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In this paper, a method was introduced for the fabrication of vertically and spatially-controlled peptide
nanostructures that enhance cell adhesion, proliferation, spreading on artificial surfaces. The RGD
nanostructures with different heights were fabricated on gold surfaces by self-assembly technique
through a nanoporous alumina mask composed of nanoscale-controlled pores. Pore diameter and spatial
distribution were controlled by manipulating the pore widening time at a constant voltage during the
mask fabrication process. Two-dimensional RGD nanodot, three-dimensional RGD nanorod, and RGD
nanopillar arrays were carried out using various concentrations of RGD peptide solution, self-assembly
times, and pore sizes, which were 74 nm, 63 nm, and 43 nm in diameter, respectively. The fabricated
RGD nanodot, nanorod, and nanopillar arrays were utilized as a cell adhesion layer to evaluate the cell
adhesion force, adhesion speed, spreading assay, and phosphorylation of cofilin protein in PC12, HeLa,
and HEK293T normal cells. Among the three different nanostructures, RGD nanopillar arrays were found
to be suitable for cellular attachment, spreading, and proliferation due to the proper arrangement of the
RGD motif, which mimics in vivo conditions. Hence, our newly fabricated RGD nanostructured array can
be successfully applied as a bio-platform for improving cellular functions and in in vitro tissue

engineering.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Cell-based research or biotechnology has been intensively
applied in a variety of fields, such as pharmacology, medicine, cell
biology, toxicology, basic neuroscience, and environmental moni-
toring. The diverse application of cell-based techniques is due to
the useful information that can be obtained from living cells, a basic
building block of all kinds of living organisms. Using cells, the
effects of drugs, toxins, or functional particles can be easily moni-
tored, which is not possible in protein/DNA analysis or in animal-
based tests. Consequently, cell-artificial surface interactions have
attracted considerable attention due to the difficulty of cell
immobilization on artificial surfaces while maintaining in vivo-like
conditions, which is the most important factor in in vitro research.
Several previous studies reported the adhesion efficiency of cells on

* Corresponding author. Department of Chemical and Biomolecular Engineering,
Sogang University, Seoul, Republic of Korea. Tel.: +82 2 705 8480; fax: +82 2 3273
0331.

E-mail address: jwchoi@sogang.ac.kr (J.-W. Choi).
! Md. Abdul Kafi and Waleed A. El-Said contributed equally to this work.

0142-9612/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2011.10.003

various kinds of materials such as cover glass, ITO-coated glass, and
bare gold surfaces [1,2]. A variety of biological molecules including
carbohydrates, cell-extracellular matrix (ECM) proteins or their
components (e.g., Arginine-glycine-aspartic acid (RGD), and poly-1-
lysine (PLL)) have been introduced to reduce the variation in cell
attachment and to increase the cell binding affinity to the bottom
surface, which is essential for providing in vivo-like conditions
[3—6]. Since biological cell systems are normally regulated by the
arrangement of extracellular proteins and their interactions at the
molecular level, more research related on cells and artificial ECM
are needed in order to determine the structural characteristics of
ECM proteins, their assemblies in nano-scale, and their uncovered
effects on target cells.

Therefore, modification of bio-ligands on artificial surfaces is
very promising for fabrication of the next generation of nanobio-
platforms [7—9]. A variety of research has focused on the control
of protein/peptide assembly techniques for fabrication of
topologically-altered structures at micrometer scale or sub-
micrometer scale [9—16]. These ligand-modified surfaces were
previously found to be effective for various kinds of cellular func-
tions such as cell adhesion; mineralization, and gene expression
[17—20]. However, alteration of an artificial surface for fabrication
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of a cell friendly environment mostly requires methods that are
proper for the modification of 2D spaces. Since cells naturally exist
in 3D environments, many ECM proteins also exist as 3D structures,
which is more suitable for attachment to the cell membrane and for
connection to the cell. Hence, the performances of synthetic
peptide or ECM components that are frequently used to enhance
cell attachment can be improved by 3D nanopatterning technology,
which establishes real in vivo-like conditions. Previous research
reported the fabrication of a 3D-nanopatterned substrate based on
common nanopatterning techniques that utilize physical or elec-
trochemical deposition of metal or functional polymers [21]. The
fabricated 3D nanostructures were found to be proper for cell
adhesion; however, the surfaces of the 3D nanostructures still need
to be modified with ECM protein or its components for effective cell
adhesion, which is laborious and time-consuming. Moreover, ECM
proteins cannot be modified equally to the whole surfaces of 3D
nanostructures and may cause structural variations in the fabri-
cated surface.

We previously reported several RGD peptides that include
a terminal cysteine residue for the efficient fabrication of a peptide
mono-layered gold (Au) surface [4]. Since the sulfide group in
cysteine can be attached onto a gold surface by a strong Au—S
covalent bond [3,4] 2D-RGD peptide-modified surface could be
simply obtained by self-assembly. Among the several cysteine-
containing RGD peptides, RGD-MAP-C peptide containing
quadruple branches of the repetitive RGD sequence was shown to
be the best for cell adhesion and proliferation on artificial surfaces
[3]. This RGD-MAP-C peptide was further integrated into the
various kinds of cell chips and was found to increase the
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electrochemical signals from cells that largely contribute to the
sensitive detection of the effects of anticancer drugs or environ-
mental toxins [3,4]. Recently, we also found that 2D dot-like
formation of RGD-MAP-C peptide significantly enhances the
adhesion strength of neural cells between the cell membrane and
electrode surface compared to the RGD-MAP-C mono-layered
surface [3]. Hence, we hypothesized that controlled 3D-RGD
nanopatterned surface will further enhance the many cellular
functions of various kinds of cell lines.

Herein, we report 3D peptide nanostructured arrays fabri-
cated by nanoporous alumina mask-assisted self-assembly
technique. RGD-MAP-C peptide was chosen as a suitable candi-
date for establishing strong link at cell—substrate interface which
can mimic in vivo-like environment. Three-dimensional RGD-
MAP-C nanostructures were established with different heights
(nanorod and nanopillar) on Au surfaces and its corresponding
cell functions including cell spreading, attachment and prolifer-
ations were confirmed by scanning electron microscopy (SEM),
atomic force microscopy (AFM) and trypan blue exclusion assay.
Western blotting assay was further conducted to measure
protein expression of the cells attached to the different
substrates due to the fact that cofilin phosphorylation increased
with increasing stretch ability of the actin skeleton via interac-
tion between the RGD sequence and its integrin during cellular
spreading [22—28]. Finally, MTT assay was performed to compare
the mitochondrial activities of neuronal (PC12) and non-
neuronal (HEK293T) cells attached to different kinds of
peptide-modified surfaces, all of which utilized RGD-MAP-C
peptide for surface functionalization.

Fig. 1. Representative scanning electron microscopic (SEM) images of the Au surfaces employed in the cell experiments. The images obtained at 20 Hz from the sample pre-coated
with Pt—Pd alloy. (a) Freshly cleaned bare Au surface prior to peptide immobilization, (b) 2D-RGD nanodot, (c) 3D-RGD nanorod, and (d) 3D-RGD nanopillar arrays. Scale bar
500 nm. Scanning electron microscopy (SEM) images were obtained using a field emission scanning electron microscope (Hitachi-S-4300) operating at an acceleration voltage of
20 kV and current 15 pA. All samples were coated with a conductive 3—5 nm sputtered platinum—palladium alloy layer prior to analysis. Working distance and magnification for (a)
16.4 mm and 70k times; (b) 15.3 mm and 70k times; (c) 15.3 mm and 80k times; and (d) 15.5 mm and 60k times, respectively.
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2. Materials and methods
2.1. Materials

All solvent and reagents were of puriss grade quality and were used as received.
Our designed cysteine (Cys)-modified RGD oligopeptide (RGD-MAP-C) was
synthesized by Peptron (Daejeon, 305-340, South Korea). The peptides were dis-
solved in phosphate buffered saline (PBS; pH 7.4, 10 mm), which was purchased from
Sigma—Aldrich (St. Louis, MO, USA).

2.2. Nanoporous alumina template synthesis

The nanoporous alumina template used in this work was prepared using
a typical two-step anodization process on aluminum foil (99.99%, 100 mm in
thickness) [29]. Briefly, the surface of the aluminum foil was electro-polished at 20 V
in a mixed solution of perchloric acid and ethanol (1:4 in volume) for 60 s. The first
anodization was performed by applying a DC voltage of 40 V in 0.3 m oxalic acid
solution at 3 °C for 8 h. In order to obtain a well-ordered nanoporous alumina layer,
the alumina layer formed during the first anodization process was completely
removed by chemical wet etching in a mixture solution of phosphoric acid (0.4 m)
and chromic acid (0.2 m) at 65 °C for 4 h. After removal of the anodic oxide layer,
a second anodization process was conducted on the Al substrate under identical
conditions to those used for the first anodization (Supplemental Table S1). After the
second anodization, the surface of the nanoporous alumina was painted with
a coating layer consisting of a mixture of nitrocellulose and polyesterresin in
butylacetate, ethylacetate, and isopropyl alcohol. For preparation of the through-
hole alumina masks, the remaining aluminum substrate was removed in saturated
HgCl, solution. Then, the alumina barrier layer at the bottom of the cylindrical
nanochannel of the alumina layer was etched out in 5 wt% phosphoric acid at 30 °C.
To obtain the alumina template with through-holes, the coating layer was dissolved
in acetone. The porous alumina was investigated using an atomic force microscope
(Nanoscope digital instrument) at a scan rate of 1.00 Hz with a phosphorous (n)
doped silicon cantilever. The size of the pore was determined by section analysis.

2.3. RGD nanostructures fabrication

Peptide nanostructured array was prepared through the nanoporous AAO
template as described [3]. For all biological activity experiments, nanostructured
peptide arrays were prepared on silicon-based gold and pretreated with piranha
solution (H2SO4:H20,, 7:3 v/v) [30,31], then extensively rinsed with de-ionized

water and dried under Nj. The nanoporous AAO template was then fixed on the
freshly cleaned Au surface. Subsequently, modified RGD peptide terminated with
a Cysteine amino acid was deposited on the substrates by incubating 0.01-0.1 mg/
ml of the peptide in PBS solution on the substrates for 12—24 h at 4 °C (Supple-
mental Table S1). After deposition, the AAO template was rinsed with DIW. In this
way, the Cys-modified RGD was immobilized covalently on gold substrate directly
without any organic linker materials [3]. The fabricated nanostructured surface was
investigated using a field emission scanning electron microscope (Hitachi-S-4300)
at an accelerated voltage of 2 kV from Pt/Pd alloy-coated samples, and freshly
cleaned Au substrate served as a control.

24. Cell culture

Rat pheochromocytoma (PC12), human cervical (HeLa), and human embryonic
kidney (HEK293) cells were purchased from Korean cell line bank. RPMI 1640
Medium (RPMI 1640, purchased from Fresh media®, Daegu, 704-230, South Korea)
was used for PC12 while Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Invitrogen, Grand Island, USA) supplemented with 10% heat inactivated fetal bovine
serum (FBS; Gibco, Carlsbad, CA, USA), and 1% concentration of antibiotics (Gibco)
was used for HeLa and HEK293 cells. Cells were maintained under standard cell
culture conditions at 37 °C in an atmosphere of 5% CO,. The medium was changed
every 2 days. When the cells reached sub-confluence, they were harvested with
trypsin and sub-cultured. The cells from three to six passages were used in the
experiments.

2.5. Cell adhesion speed and adhesion strength on nanostructured RGD-modified Au
surface

Cell adhesion speed was determined by trypan blue exclusion assay. The
cell—substratum adhesion strength was measured by using centrifugation adhesion
assay to obtain the fraction of adherent cells after centrifugation at a defined force as
a metric of comparison. For the cell adhesion assay, nanostructured RGD-modified
Au surfaces (10 mm x 10 mm size) were placed in a 24-well culture plates, and
cells were seeded at a density of 5 x 10% cells/ml overnight under standard cell
culture conditions.

2.6. SEM and AFM images of cellular morphology on nanostructured platform

Cell spreading assay was performed by analyzing the images obtained from SEM
and leaser scanning confocal microscopy. For SEM imaging, PC12 cells were seeded

Fig. 2. Reproducibility of peptide nanoarray synthesis; images obtained from several areas of the fabricated surface at 100 nm (a), 500 nm (b), 1 um (c), and 5 pm (d) scale bar.
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on the peptide-modified Au surface. After incubation for 6 h at 37 °C, cells were
washed twice with PBS, fixed in 4% paraformaldehyde in phosphate buffer, and
coated with Pt/Pb alloy before imaging. The images were obtained using a field
emission scanning electron microscope (Hitachi-S-4300) at an accelerated voltage of
2 kV from Pt/Pd alloy-coated samples. Furthermore, the morphologies of the living
cells immobilized on the different RGD nanostructure-modified Au substrates were
investigated for to determine cell spreading by AFM (NT-MDT, Russia) in semi-
contact mode at room temperature with an inverted optical microscope. The
maximum scan-range of the system was 100 pum in the both x and y axes. The
cantilevers were NSGO1 type, which had a typical resonant frequency in the range of
115—190 kHz and a force constant of 2.5—10 N/m. The scan rate was 1 Hz.

2.7. MTT assay

Tetrazolium dye (MTT) was used to assess cellular function. MTT assay is a non-
toxic, soluble, colorimetric redox indicator that changes color in response to cell
metabolism. In this study, 5 x 10 cells were seeded on the top of the peptide-coated
Au surface (10 mm x 10 mm size) placed in 24-well plates. After 2 days of culture,
cells were incubated in MTT (0.5 mg/ml)/culture media in a humidified atmosphere
at 37 °C and 5% CO; for 4 h. Then, media was excavated and 200 pl of dime-
thylsulfoxide (DMSO) was added to dissolve precipitated formazan. Finally, 100 pl of
solution was transferred to 96-well plates and measured at 590 and 630 nm in order
to determine the percentage of MTT reduction.

2.8. Western blot analysis

To determine the level of cofilin phosphorylation, cells were lysed with lysis
buffer (50 mwm Tris—HCl, pH 6.5, 10% glycerol, 2% SDS, 2% 2-mercaptoethanol) at 95 °C
for 5 min and sonicated. After centrifugation, supernatants were collected and the
protein concentration determined using BCA protein assay reagent (Pierce Chem-
icals). For Western blot analysis, cell lysates proteins were separated on SDS-PAGE
and transferred onto polyvinylidene difluoride membranes (Bio-Rad, Hercules,
CA). The membrane was blocked with 4% nonfat dry milk in PBS containing 0.05%
Tween 20 for 1 h at room temperature and incubated overnight with anti-cofilin
antibody (abcam, Cambridge Science park, Cambridge, UK), anti-P-cofilin antibody
(abcam, Cambridge Science park, Cambridge, UK), and anti-actin antibody diluted in
PBS containing 1% nonfat dry milk and 0.05% Tween 20. After washing in PBS con-
taining 0.05% Tween 20, the membrane was incubated with horseradish peroxidase-
conjugated anti-mouse IgG (Amersham Pharmacia Biotech). Immunoreactive
protein bands were visualized by exposing the membrane for 10 s to 2 min to ECL
chemiluminescence reagent (Amersham Pharmacia Biotech).

2.9. Statistical analysis

All values are expressed as mean + standard deviation, and all experiments were
repeated at least three times. Data were analyzed using the computerized statistical
program ‘Origin 8. Significant differences were determined for p < 0.05.

3. Results and discussion
3.1. Fabrication of peptide nanostructured array

For in vitro cell analysis, efficient attachment of cells onto arti-
ficial surfaces with minimum ECM materials requires convenient
patterning. Nanoimprinting and photolithographic technique are
well-established for the patterning of biomaterials using PDMS
coupled with photolithography or laser etching technique [32—35].
Our group recently developed mask-guided, spatially-controlled
nanopatterned ECM [3]. In this work, we introduced a method for
the fabrication of a vertically-controlled 2D/3D-nanostructured
RGD array on silicon-based Au surfaces using a controlled nano-
porous AAO mask. Well-ordered nanoporous alumina layers were
prepared using the two-step anodization process described by
Masuda [29]. The pore diameters and spatial distributions were
controlled by adjusting the pore widening period at a constant
voltage as shown in Supplemental Table S1. Supplemental Fig. S1
shows AFM images of the three different nanoporous AAO masks
with diameters of 74, 63, and 43 nm that were used for future
studies. These nanopore diameters showed significant effects on
the deposition of peptide and allowed for convenient patterning on
Au support. Therefore, using these three different masks, spatially
and vertically-controlled 2D-RGD nanodots, 3D-RGD nanorods,
and 3D-RGD nanopillars array were achieved when different

concentrations of RGD peptide (0.01 mg/ml—-0.1 mg/ml) were
deposited at 4 °C for 12 h, 18 h, and 24 h, respectively, as shown in
Supplemental Fig. S2 and Supplemental Table S1.

Fig. 1b shows that uniform 2D-RGD nanodots formed periodic
patterns with an average distance of separation of 35 nm. The
average diameter of the nanodots formed on the Au substrate was
70—75 nm. Clearly, accurate positioning of the RGD ligand mole-
cules formed a replica of the mask, despite the problems inherent
in their growth under homogeneous distribution. The 2D-RGD dots
with controlled size and uniformity in their spatial distribution
were achieved reproducibly by using nanoporous AAO masks. The
close-packed hexagonal pore array of the AAO played a very
important role in determining the ordering of the nanostructures.
Therefore, changes in the pore diameter and pore density of the
nanoporous AAO masks allowed the diameter and density of the
nanodot array to be modified. Fig. 1c demonstrated that the 3D-
RGD nanorod array with a diameter of 60 nm and a spatial distance
of 45 nm was obtained when 0.1 mg/ml of RGD was immobilized
through the mask with pores 62 nm in diameter. Interestingly,
vertical growth of the peptide nanostructure was observed here.
We found that well-ordered rods formed due to the reduction of
pore diameter and increase in deposition time [36,37]. Therefore,
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Fig. 3. (a) Evaluation of adhesion cell speed of HEK293T and Hela cells on various
nanostructured RGD-modified Au surfaces after 1 h of cell culture using trypan blue
dye assay. (b) Cell adhesion strength of HEK293T and HeLa cells on various nano-
structured RGD-modified Au surfaces after 1 day of cell culture using trypan blue dye
assay. Data are the mean + standard deviation of three different experiments.
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we repeated the experiment using more precisely controlled pores
(43 nm). More vertical growth was observed, resulting in a pillar-
like structure with a featured diameter of 35—40 nm and a spatial
distance of about 65—70 nm (Fig. 1d). Fig. 2a shows the 3D-RGD
nanopillar array, where 10—12 pillar heads coalesced to form an
integrin receptor site at a distance of around 125—150 nm. Repro-
ducibility of the 3D-RGD nanopillar arrays is shown in Fig. 2b—d. A
large area of the nanopillar array is shown with different scale bars,
500 nm (Fig. 2b), 1 um (Fig. 2c), 5 um (Fig. 2d), and zoomed image of
a single scaffold (Fig. 2a) for cellular integrin receptor [38]. These
results confirm that self-assembly of RGD peptide through nano-
porous AAO mask has potential for the fabrication of 3D-RGD
peptide nanostructures with a control diameter and morphology
that can be covalently bonded to Au substrate at accurate positions.

3.2. Effect of fabricated RGD nanostructures on cell adhesion speed
and attachment strength

The cell adhesion speed and parallel cell attachment strength
assays were performed to assess the variations among the fabri-
cated RGD nanostructures. For this, cell adhesion speed of HeLa
(cancer) and HEK293T (normal) cells on 2D-RGD nanodots, 3D-RGD
nanorods, and 3D-RGD nanopillar-coated Au substrates were
compared with the RGD monolayer-coated Au substrate based on
trypan blue dye assay [38]. Cell adhesion speed experiments were

carried out by seeding the cells on RGD monolayer/Au, RGD
nanodots/Au, RGD nanorods/Au, and RGD nanopillars/Au for 1 h,
after which non-bound cells were washed off by PBS. Then, cell
densities on the different substrates were detected as shown in
Fig. 3a. RGD nanodot/nanorod/nanopillar-functionalized Au
substrates induced cell adhesion, resulting in high cell densities. In
contrast, low cell density was observed for RGD the monolayer-
modified surface, which demonstrates that the cells remained
only loosely attached to the RGD monolayer-modified Au surface.

Cell adhesion strength based on the characteristics of RGD
ligand arrangement reportedly affects cell adhesion speed [39]. The
cell-substratum adhesion strength was detected by using centri-
fugation adhesion assay to obtain the fraction of adherent cells after
centrifugation at a defined force as a metric of comparison [39,40].
Cell adhesion strength assay was performed for normal and cancer
cells immobilized on the nanostructure RGD arrays. Fig. 3b shows
the densities of cells adhered to the nanopatterned RGD-modified
Au surfaces in comparison with non-patterned RGD monolayer-
modified Au. The results show that the cell adhesion strength
was higher on the 3D-RGD nanopillar-modified Au substrate. This
trend was also observed in the presence of the 2D-RGD nanodot
and 3D-RGD nanorod-modified Au substrates. However, cells
adhered to non-patterned RGD monolayer-modified Au substrates
showed low cell/substratum adhesion strength. Therefore, the
enhancement of cell adhesion strength could have positive effects

Fig. 4. Scanning electron microscopic (SEM) images obtained from formalin-fixed cells after 6 h of cell culture on non-patterned RGD monolayer (a), and nanopatterned 2D-RGD
nanodot (b), 3D-RGD nanorod (c), and 3D-RGD nanopillar arrays (d). The insets show corresponding zoomed images of the fabricated surfaces. Scale bar 10 pm.
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on cellular behavior, including cell spreading, integrin clustering,
and cytoskeletal interactions, compared to non-uniformly distrib-
uted focal complexes [10—16,38].

3.3. Effect of fabricated RGD nanostructures on cell spreading

Three selected topographic RGD peptide-modified Au surfaces
were evaluated to identify the suitable patterned array for cell
attachment and spreading. Imaging techniques such as scanning
electron microscopy (SEM) and leaser scanning confocal micros-
copy were used to monitor the spreading of PC12 cells on RGD non-
patterned monolayer and patterned 2D-RGD nanodots, 3D-RGD
nanorods, and 3D-RGD nanopillars. Fig. 4 shows the SEM images for
PC12 cells that were spread over the nanostructured pattern for 6 h
after seeding. Highest spreading was noticed on the 3D-RGD
nanopillar array (Fig. 4d), moderate spreading on the 3D-RGD
nanorod (Fig. 4c) and 2D-RGD nanodot array (Fig. 4b), and lowest
spreading on the non-patterned RGD monolayer (Fig. 4a). This
significant variation in spreading was due to the variation in trac-
tions forces [18] of the 2D-RGD nanodots, 3D-RGD nanorods, and
3D-RGD nanopillars during cytoskeletal growth [22]. Moreover, the
uniformity and spatial distribution of the highly ordered 3D-RGD
nanopillar array (Fig. 2) properly matched that of integrin receptor
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on the cell membrane, which favors cellular attachment and
spreading [18—20].

Cellular spreading was further investigated by analyzing the
morphological images obtained from live cells using AFM. Fig. 5a
shows that the cells on non-patterned RGD monolayer displayed
a round morphology with limited fillapodial spreading. In contrast,
the cells on the 2D- or 3D-nanopatterned RGD-modified Au
substrates showed well-spread morphology and exhibited an
elongated shape in the opposite direction as the cytoplasmic
extensions. These extensions were predicted to function in
communication between cells or in anchoring the cells to the peaks
of the surfaces (Fig. 5b—d). The highest spreading was observed in
the 3D-RGD nanopillars array compared to the other topographic
RGD nanopattern (Fig. 5d). The extension of plasma membrane in
all directions combined with a distinctly increased surface area was
the highest in cells on 3D-RGD nanopillar-coated Au surfaces rather
than cells on other topographical nanostructured substrates. Focal
adhesions were established on all three RGD-modified Au
substrates [38]. However, subtle differences in the size and type of
the focal adhesions were observed depending on the pattern and
morphology of the RGD peptide. Therefore, the cells on non-
patterned RGD monolayer-modified Au surfaces were concluded to
have lower motility than those on the topographic nanopatterned
RGD-modified Au surface [35].
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Fig. 5. Atomic force microscopic (AFM) images obtained from live cells after 24 h of cell culture on non-patterned RGD monolayer (a), 2D-RGD nanodot (b), 3D-RGD nanorod

(c), and 3D-RGD nanopillar arrays (d). Scale bar 5 pm.
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3.4. Effect of fabricated RGD nanostructures on cofilin
phosphorylation

We next examined the effects of nanostructured peptide array
on the phosphorylation activity of cofilin. PC12 cells and HEK293T
cells cultured on various topographic nanopatterned RGD arrays
were lysed and subjected to Western blot analysis using anti-cofilin
and anti-p-cofilin as primary antibodies and anti-mouse IgG as
secondary antibody. As shown in Fig. 6a and b, highest cofilin
expression was observed in cells grown on RGD monolayer, lowest
in cells on 3D-nanopillar arrays, and moderate in cells on 2D-RGD
nanodot and 3D-RGD nanorod arrays. Interestingly, opposite find-
ings were observed for p-cofilin expression, in which the highest p-
cofilin expression was observed in cells grown on 3D-RGD nano-
pillar arrays and lowest in those on RGD monolayer. This variation
in expression was due to the increased phosphorylation of cofilin in
cells grown on topographic RGD-modified surfaces [28]. Fig. 6¢c and
d showed that intensity of cofilin decreases with topographically
altered RGD nanostructures which results the corresponding
increase in p-cofilin level. Therefore, the highest p-cofilin expres-
sion and corresponding lowest cofilin expression in cells grown on
3D-RGD nanopillar array indicate maximum phosphorylation.
Previously, it was reported that cofilin phosphorylation is related to
cellular spreading and cytoskeletal stretch [26]. Cytoskeletal stretch
depends on the attachment of the cellular receptor to the ECM or it
components [26—28]. Therefore, the highest phosphorylation as
well as wide spreading of the cells on the 3D-RGD nanopillar array
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proves the strongest RGD-integrin interaction compared to the
other RGD nanostructures.

3.5. Cell function by MTT reduction assay

In MTT assay, the absorbance of MTT (3[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide) is proportional to the
number of viable cells [41]. The ability of cells to proliferate and
form a confluent layer on the different topographic nanopatterned
RGD-modified Au surfaces in comparison with the non-patterned
RGD-modified Au surfaces was studied. The result shows the
evaluation of cell proliferation of HEK293T (Fig. 7a) and HelLa cells
(Fig. 7b), which were seeded and incubated on RGD-modified Au
surfaces for 4 days followed by MTT assay. Among the topographic
patterns, 3D-nanostructured RGD nanopillar-modified Au
substrates showed higher cell proliferation rates because their RGD
motif orientation properly matched receptor-mediated binding
with integrin receptors on the cell membrane [26—28]. Moreover,
the proliferation rates of HEK293T and Hela cells on the RGD
nanorod array-modified Au substrate was significantly increased
compared to that on RGD nanodot array-modified Au substrate,
most likely due to the 3D structures of the RGD nanorods and
pillars, which may have interacted with the integrin receptors on
the cell surface membrane more easily. The experiment was
repeated with PC12 cells and the results compared to HEK293T cells
to confirm if there is any difference between the neural and normal
cells. Fig. 8 demonstrates that for both cell types, the proliferation
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Fig. 6. Cofilin phosphorylation based on western blot assay: cofilin and p-cofilin levels in PC12 cells (a), HEK293T (b) cells seeded on different nanostructured RGD-modified Au
surfaces. Intensity of cofilin and p-cofilin expression in PC12 (c) and HEK293T (d) cells obtained from three independent experiments performed at identical conditions.
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rate was significantly higher for the 3D-RGD nanostructured array
compared to the other topographic structure, whereas no signifi-
cance difference was observed between the cell lines. These results
clearly show that the 3D-RGD nanostructured array properly
represents the adhesion ligands for cellular receptors, resulting in
strong cell-substrate interactions irrespective of the cell line.

4. Conclusions

In this study, we reported a simple bottom-up method for the
fabrication of a RGD nanopillar array fully composed of RGD
peptide based on simple self-assembly technique. The performance
of the fabricated 3D nanostructure was intensively evaluated with
respect to the cell adhesion speed, attachment strength, spreading,
cofilin phosphorylation, and mitochondrial activity. Cell functions
significantly increased on the 3D-RGD-MAP-C nanopatterned
surface compared to the RGD-MAP-C monolayer and 2D nanodot
surface, regardless of the cell line. Among the 3D peptide nano-
structures, 3D-nanopillar array was more suitable for cell adhesion
and spreading than the 3D nanorod array due to the increased
binding sites for integrin receptor on the cell surface that contribute
to the formation of a strong link between the cells and Au. This
superiority of 3D-nanopillar array is very important since the
maintenance of in vitro cell culture conditions that mimic the
in vivo environment is a challenging task that must be overcome for
effective drug screening and tissue engineering. Hence, our fabri-
cated 3D-RGD nanopillar array-modified bio-platform can be
applied for in vitro cell function assays as well as for the generation
of tissue implants in regenerative medicine.
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