **p < 0.01 when compared with flat c
cells grown on the 40 and 75 nm nanopore surfaces showed
a significant increase in focal point density per cell. It should be
noted that a slight but significant decrease in vinculin-stained area
was observed for cells grown on the 210 nm nanopore surface at
48 h. Differences in focal point density and vinculin-stained area
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focal adhesions in fibroblasts.

Cytoskeleton plays a very important role in determining cell
motility and shape. The tight cytoskeleton arrangement observed in
this studywas enhanced in cells grown on 40 and 75 nm nanopores
but gradually disappeared in cells grownon the 160,185 and 210 nm
nanopore surfaces at 48 and 72 h (Fig. 4). The number of microfil-
ament bundles per cell was calculated. At 48 and 72 h, cells grown
on the 40 and 75 nm nanopore surfaces showed a significant
increase in the number of microfilament bundles per cell. A
decrease in the number of microfilament bundles was observed in
cells grown on 185e210 nm nanopores at 48 and 72 h (Fig. 5c).
Overall, well-organised actin filaments were visible in cells grown
on the 40 and 75 nm nanopore surfaces. Nanopores measuring 160,
185 and 210 nm in diameter retarded the organisation of the
cytoskeleton. Therefore, focal adhesion and cytoskeletal organisa-
tion was modulated by the feature size of the nanopore surfaces.
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3.4. Integrins expression of fibroblasts on various nanopore surfaces

Integrins serve as major receptors for ECM proteins, which play
an essential role in cell migration, adhesion and proliferation [26].
Following the observation of the significant effect of nanopores on
fibroblast viability, morphology and adhesion, a quantitative PCR
(qPCR) was performed to analyse the temporal expression of the
integrin gene family (Fig. 6). Fold expression levels were normal-
ised against the expression levels observed for cells grown on flat
surfaces. Cluster analysis was performed to find genes with similar
expression patterns. As shown in Fig. 6, fibroblasts cultured on 40
and 75 nm nanopore surfaces showed similar integrin expression
patterns at 12 h. However, the patterns changed at 24 and 48 h and
switched to distinctive patterns at 72 h. The integrin expression
patterns of cells grown on 160 and 185 nm nanopores also showed
a similar state at 12 and 24 h. Furthermore, the expression of
integrins (such as a2, a4, a6, a7, aV and b3) was up-regulated on the
75e210 nm nanopore surfaces at 48 h. The temporal expression of
integrins was demonstrated.

After 12 h of cells culturing, the up-regulation of gene expres-
sions for the integrins a1, a2, a9, a11, aIIb, b3 and b8was obtained on
the 40 and 75 nmnanopore surfaces. At 24 h, the integrins a1, a5, a7,
a11, b6 and b8 showed up-regulation on 40 nm nanopores, and the
integrins a1, a8,a9,a11, b5, b7 and b8 showed the sameperformance
on the 75 nm nanopore surface. At 72 h, increased gene expression
for the integrins a1, a6, aL, b1, b3 and b4were observed on the 40 nm
nanopore surface, and the expression of integrin a1, a4, aD, aL, b3
and b4 expression on the 75 nmnanopore surfacewas similar to that
on the 40 nm nanopore surface. According to real-time PCR results,
the gene expression of a2 and b3 was clearly higher on the 40 and
75 nm nanopore surfaces than on the other surfaces at 12 h.We also
observed significant variations in the expression of a2, a9, a11, b3
subunits and b6 on the 40 and 75 nm nanopore surfaces at each
point in time. For instance, a2 and b3 subunits were highly
expressed on the 40 and 75 nm nanopore surfaces at 12 h but were
down-regulated at 24 h. This finding suggests that both the nano-
pore surface structure and cell incubation time might be able to
modulate integrin expression and regulate cell behaviour.

3.5. Protein expression of genes associated with cell adhesions

Western blots were performed to validate the expression of
genes associated with cell adhesion and cytoskeleton. Protein
expressions of vinculin, b-tubulin, integrin aV and integrin a2 were
obtained after 12, 24 and 72 h of culturing (Fig. 7a). Protein
expressions were quantified using GAPDH as a control and
compared to those of cells grown on flat surfaces. For cells grown
on the 40 and 75 nm nanopore surfaces, the expression of vinculin
remained unchanged within 12 h, whereas it increased rapidly at
24 and 72 h (Fig. 7b). For the 185 and 210 nm nanopores surfaces,
vinculinwas down-regulated at 72 h relative to the vinculin activity
observed in cells grown on a flat surface.

b-tubulin performs various vital cellular functions to support
cell shape, migration and signal transduction [27]. After 12 h of
culturing, b-tubulin exhibited stable expression on each nanopore
surface (Fig. 7c). b-tubulin expression on the 40 and 75 nm nano-
pore surfaces showed up-regulation at 24 h. On the 185 and 210 nm
nanopore surfaces, the expression was down-regulated at 72 h.

Integrin aV expression remained constant for all cultures at 12
and 24 h (Fig. 7d). Up-regulation of integrin aV was observed for
cells grown on the 40, 75 and 160 nm nanopore surfaces at 72 h. For
integrin a2, up-regulation was observed on the 75 nm nanopore
surface at 12 h. After 24 h of culturing, a higher production of
integrin a2 was observed for cells grown on the 185 and 210 nm
nanopore surfaces (Fig. 7e). The temporal and spatial expression of
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integrins derived from western blotting was consistent with those
obtained by qPCR.

In addition, the activation of ERK is considered to direct cell
migration, attachment and integrins expression. The expression of
phosphorylated ERK1/2 (pERK1/2) was up-regulated in fibroblasts
grown on the 40e160 nm nanopore surfaces at 48 h (Fig. 8a). In
contrast, the expression of pERK1/2 was greatly attenuated in cells
grown on the 185 and 210 nm nanopore surfaces at 12 and 24 h.
After 72 h of culturing, the expression of pERK1/2 on the 160 and
185 nm nanopore surfaces was up-regulated (Fig. 8b).

3.6. Validation of migration by wound healing experiment

The surface properties of a material affect a cell’s capability for
movement, which must be preserved for successful implantation.
Many studies on the structure of artificial implants enabling cell
migration are important to making sure that cells can operate in
a dynamic environment [28]. To further investigate the impact of
nano-patterned structures on the function of fibroblasts, a wound
healing assay was performed. Confluent cell monolayers were
cultured on nanostructures for 12 h, wounded, and cultured for 6,
12, 18, 24 and 48 h. After 6 h of culturing on 40 and 75 nm nanopore
surfaces, fibroblasts began to migrate into the wounded area at 6 h.
At 12 and 18 h, the number of migrating cells was higher on the 40
and 75 nm nanopore surfaces than on the other surfaces. No
differences were observed among all nanopore surfaces at 24 h
(Fig. 9a). The number of migrating cells was calculated and
compared with the counts obtained for a flat surface (Fig. 9b). The
cell densities in the wounded area were similar on each nanopore
surface at 6 h. After 12 h, the cells started to migrate into the
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wounded area. At 12, 18 and 24 h, significant cell migration was
observed for the 40 and 75 nm nanopores surfaces with the
increase in the density of migrating fibroblasts. The observed cell
movement did not vary between cells grown on a flat surface and
those grown on the 160, 185 and 210 nm nanopore surfaces at each
time point. After 48 h, the cells migrated into the wounded region
and formed a cell monolayer on each nanopore surface. These
results suggest that the migration of NIH-3T3 fibroblasts could be
modulated by nanopore surfaces and the duration of the culture
period.

4. Discussion

Focal adhesion, cell spreading and subsequent proliferation are
closely related to the surface characteristics of roughness and
geometry [29]. The detailed mechanics through which the geom-
etry and size of pores enhance cell attachment and proliferation are
still unclear. An important question is whether a nanometre-scale
adhesive unit exists, defined in terms of distance and number,
that supports spreading. Our data indicate a positive correlation
between decreasing pore size and increasing cell adhesion. The
maximum focal point density and best organisation of cytoskeleton
were observed in cells cultured on the 40 and 75 nm nanopore
surfaces, whereas those cultured on the 160, 185 and 210 nm
nanopore surfaces showed a reduction in the formation of focal
adhesions and organisation of actin filaments. One possible
mechanism through which nanopores may affect cell adhesion is
by fostering an interaction between integrin anchoring sites and
the edges of pores for cell attachment. Previous reports have shown
that focal adhesion is enhanced when cells are cultured on pore
surfaces with critical feature sizes smaller than 50 nm [30]. When
adhesive dots are separated by>73 nm, the focal adhesions that are
formed are aberrant, whereas separations of <58 nm between the
dots allows for the effective formation of adhesions [31]. The
negative cellular response to anchor spacings greater than 70 nm is
ascribed to a lack of effective integrin clustering, which therefore
inhibits the formation of focal adhesions and actin fibre networks
[32]. Cell adhesion on different geometric structures revealed
a significant increase in adhesion efficiency when integrin
anchoring sites were spaced within 60 nm [33]. It was concluded
that nanopores may induce nanoscale differences in anchor
integrin density to affect the assembly of adhesion sites. Further-
more, the roughness of nanopores may be implicated in regulating
cell adhesion. The rough topographical structures are capable of
exerting positive and negative influences on cell adhesion and
proliferation [34]. Nanopores measuring 40, 75 and 160 nm also
provide smaller roughness to induce cell focal adhesion and
proliferation. These phenomena suggest that the cellular responses
are clearly modulated by nanopore features in a size-dependent
manner.

Integrins belong to a major family of promigratory receptors
that support adhesion to the ECM, stabilise protrusions through
structural connections to the cytoskeleton, and activate migration-
related signalling molecules [6]. Integrin-controlled cell adhesion is
preferentially mediated by a5b1, avb3 and a2b1 [35]. Recent
studies have indicated that integrin expression is greatly perturbed
on nanopore surfaces with feature diameters between 70 and
300 nm [36], indicating that the integrins b1, b5, a5 and aV are
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almost uniformly down-regulated on 400 nm pitch surfaces
compared to the behaviour of cells grown on control surfaces [37].
In our study, we noticed differences in integrin gene expression
that depended on the stainless steel pore size. Fibroblasts cultured
on the 40 or 75 nm nanopore surfaces showed similar integrin
expression patterns at 12 and 72 h, and significant variation was
observed in the expression of the a2, a9, a11, b3 and b6 subunits
within 24 h. Integrins should be spatially and temporally regulated
by nanopore surfaces. However, the regulation of the expression of
integrins by the nanopore surfaces should be complex. It is well
known that ECM production is enhanced on rough nano-patterned
surfaces, and at least part of this increase is caused by an increase in



H.-A. Pan et al. / Biomaterials 34 (2013) 841e853852
collagen synthesis [19]. Therefore, the adsorption of integrins onto
the ECM through various nanoscale pore surfaces should be
another factor in determining cell response.

Cell adhesion directly governs cell behaviours by regulating
integrins. Integrin aV is known to mediate cell migration, adhesion
and survival through binding to ECM proteins [38]. The subunit aV
showed increased expression on titanium surfaces with 30 nm
nanopores and exhibited an enhanced morphology and facilitated
the differentiation of osteoblasts [39]. Previous studies identified
that the integrins a2b1, a3b1, a5b1, a5b3, a9b1, a11b1, aVb3, and
aVb6 are required for cell migration during tissue repair [40e46]. In
our study, the gene expressions of integrins such as a2, a9, a11, b3
and b6 were slightly up-regulated on nanopore surfaces with
features sizes smaller than 75 nm. According to the western blot
results, the production of integrin aV was significantly increased in
fibroblasts cultured on 40, 75 and 160 nm nanopores at 72 h.
Integrin aV was activated after 72 h and induced the formation of
focal adhesions in addition to increasing the cell area and viability
of fibroblasts on both the 40 and 75 nm nanopore surfaces. Integrin
a2 also plays a critical role in cell motility and adhesion via focal
adhesion kinase (FAK) signalling [8]. Previous reports have shown
that mice deficient in integrin a2 also show reduced wound healing
and fibroblast adhesion [47]. Our findings revealed that integrin a2
expression was significantly induced by the 75 nm and 185e
210 nm nanopore surfaces at 12 h and 24 h, respectively. Accord-
ing to cell responses such as focal adhesion and cell migration,
integrin a2may not be required for the initial attachment of cells to
surfaces with pores measuring <75 nm. For surfaces with pores
measuring >185 nm, fibroblasts expressed integrin a2 at 24 h to
adhere to the substrates.

There is a growing body of evidence that ERK signalling, in
addition to its role in the control of cell proliferation and adhesion,
is also implicated in the regulation of cell motility. The phosphor-
ylation of ERK1/2 has been linked to alterations in focal adhesion
formation, and it is known to control cell contraction, thus facili-
tating cell migration [48]. Previous studies have proposed that the
extent of phosphorylation of ERK1/2 is highest in stem cells grown
on 15 nm nanotubes and lowest on 100 nm nanotube surfaces [49].
In these studies, significant changes in phosphorylated ERK1/2
were observed in fibroblasts grown on different nanopore struc-
tures. Comparing to our work, the <75 nm nanopores hold the
ability to induce phosphorylation of ERK1/2. In addition, integrins’
control over cell motility via ERK1/2 activation has been proposed
[8]. Integrins mediate cellesubstrate signalling by activating
intracellular FAK and phosphatase signalling to trigger downstream
biochemical signals [20]. To make the point more clear, the
expression of FAK and phosphorylated FAK (pFAK) was derived
from western blot (Fig. S1). Protein analysis indicated that the 40
and 75 nm nanopore surfaces stimulate phosphorylation of FAK in
24 h. The results further confirmed the assumption that the cells on
<75 nm nanopores may have higher maturation of adhesions in
comparison with >160 nm nanopores. A similar trend for pERK1/2
expression was observed. Vinculin may regulate proliferation and
motility via ERK by controlling the accessibility of integrin for FAK
interaction. Our results suggest integrin-ERK1/2 signalling in the
formation of vinculin and consequent regulation of fibroblast
migration.

The ERK pathway has been shown to promote cell adhesion and
facilitate the process of cell migration during physiological
processes such as wound healing. The acquisition of cell motility is
a key property of fibroblast cells in tissue repair. Fibroblast migra-
tion enhances wound healing [50]. Previous studies have shown
that nanotubes with diameters measuring 50e80 nm enhance cell
migration compared to flat Ti surfaces [51]. Nanotubes enhance the
cell motility of both MSC and endothelial cells on 15 nm nanotubes
[52]. Our results indicated that the 40 and 75 nm nanopore surfaces
stimulate the migration of fibroblasts. A similar trend for pERK1/2
expression was also observed. The temporal and spatial expression
of pERK1/2 derived from western blotting was consistent with the
results of cell migration. Therefore, the regulation of cell motility
and migration most likely represents a major mechanism by which
the ERK pathway promotes fibroblasts to migrate into wounded
regions.

The intracellular mechanisms for topology-mediated cellular
functions have not yet been fully addressed. By using nanopore
surfaces, we found that topographical cues on a substrate could
promote focal adhesion and cytoskeleton organisation to enhance
cell migration by integrin and ERK1/2 activation. The modulation of
ERK1/2-mediated migration and related cell signalling by nano-
patterned surfaces could improve the design of implant surfaces
within the fields of biomaterials science and tissue engineering.

5. Conclusion

In the present study, we fabricated 316 L stainless steel
substrates with different pore sizes ranging between 40 and
210 nm. The nanoscale pore surfaces are able to influence the
expression of integrin and direct cell behaviours such as cell
migration, proliferation and focal adhesion formation. Fibroblast
attachment and migration are highly promoted by <75 nm nano-
pore surfaces during initial growth. These nano-patterned surfaces
can modulate integrin expression, promote adhesion, and enhance
the migration of fibroblasts. In this study, the temporal and spatial
modulation of the expression of integrins and ERK1/2 by nanopores
was demonstrated. Nanopores may have pivotal regulatory func-
tions in wound healing processes. The obtained results will
contribute to the design of functional surfaces that control cell
behaviour and improve wound healing for stainless steel implants.
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