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etastasis is typically initiated by the

detachment of cancer cells from a

primary tumor site, and this process
may require the decreased adhesiveness to
tumors or a stromal matrix. The arrest in the
target organ that results in tumor-specific
patterns of metastasis formation may be
mediated by specific tumor—endothelial inter-
actions and selective binding to specific matrix
components."? In this regard, understanding
and controlling the adhesion behavior of me-
tastatic cancer cells is of paramount impor-
tance to cancer research and treatment. Many
recent cell research results suggest that cells
need to be cultured with proper biological
molecules and cell-adhering environments to
generate in vivo-like results. For these studies,
engineered biomaterials mimicking in vivo ex-
tracellular environments have been widely in-
vestigated and applied to various cell research
and cell/tissue engineering applications.> ®
Among them, the layer-by-layer(LbL)-
assembled structures”® are promising plat-
forms that offer ways to generate complex
physical, chemical, and biological properties in
a straightforward fashion.”®~ ' Surface proper-
ties such as hydrophilicity,'* charge density,’
and film rigidity’®"® could be easily tailored by
the adjustment of the chemical nature of poly-
electrolytes, pH, temperature, and the number
of bilayers. Moreover, the LbL films are capable
of incorporating biomolecules such as cell
adhesion proteins and peptides'"”'8
as functional inorganic materials such as na-
noparticles. Recently, it has been reported that
the cellular behaviors are affected by the
nanofeatured substrates modified with nano-
particles,'®?° and advances in the nanofabrica-
tion method allow studying the effect of the
nano/microenvironment on the cell culture

as well
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ABSTRACT Controlling and understanding the changes in metastatic cancer cell adhesion,
shape, and motility are of paramount importance in cancer research, diagnosis, and treatment. Here,
we used gold nanoparticles (AuNPs) as nanotopological structures and protein nanocluster forming
substrates. Cell adhesion controlling proteins [in this case, fibronection (Fn) and ephrinB3] were
modified to AuNPs, and these particles were then modified to the layer-by-layer (LbL) polymer
surface that offers a handle for tuning surface charge and mechanical property of a cell-interfacing
substrate. We found that metastatic cancer cell adhesion is affected by nanoparticle density on a
surface, and ~140 particles per 400 m? (~1.7 um spacing between AuNPs) is optimal for effec-
tive metastatic cell adhesion. It was also shown that the AuNP surface density and protein
nanoclustering on a spherical AuNP are controlling factors for the efficient interfacing and signaling
of metastatic cancer cells. Importantly, the existence of nanotopological features (AuNPs in this case)
is much more critical in inducing more dramatic changes in metastatic cell adhesion, protrusion,
polarity, and motility than the presence of a cell adhesion protein, Fn, on the surface. Moreover, cell
focal adhesion and motility-related paxillin clusters were heavily formed in cell lamellipodia and
filopodia and high expression of phospho-paxillins were observed when the cells were cultured on
either an AuNP or Fn-modified AuNP polymer surface. The ephrin signaling that results in the
decreased expression of paxillin was found to be more effective when ephrins were modified to the
AuNP surface than when ephrinB3 was directly attached to the polymer film. The overall trend for
cell motility change is such that a nanoparticle-modified LbL surface induces higher cell motility and
the AuNP modification to the LbL surface results in more pronounced change in cell motility than Fn

or ephrin modification to the LbL surface.

KEYWORDS: nanoparticle - layer-by-layer polymer substrate - metastatic cancer -
fibronectin - ephrin

and assay of interest>'2° The cells have often
been independently investigated for either
the effect of biological molecules or the ligand
clustering and cell membrane curvature con-
trolled by nanoenvironments.?’ 3" It is, how-
ever, obvious that biomolecular recognition/
signaling and nanoenvironment concomi-
tantly and cooperatively influence cells to
generate natural phenotypes.

Herein, we designed and fabricated bio-
molecule and nanoparticle-functionalized
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LbL polymer platforms to study and control the pheno-
typic changes of breast metastatic cancer cells (CAMA-1)
(i.e., focal adhesion, spreading, surface projections,
and so forth). The response of the metastatic cancer
cells to the surrounding environment could be differ-
ent from normal or nonmetastatic cancer cells, and
they have not been studied in detail with nanoenvir-
onments. Importantly, human breast metastatic can-
cer cells (CAMA-1) have not been fully understood in
terms of their adhesion and migration on extracellular
matrix (ECM) as well as the interactions with AuNPs.
AuNPs are useful nanostructural components in cell
study because the surface of AuNPs is readily modifi-
able with various biomolecules? Furthermore,
AuNPs exhibit very low or no cytotoxicity, and AuNPs
have widely been used not only for cell adhesion
studies®>* 3> but also for in vivo thermal therapy,®
drug delivery,®” and tumor targeting.*® To observe
the phenotypic changes of CAMA-1 cells interacting
with AuNPs in the present study, nanofeatured sur-
faces were realized by immobilizing pristine AuNPs or
biomolecule-modified AuNPs on LbL polymer sub-
strates. We used fibronectin (Fn) and ephrin as cell
adhesion controlling biomolecules as either free
forms or AuNP-conjugated forms. Fn, an ECM protein,
is a celladhesive molecule that can specifically bind to
the integrin of a cell surface. Accordingly, Fn-conju-
gated AuNPs could serve as ECM adhesion sites. On
the contrary, it has been shown that ephrin-Eph
receptor signaling decreases cell adhesion®*? and
guides cancer metastasis, and elevated ephrinB3 ex-
pression was reported in invasive glioma cells.*°~*?
This ephrin-Eph receptor communication sends sig-
nals to the receptor tyrosine kinase of Eph receptors,
which affects the metastatic cellular activities includ-
ing the expression of actin cytoskeleton, adhesion to
surface, intercellular junctions, and morphological
changes. Finally, a positively charged polymer sur-
face, constructed by the spin-assisted LbL deposition
method yielding a well-ordered thin film with uniform
surface charge, could tightly immobilize negatively
charged Fn and ephrinB3 or AuNPs on the surface. In
addition, the LbL surface platforms act as hydrated
polymer cushions to passivate artificial glass sub-
strates and also offer plenty of targeted functional-
ities, in contrast to bare glass substrates, to study the
effect of biological and physicochemical cues on the
cellular behavior.**** Using these versatile biomole-
cule- and nanoparticle-functionalized LbL platforms,
we assembled both cell-ECM and cell—cell interac-
tion systems on polymer substrates and investigated
the effect of nanofeatures as well as biological recog-
nition on the cell behavioral changes in adhesion,
cytoskeletal organization-based morphology, and
motility of human breast metastatic cancer cells
(CAMA-1).
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RESULTS AND DISCUSSION

Preparation and Characterization of Nanoparticle-Functiona-
lized Polymer Matrixes. In a typical experiment, nanopar-
ticle-functionalized polymer matrixes were prepared
as schematically depicted in Figure 1. The polymer
films were prepared on the basis of the spin-assisted
LbL deposition method* to build various substratums
in a straightforward fashion. These polymer films can
serve as hydrated polymer cushions to hinder the
artificial solid glass substrate effect and allow for
adjustable cellular interactions.*® Poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) were
employed as the basic building blocks for polyelec-
trolyte matrixes, and the PAH layer is the top layer that
presents positive charges. Negatively charged pristine
AuNPs or AuNPs conjugated with Fn or ephrinB3 are
tightly bound to the positively charged LbL films
placed on the glass substrates. The Fn or ephrinB3 is
electrostatically conjugated to the surfaces of 50 nm
AuNPs. We calculated the amount of modified protein
per AuNP by comparing total protein amount in solu-
tion before and after AuUNP addition using the Bradford
assay, as summarized in Table S1 (see Methods and
Supporting Information for detailed information).
These biomolecule-conjugated AuNPs were then
spread on the LbL polymer surfaces using the spin-
assisted deposition method, which usually offers more
uniform internal structure and surface of multilayer
films when compared with the conventional dip-as-
sisted deposition method. Zeta potential measure-
ments indicate that the citrate-, Fn-, and ephrinB3-
conjugated AuNP/LbL surfaces are all negatively
charged (Figure 2a; all the particles were spread on
positively charged PAH surfaces through the electro-
static interaction, and it should be noted that the
ephrinB3-conjugated AuNP/LbL surface displayed the
highest negative charge). The surface morphology and
hydrophilicity of the prepared matrixes were charac-
terized by an atomic force microscope (AFM) and water
contact angle measurements, respectively (Figure 2a).
AuNP-modified LbL surface, Fn- or ephrinB3-AuNP-
conjugated LbL surface, and Fn- or ephrinB3-coated
LbL surface without AuNPs are denoted as AuNP/
LbL, Fn-AuNP/LbL, ephrinB3-AuNP/LbL, Fn/LbL, and
ephrinB3/LbL surfaces, respectively. Spin-coated AuNPs
were randomly distributed on the LbL films, as shown
in Figure 2a. Water contact angle experiments show
that the LbL polymer surface displayed the lowest
hydrophilicity, and the Fn-AuNP/LbL polymer surface
showed the highest hydrophilicity. Compared to a
bare LbL film, the surface roughness and hydrophilicity
of AuNP/LbL, Fn-AuNP/LbL, and ephrinB3-AuNP/LbL
films were slightly increased, respectively, due to the
introduction of hydrophilic nanoparticles to the sur-
face. It is possible for cells to take up particles from the
surface, and this should be avoided in our case because
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Figure 1. Schematic of metastatic cancer cell assay on nanoparticle-functionalized polymer platform. AuNPs, protein-
conjugated AuNPs (Fn-AuNP or ephrinB3-AuNP), or proteins (Fn or ephrinB3) were introduced on the surface of the layer-by-
layer assembled (PAH/PAA)s s LbL films. CAMA-1 human breast epithelial metastatic cancer cells were cultured and analyzed
on the functionalized polymer surfaces.
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Zeta Potential: -23.62 Zeta Potential: -41.32

Figure 2. (a) AFM height images of the LbL, AuNP/LbL, Fn-AuNP/LbL, and ephrinB3-AuNP/LbL substrates, respectively (scan
area: 20 um x 20 um). The insets in all figures show water contact angles of each surface. The values for zeta potential and RMS
for surface roughness are also shown. (b) TEM images of CAMA-1 cells after 2 days of culture on AuNP-coated bare glass
(AuNP/glass) and AuNP/LbL substrate. The scale bars in both images are 500 nm. The uptake of AuNPs within CAMA-1 cells is
detected in the case of AuNP/glass (see the arrows in the left image), while no AuNPs were detected for the AuNP/LbL
substrate. (c) SEM image of the lamellipodia of a CAMA cell on the AuUNP/LbL substrate. CAMA-1 cells were cultured on the
AuNP/LbL substrate with a density of 300 AuNPs in a 400 um? area for 2 days.

here we need to use nanoparticles as cell-interfacing metastatic cancer cells after incubation in a cell culture
nanofeatures on the surface. We tested whether AuNPs medium (two cases were tested herein; AuNPs on a
residing on the LbL film surface can be taken up by bare glass surface and on a LbL polymer surface,
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Figure 3. Cell adhesion study on AuNP density-controlled polymer surface. (a) AFM images of AUNP/LbL surface (area: 20 um x
20 um) with varying AuNP densities. The numbers in yellow in all the images show the number of AuNPs within a 400 ;m?
area, and the RMS surface roughness is also shown. (b) Relative paxillin amounts in CAMA-1 cells cultured on each sample
obtained by the ELISA analyses. (c) Optical images of CAMA-1 cells cultured for 2 days on substrates with varying AuNP

densities in DMEM with 10% FBS. Inset images are the total internal reflection fluorescence (TIRF) images of paxillin. The scale

bars in all the images are 100 um.

respectively). After two days of culture in DMEM med-
ium with 10% FBS (37 °C, 5% CO, condition), cells were
observed by TEM (LIBRA120, Carl Zeiss, Germany). No
particles were found when the particles were attached
to the LbL polymer surface through the electrostatic
interaction, whereas AuNPs were found in the cytosol
when the AuNPs were directly contacted on a bare
glass surface (Figure 2b). These results show that the
electrostatic interactions between AuNPs and the LbL
polymer surface are necessary and strong enough to hold
the particles on the surface when cells were interfaced
with the particles in a cell culture medium (Figure 2b).
Additionally, large and spreading lamellipodia were ob-
served on the AUNP/LbL substrate (300 AuNPs/400 «m?)
after 48 h cell culture (Figure 2c). This SEM result shows
the effective cell adhesion to an AuNP-modified surface
without Fn and the high stability of the modified AuNPs
on the LbL polymer surface.

Effect of AuNP Density on Breast Metastatic Cancer Cells. A
series of substrates with different nanoparticle densities
on the LbL films were prepared to investigate the change
in metastatic cell adhesion in response to the change
in nanoparticle density as well as surface roughness. For
the nanotopological modification of LbL films, AUNPs, Fn-
AuNPs, and ephrinB3-AuNPs in water (80 uL) were added
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to the PAH top-layered LbL film and spun at 3000 rpm for
20 s until a sufficiently dried film was obtained (an AUNP
stock solution was prepared in deionized (DI) water at a
concentration of 4.5 x 10'%/mL). In order to vary the
density of AuNPs on the LbL film, we varied the repetition
number of spin coating using the AuNP stock solution and
diluted the AuNP stock solution with DI water. The AuNP
densities of all the samples used in the cell culture were
measured with the AFM images in >3 different regions.
The detailed methods and results are shown in Table S2
(Supporting Information). The AuNP density on the sur-
face was varied and correlated with cell adhesion. As the
AuNP density on the LbL film surface was increased, the
surface roughness increased accordingly. The RMS rough-
ness value increases from 1.3 nm for 12 AuNPs/400 um?
up to 6.7 nm when more than 808 AuNPs/400 um? were
attached on the LbL film (Figure 3a). CAMA-1 cells (1 x 10*
cells) were cultured on the AUNP/LbL substrates (81 mm?)
at different Au densities for 48 h. Cell morphology and
paxillin distribution in cells, cultured on different sub-
strates in 10% FBS with DMEM, were observed by an opti-
cal microscope after 48 h cell culture (Carl Zeiss Axiovert
200M) (Figure 3c). Interestingly, cell shape was dramati-
cally changed to have the most polarized morphology
for the 142 AuNP density condition. However, cells
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maintained rather spherical morphologies on the
substrates with lower or higher AuNP densities than
142 AUNPs/400 um?. Paxillin sandwich ELISA experi-
ments were performed to analyze and quantify the
cellular focal adhesion on a respective matrix. Paxillin is
a focal adhesion-associated, phosphotyrosine-containing
protein that plays roles in several signaling pathways such
as the focal adhesion kinase (FAK)-Src signaling. When the
focal adhesion of cultured cells is formed, a non-receptor
protein tyrosine kinase (i.e, FAK) is extensively expressed.
FAK is activated by tyrosine phosphorylation when the
integrin within the cell membrane is clustered during the
cell adhesion or antibody cross-linking. FAK expression
can enhance the cell spreading and migration.*’ In this
mechanism, paxillin can recruit other cell adhesion-asso-
ciated molecules and control the organization of the actin
cytoskeleton and the rate of adhesion formation.*® There-
fore, this protein plays an important role in cell adhesion
and cell migration process.”® Overall, the amount of
paxillin increases as the particle density is increased
(Figure 3b). However, when the AuNPs were too densely
coated on the polymer surface (>391 particles/400 um?),
the amount of paxillin started to decrease. This result
suggests that there exists a certain range in surface
roughness for metastatic cancer cells to effectively adhere
to the surface, and the cell adhesion could even be
aggravated when too many nanoparticles are introduced
to the cell adhesion surface. Cells usually respond differ-
ently to substrates under various conditions including
varying geometry and topography.* It is well known that
micrometer-scale roughness has an influence on cell
proliferation and morphology. The protein clustering in
focal adhesion of a cell, which is in the range 5—200 nm,*'
could be influenced by nanometer scale features, and the
clustering of integrins has shown to play a critical role
in the cell adhesion process as well as the focal adhesion of
a cell. Spatz et al. demonstrated that cells responded
differently to hierarchically structured adhesive nanopat-
tern surfaces. They fabricated nanostructured surfaces
using diblock copolymer and c(-RGDfK-)-thiol peptide-
functionalized 6 nm AuNPs, which were arranged on
differently sized square patterns. Cell responses including
actin-associated, paxillin-rich focal adhesion and increase
in paxillin domain length on AuNP arrays were observed.>

In our case, as the particle density on the polymer
surface is decreased, the spacing between AuNPs
becomes larger, and it is likely that the clustering of
integrins is limited by the sparsely dispersed binding
sites.>® This is why particle density needs to be high for
cells to bind to the surface. On the other hand, when
the density of AuUNPs on a polymer surface is too high
and AuNPs are placed very close to each other, cells
need to make an effort to reach the bottom of the
substratum through the closely spaced particles and
have many convexities of the cell membrane, each
with a very small curvature radius.>* These could cause
a stressful condition in cell adhesion and proliferation,
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and cells try to minimize the contact area with the
substrate to reduce the stress.>> These factors could
induce a negative effect on cell focal adhesion, and,
consequently, a decreased paxillin amount could be
observed for metastatic cancer cells on a substrate with
a very high AuNP density. Our results suggest that the
optimal AuNP density for the metastatic cell adhesion
is ~140 particles per 400 um? of the surface area. The
average distance between AuNPs at optimal density is
nearly 2 um in this case, which is very large compared
to the previous studies with other cells such as osteo-
blast cells. For osteoblast cells with other substrates,
distances of more than 100 nm reduced integrin
clustering.>*% They demonstrated the effect of nano-
pattern on osteoblast cell adhesion using ~10 nm
AuNPs. They also used M-PEG-Si(OMet)s to prevent non-
specific cell adhesion. Our system is simply different from
these cases. First, in our case, we used 50 nm AuNPs,
which have a different surface geometry and lager surface
area than 10 nm AuNPs. Second, we used layer-by-layer
polymer substrate in this case. In our previous publica-
tion,® we showed that a positively charged PAH-top-
layered layer-by-layer polymer substrate can play impor-
tant roles in cell adhesion and morphology change.
Finally, we did not use osteoblast cells here, but we used
human breast metastatic cancer cells. We studied meta-
static cancer cells that have a lower number of integrins
on their cell surfaces than normal cells, and it was shown
that CAMA-1 cells do not express cell adhesion-related
integrin 54.5” > For these reasons, this lower nanoparti-
cle density could be optimal for our system.

Observation and Analysis of Breast Metastatic Cancer Cells on
Substrates. To investigate the metastatic cancer cell
adhesion and morphology on the biologically func-
tional nanoparticle surface, CAMA-1 cells (human
breast epithelial metastatic cancer cells) were cultured
in a DMEM medium with 10% FBS (37 °C, CO, 5%
condition, 1 x 10* cells/mL) on AuNP/LbL, Fn-AuNP/
LbL, and ephrinB3-AuNP/LbL substrates for 2 or 7 days,
respectively. The same cells were also cultured on bare
glass and LbL film substrates with and without biomo-
lecules (i.e., LbL, Fn/LbL, and ephrinB3/LbL substrates)
as control experiments.

The role of Fn for cancer cell adhesion is different
depending on the type of cell line and environment,
and it is interesting to see how Fn works on metastatic
CAMA-1 cells when these Fn molecules are coated on
nanoparticle surfaces. It is also likely that soluble Fn
molecules exist in the medium, and these Fn in solu-
tion could deposit on the surface. However, the Fn-
premodified surfaces should offer a different environ-
ment for cells from the surfaces postmodified with
soluble Fn in solution. To find out cell culture medium
effects on assay outcomes, 2-day cell-culture assay
results in DMEM with 10% fetal bovine serum (FBS)
were compared to the assay results in DMEM media
without FBS or DMEM with 10% newborn calf serum
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Figure 4. (a) Optical images of CAMA-1 metastatic cancer cells after 2 days of culture on glass, LbL, or fibronectin- or
ephrinB3-coated LbL films and three different Au nanoparticle (AuNP, Fn-AuNP, or ephrinB3-AuNP)-coated LbL films. The
scale bars in all the images are 50 um. The graph on the right shows the varying average aspect ratio of CAMA-1 cells after 2
days of culture. (b) Optical images of actin-stained CAMA-1 metastatic cancer cells after 2 days of culture on various
substrates. DIC and red fluorescence images were obtained at the same position of the cultured CAMA-1 cells. The third and
fourth images in the first and second rows show the magnified images of the white dotted square areas in the second images

of each row.

(NCS), respectively. It should be noted that FBS-free
medium does not contain any proteins, and the NCS
contains 2—3-fold more proteins, including Fn and
immunoglobulin, than the FBS. The resulting data
(Figures S2 and S3) showed that cellular responses to
each substrate are similar in all three different medium
conditions: remarkable cellular protrusions and polar-
ization were observed from the spreading CAMA-1
cells on both AuNP/LbL and Fn-AuNP/LbL surfaces, as
shown in Figure 4a, while no clear cell surface projec-
tions and polarization were observed for the Fn-LbL,
LbL, and glass substrates. The results indicate that
cellular morphology changes are indeed mainly due
to changes in cell-interfacing surface structure and
components.

To observe the cellular behavior at the early adhe-
sion stage, we cultured cells in a chamber slide system
(Live Cell Instrument, Cu-104) maintaining 37 °C and
5% CO,. Cell adhesion occurs in three stages: (1) weak
adhesion stage: cells initially contact a substrate, (2)
intermediate adhesion stage: cells spread on the sur-
face, and (3) strong adhesion stage: cells make stress
fibers and form focal adhesions.’® During the early
adhesion stages (weak and intermediate adhesion),

LEE ET AL.

CAMA-1 cells actively recognize their local environ-
ment and make cellular protrusions of cell membranes
on the AuNP/LbL and Fn-AuNP/LbL substrates (Figure
S4). In the cell—substrate interactions, cells tend to
increase their contact surface area, actin microfilament
production, and cell spreading. Membrane ruffling
such as lamellipodia and filopodia could induce strong
adhesion of cells via the polymerization and depolym-
erization of actins.®’

The morphological changes of breast metastatic
cancer cells after 2 or 7 days of culture were observed
and analyzed by an optical microscope (Carl Zeiss
Axiovert 200M), and these optical images were used
to calculate the aspect ratio of cells captured in the
images of each sample for the quantitative analysis of
cell morphological changes (Figure 4a and Figure S5).
To further demonstrate the effect of the nanotopolo-
gical surface on the cellular cytoskeletal organization
and expression, the actin of CAMA-1 cells was stained
with fluorescently labeled phalloidin-TRITC and ana-
lyzed under a confocal microscope (Leica TCS SP5)
(Figure 4b). In the case of the PAH-top-layered LbL
substrate without AuNPs (i.e., LbL), CAMA-1 cells were
attached to the positively charged LbL surface and
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showed elliptical morphology, which is in good agree-
ment with our previous results.°° However, cell surface
projection features (e.g., lamellipodia and filopodia)
were not clearly observed, and this indicates that the
cells on this surface may not be highly mobile. The cells
that we examined here are from a metastatic cancer
cell line that is often less sticky to the surface when
compared with normal or nonmetastatic cells. A recent
paper stated that metastatic cancer cells have a fewer
number of integrins on their cell surfaces or low
adhesion between integrin and fibronectin compared
with normal or cancer cells even when expressing
comparable levels of integrins.’” The surface of a
metastatic malignant neoplasm cell displays a higher
phosphatidylcholine/phosphatidylethenolamine ratio
than that of malignant neoplasm cells with a low
number of metastases.®? The increased amount of
the phosphatidylcholine phospholipids induces a
more negatively charged surface of the metastatic cell
membrane at the pH of a typical cell medium. This
could explain why the metastatic CAMA-1 cells exhibit
a spreading morphology even with fewer integrins on
the cell surface on the positively charged LbL polymer
surface while they do not show such morphology on
the glass surface. Remarkable cellular protrusions were
observed from the spreading CAMA-1 cells on both
AuNP/LbL and Fn-AuNP/LbL surfaces, as shown in
Figure 4a and b, while no clear cell surface projections
were observed for Fn/LbL, LbL, and glass substrates.
The cells on the AuNP/LbL and Fn-AuNP/LbL surfaces
show significantly elongated anisotropic morpholo-
gies compared to those on the LbL substrate. CAMA-
1 cells formed many large lamellipodia and filopodia
that protrude out from the cell surface on the AuNP/
LbL and Fn-AuNP/LbL substrates. We note that cells
also take high aspect ratios on the AuNP/LBL and Fn-
AuNP/LbL substrates, as evidenced in Figure 4a. These
results agree quite well with the DIC images and
fluorescence image results, and this overall trend of
the cell morphological change was the same after 7
days of culture (Figure S5). Importantly, actin-staining
results show that the strong actin bundle formation is
involved with cell spreading on the AuNP/LbL and Fn-
AuNP/LbL substrates, as shown in the white dotted
areas and boxes in Figure 4b. Our previous results
suggest that the CAMA-1 cells were not seriously
affected by the existence of fibronectin proteins on a
substrate for their proliferation and spreading.*® Simi-
larly, the change in cellular shape is almost identical for
the AuNP/LbL and Fn-AuNP/LbL surfaces, indicating
that the adhesion of metastatic cells is mainly gov-
erned by the AuNP-based nanofeature on the surface,
and the role of Fn is not so significant for the adhesion
and proliferation of CAMA-1 cells.

Typically, cell adhesion is initiated by the ECM
proteins. As mentioned earlier, focal adhesion kinase
can affect the cytoskeleton, membrane protrusions,
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and cell adhesion. In the cell adhesion process, FAK
also mediates phosphorylation on a specific serine
residue of paxillin that binds to proteins that contribute
to the organization of actin cytoskeletons, which, in
turn, promotes focal adhesion remodeling and cell
motility.°*%* Thus, we performed paxillin sandwich
ELISA (Figure 5a) and stained the cell with antipaxillin
antibody for observing fluorescent signals using a total
internal reflection fluorescence (TIRF) microscope
(Figure 5b) to identify the correlation between focal
adhesion and change in paxillin amount in our system.
In the paxillin quantitative experiment as shown in
Figure 5a, the highest values of paxillin amount were
found from both AuNP/LbL and Fn-AuNP/LbL sub-
strates. TIRF images in Figure 5b allow monitoring
the interfaces between cells and a surface with high
resolution and in great details. Rigorous formation of
paxillin clusters was found for the cells placed on
AuNP/LbL and Fn-AuNP/LbL substrates, while no dis-
tinct paxillin cluster formation was observed for the
cells on other substrates. Paxillins were heavily clus-
tered in the lamellipodium and filopodium regions,
and this demonstrates that nanoparticle-featured sur-
faces induce pronounced paxillin clustering as well as
intimate cell adhesion to the surface. Figure 5a and b
show that the cells recognize nanoscale roughness by
interacting with AuUNPs bound to the polymer surfaces.
Moreover, we took fluorescence images of phospho-
paxillin (p-paxillin), which is an important element
in the focal adhesion cascade signaling of cells
(Figure 5c), and detected the amount p-paxillin using
the Western blot method (Figure 5d). We also detected
[-actin as a control protein in the Western blot experi-
ment. The p-paxillin bands were darker and thicker for
the cells on AuNP/LbL and AuNP-Fn/LbL substrates
when compared with other substrates. The results
again agree well with the fluorescence image results
for p-paxillin. In our data, AuNP/LbL and Fn-AuNP/LbL
substrates induced increased paxillin expression as
well as phospohrylation of paxillins. In other words,
AuNPs could activate the integrin function of meta-
static cancer cells. The integrin activation stimulates
the FAK signaling process, which could, in turn, resultin
more pronounced cellular focal adhesion. Next, we
quantified the amount of integrin in CAMA-1 cells after
7 days of cell culture in order to confirm the integrin
expression on the AuNP-functionalized LbL platforms
through sandwich ELISA and the immunofluorescence
assay (data not shown). Since metastatic cancer cells
usually express notably a fewer number of integrins on
their surfaces compared to normal or nonmetastatic
cancer cells,> the change in the amount of integrin
between samples was too small to be detected using
conventional methods. This result indicates that AuUNP/
LbL and Fn-AuNP/LbL substrates stimulate the focal
adhesion-associated signal pathway, while these sub-
strates would not affect the integrin expression to a
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Figure 5. Paxillin analysis and imaging for CAMA-1 cells. (a) Relative paxillin amounts in CAMA-1 cells obtained by the ELISA
analysis. (b) Total internal reflection fluorescence (TIRF) images of paxillins from CAMA-1 cells. The scale bars in all the images
are 20 um. (c) Fluorescence images and intensity profiles of actin (red), phospho-paxillin (green), and nucleus (blue) of the
CAMA-1 cells after a 2-day culture on various substrates. The fluorescence intensity of CAMA-1 cells was obtained by circle line
profiling (Image Pro Plus). We analyzed fluorescence images that had the same exposure time in the same distance intensity.
(x axis: distance (pixels); y axis: fluorescence intensity) The highest values of red (actin) and green (phospho-paxillin) signals
were observed from AuNP/LbL and Fn-AuNP/LbL. The scale bars in all the images are 20 «m. (d) Western blotting data for the
detection of phospho-paxillin in CAMA-1 cells after a 2-day culture on various substrates. -Actin was used as a control

protein.

large extent. Notice that the focal adhesion plays a key
role in the regulation of proliferation, migration, and
metastasis of cancer cells.> %’ The amount of paxillin,
interacting with FAK, is closely correlated with cell
proliferation,®® and it is believed that nanofeatured
substrates are more suitable for the proliferation of
metastatic cells than substrates without NPs. This result
suggests that the nanoscale surface topology is much
more important for the adhesion and proliferation of
metastatic cells than the presence of cell adhesion
proteins such as fibronectin on the polymer substrate.

LEE ET AL.

It has been well-known that ephrin facilitates the
signaling for the detachment of metastatic cells from
the surface. The roles of ephrin in reverse signaling of
cancer cells have been well documented to promote cell
transformation and cancer cell migration/invasion.®®”°
Two cases were examined in the present study: Ephrin
molecules were directly applied on the LbL substrate
(ephrinB3/LbL), and ephrinB3-conjugated AuNPs were
modified to the LbL surface (ephrinB3-AuNP/LbL). For
both cases, the metastatic cancer cells did not adhere to
the surface effectively, and they show a round-shaped
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Figure 6. Change in cell speed on various substrates. After cell culturing for 2 days, the average speed of metastatic breast
cancer cells (CAMA-1) was calculated from time-lapsed images by the Image Pro Plus program (four cells were sampled for
each substrate). The left images are the representative center-of-cell-mass tracking images.

morphology, as shown in Figures 4 and 5. These results
are comparable to the control substrates without nano-
scale surface feature (i.e, glass, Fn/LbL, and ephrinB3/LbL).
Importantly, the amount of paxillin was distinctively lower
on the ephrinB3-AuNP/LbL surface than on the ephrinB3/
LbL surface (Figure 5a). All these results indicate that the
ephrin signaling for focal adhesion is more effective when
ephrin molecules are present on the nanostructured sur-
face. On the other hand, the amount of detected paxillin is
similar for both Fn/LbL and ephrinB3/LbL substrates. The
p-paxillin fluorescence images of the cells placed on the
ephrinB3-AuNP/LbL substrate also indicate that the cy-
toskeletal actins are mainly distributed around the edge
area of a cell, and the amount of p-paxillin in the Western
blot data was lower than the value on AuNP/LbL and Fn-
AuNP/LbL (Figure 5c and d). This attests that focal adhe-
sion of CAMA-1 cells was stronger for ephrin-free AUNP
surfaces than other substrates. Paxillin is the first compo-
nent to appear visibly organized in protrusive regions of
the cells.”? The paxillin seemed to remodel from older to
new adhesion at the leading edge when a new protrusion
formed. In our study, CAMA-1 cells have a polarized shape
and extend protrusions with lamellipodia and filopodia on
the AuNP/LbL and Fn-AuNP/LbL substrates. It is for this
reason that the amounts of paxillin and p-paxillin on
AuNP/LbL and Fn-AuNP/LbL are high and more paxillin
clusters than on other substrates were observed in cellular
protrusion areas on these nanoparticle-modified sub-
strates (Figure 5).

The cell migration is closely related to the cell adhe-
sion. Thus, to analyze the change in cell motility, we
obtained the cell speed estimated from time-lapsed cell
images using the Image Pro Plus program (Figure 6; four
cells were sampled for each substrate). The traveled
distance by a cell was measured by comparing the cell
centers of mass in two consecutive image frames. The
measured distance was then divided by the time interval
to calculate the cell speed. The overall trend reveals that
nanoparticle-modified surfaces generate higher cell
speed; any kind of AUNP modification on the LbL surfaces

LEE ET AL.

yields more positive change in the cell speed when
compared with simple Fn or ephrin modifications on
the LbL surfaces (Figure 6; compare the cell speeds for
LbL vs AuNP/LbL, Fn-AuNP/LbL vs Fn/LbL, and ephrin-
AuNP/LbL vs ephrin/LbL, respectively). These results also
suggest that ephrin modification not only changes the
cell shape to spherical but also lowers the cell speed when
compared with equivalent Fn modification. The highest
cell speed value was obtained with AuNP/LbL substrate,
featuring large cell spreading with filopodia and lamelli-
podia, strong actin bundle formation, and focal adhesion
(Figures 4—6). It is well-known that cancer cell motility is
involved with integrin signaling, focal-contact formation,
and actomyosin-dependent contractility. For effective cell
migration, the cell body must modify its shape and
stiffness to interact with surrounding tissue structure.”’”?
Our results for human breast metastatic cancer cells are in
good agreement with other observations for breast
cancer and ovarian cancer cells. The data in the present
study showed that the focal adhesion as well as the
invasiveness of metastatic cancer cells is closely correlated
with the migration of tumor cells.

CONCLUSION

In this study, Au nanoparticle-modified LbL polymer
substrate offers a nanotopological, biologically func-
tional, and flexible platform for understanding and
controlling the phenotypic changes of human breast
metastatic cancer cells. An LbL polymer film provides a
handle to control surface charge and mechanical proper-
ties that allow for mimicking an in vivo-like extracellular
matrix. Further, this platform also offers a versatile and
flexible substratum to easily modify nanoparticles and to
create intimate contacts between cells and the surface.
Our results suggest that the AuNP surface density and
nanoclustered proteins on a spherical AUNP are critical
factors for the efficient signaling and interfacing of meta-
static cells. The existence of nanotopological features
(AuNPs in this case) is much more important than the
presence of Fn, a cell adhesion protein, in inducing more
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dramatic changes in metastatic cell adhesion, protrusion,
polarity, and motility. Importantly, metastatic cell adhe-
sion is largely affected by AuNP surface density, and
relatively large spacing (~1.7 um) between AuNPs is
optimal for metastatic cell adhesion to the AuNP/LbL
surface. We further found that AuNP-modified LbL sur-
faces caused effective cell adhesion through the stimula-
tion of phosphorylation of paxillin by tyrosine kinase with
rigorous cell surface projections that is similar to Fn-AuNP-
modified LbL surfaces, indicating high cell motility, even
in the absence of Fn on the surface. Moreover, the ephrin
signaling for reduced focal adhesion and cell detachment
was found to be more effective when the ephrinB3 was

METHODS

Materials. Poly(allylamine hydrochloride) (M,, =70 000 g/mol)
and poly(acrylic acid) (M,, = 100000 g/mol) were pur-
chased from Aldrich. Fibronectin from human plasma (Fn, M,, =
450000 g/mol) and ephrinB3 (M,, = 49200 g/mol) were pur-
chased from Sigma and used as received. Cryo-preserved hu-
man breast cancer cell line and media were purchased from
American Type Culture Collection (Manassas, VA, USA).

Preparation of Layer-by-Layer Polymer Films. PAA and PAH poly-
mer solutions (0.01 M) were prepared by dissolving the poly-
mers in 18 MQ Mili-Q water, and HCl and NaOH were used for
the pH adjustment, at pH 7.5 for PAH and at pH 3.5 for PAA.
Fibronectin and ephrinB3 were also dissolved in water (0.67 mg/mL)
prior to use. Cover glass was used as a substrate to build the LbL
film. All the substrates were cleaned by RCA treatments’> before
LbL deposition. (PAH/PAA)s/PAH LbL polymer films were pre-
pared using an automatic spin coater (Headway Research Inc.).
Detailed experimental descriptions for the LbL deposition pro-
cess are well-documented in our previous report?’ For the
modification of an LbL film with nanoparticles, AuNP and pro-
tein-modified AuNPs (Fn-AuNP and ephrinB3-AuNP, respectively)
in water were added to the PAH top-coated LbL film and spun at
3000 rpm for 20 s until a sufficiently dried film was obtained. The
coated AuNP density was controlled by varying the spin-coating
time and concentration of gold particle solution (4.5 x 10'%/mL).

Characterization of LbL Films. The film surface morphology and rms
roughness were measured by an AFM microscope (Nanoscope llla,
Digital Instruments). Water contact angles were measured using a
DE/DSA100 (Friss Inc.) contact angle analyzer.

Au Nanopartide Probe Preparation. First, the pH of a gold
nanoparticle solution (Ted Pella, USA, 15708-55) was increased
to pH 9 by NaOH solution to obtain a sufficient interaction
between the gold nanoparticles and proteins. Then, fibronectin
or ephrinb3 proteins were added to 1 mL of gold nanoparticle
solution (concentration 0.7 mg/mL). The amount of protein was
determined by a salt test to see whether Au nanoparticles are
aggregated or dispersed when the final salt concentration of
the solution reaches 0.2 M. After 1 h incubation, gold nanopar-
ticles were precipitated by centrifugation at 8000 rpm, 4 °C. The
supernatant was removed, and then the gold nanoparticles
were dispersed in distilled water.

Bradford Assay for the Quantification of Coated Proteins on AuNPs.
We performed the Bradford assay (Bio-Rad, USA, 500-0006) to
calculate the amount of coated protein per AuNP. A 50 nm
AuNP solution (1 mL, AuNP solution pH = 9) was incubated with
either fibronectin or ephrinB3 (20 uL, the protein stock solution
concentration was 0.7 mg/mL) in a tube for 1 h. The AuNPs were
precipitated by centrifugation at 8500 rpm, 4 °C for 15 min, and
the supernatant was removed to measure the amount of
unreacted proteins in solution. We measured the amount of
proteins in the supernatant using the Bradford assay. This
method is based on the observation that the absorbance
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exposed to metastatic cells in an ephrinB3-modified
AuNP form, while the negative focal adhesion signaling
was not effective when ephrin was directly attached to
the LbL surface. The results imply that nanotopology and
three-dimensional protein clusters are critical in control-
ling and understanding phenotypic changes and intra-
cellular signaling of metastatic cancer cells and their
invasion mechanism. We believe that the strategies and
results shown in this study are important in constructing
more natural metastatic cell-interfacing platforms and in
studying and controlling metastatic cancer cells, and
eventually could give insights for metastatic cancer re-
search, diagnosis, and treatment.

maximum of an acidic solution of Coomassie Brilliant Blue
G-250 changes from 465 to 595 nm when it binds to proteins.
Both hydrophobic and ionic interactions stabilize the anionic
form of the dye, causing a visible color change. The sample
solution diluted with distilled water (160 uL) was added into a
microliter plate well. Then we added 40 uL of dye reagent
concentrate to each well and mixed the sample with reagent
thoroughly using a multichannel pipet to dispense the reagent.
After 5 min, we obtained the standard curve and remaining-protein
data at 595 nm using a plate reader (BioTek, USA, ELx-800). Finally,
we calculated the amount of coated protein per AuNP (the amount
of initially added proteins — remaining protein amount = coated
proteins). In the case of 2 ug Fn (440 kDa) modification to AuNP
solution (45 x 10" AuNPs/mL), we found that ~60 protein
molecules were modified to a single AuNP, which may cover a
~9225 nm? surface area. For 5 ug of ephrinB3 protein (36 kDa),
~180 protein molecules were modified to a single AuNP. These
proteins could cover a ~7480 nm? surface area. A single 50 hm
AuNP has a surface area of 7850 nm?. Therefore, it is likely that an
ephrinB3 protein monolayer is covering the AuNPs surface, while
Fn covers the AuNP surface with more than a monolayer. The
dynamic light scattering data further support that Fn forms multi-
ple layers on the AuNP surface (Supporting Table S1).

Zeta Potential and DLS Measurements. The surface zeta potential
and hydrodynamic diameters of the Au nanoparticles were mea-
sured by a dynamic light scattering spectrophotometer (Ohtsuka
Electronics, Japan, DLS-7000). Three kinds of Au nanoparticles
(citrate-stabilized AuNP, fibronectin-modified AuNP, and ephrinB3-
modified AuNP) were centrifuged and redispersed in pure water,
respectively. Zeta potential and hydrodynamic diameter values
were evaluated three times for each case.

Cell Culture. The CAMA-1 cells (ATCC No. HTB-21) were pur-
chased from ATCC. CAMA-1 cells (cell concentration 1 x 10% cells)
were grown in DMEM (ATCC) with 10% fetal bovine serum and 100
units/mL penicillin—streptomycin (Gibco, USA, 15070063) at 37 °C,
5% CO,. For more exclusive observation of substrate effect, CAMA-
1 cells were cultured in DMEM media without FBS for 2 or 7 days at
37 °C, 5% CO,.

Analysis of Cell Aspect Ratio. The CAMA-1 cells were cultured for
2 days. Then, we took the optical images of cells using optical
microscopy (10x; Carl Zeiss, Germany, Axiovert 200M). We calcu-
lated the aspect ratio of 60 cells present in the optical images of
each sample. To calculate the aspect ratio, two different principal
lengths of the cells were measured: the longest and shortest line
lengths. The longest line length is literally the longest line length of
the cell body, and the shortest line length is taken at the direction
orthogonal to the longest line length. Dividing the longest line
length by the shortest one defines the aspect ratio.

Actin Staining. The cell culture medium was harvested, and
cells were washed twice with PBS solution. Cells were then fixed by
4% paraformaldehyde/PBS for 15 min. Cells were washed with PBS
solution three times (5 min each time). To block nonspecific binding,
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we used 1% BSA/PBS/0.3% Tween20 for 15 min, and the cells were
washed with PBS solution afterward. Phalloidin/tetramethylrhoda-
mine isothiocyanate (TRITC) (Sigma-Aldrich, USA, P-1951) was
diluted to 5% with PBS solution. The phalloidin/TRITC solution
was added to each well, and the cells were incubated at 37 °C for
40 min. Next, cells were washed with PBS solution two times after
incubation. Finally, the stained cell samples were examined under a
confocal laser scanning microscope (Leica, Germany, TCS SP5).

Sandwich ELISA. The amount of focal adhesion-associated
protein, paxillin, in cell extracts was evaluated with the sand-
wich ELISA method. CAMA-1 cells were grown in DMEM with
10% fetal bovine serum and 100 units/mL penicillin—strepto-
mycin (Gibco, USA, 15070063) for 2 days. Cells were disrupted
by RIPA buffer (Pierce, USA, 89900) at 4 °C. Lysates were clarified
at 14000 rpm in an Eppendorf tube for 10 min at 4 °C. The
supernatant was transferred to a new tube, and the pellet was
discarded. We performed the Bradford assay (Bio-Rad, USA, 500-
0006) to determine the protein concentration. For the sandwich
assay, samples were loaded on 96 wells. We used rabbit anti-human
paxillin polyclonal antibody (abcam, United Kingdom, ab2264) and
mouse anti-human paxillin monoclonal antibody (abcam, United
Kingdom, ab3127) to form sandwich complexes. At the final step,
secondary anti-rabbit IgG was conjugated to horseradish perox-
idase, and the absorbance at 450 nm was measured.

Transmission Electron Microscopy Specimen Preparation for Sectioned
Cell Samples. Cells were detached from the substrate by trypsin-
EDTA. Centrifugation was carried out to move the cells to the tube
bottom. The cells were primarily fixed (at 4 °C for 4 h) with modified
Karnovsky fixative (2% paraformaldehyde and 2% glutaraldehyde
in 0.05 M sodium cacodylate buffer pH 7.2). Then, the specimen was
washed using 0.05 M sodium cacodylate buffer (pH 7.2). In post-
fixation, 1% osmium tetroxide in 0.05 M sodium cacodylate buffer
(pH 7.2) was used and incubated for 2 h. After washing with distilled
water, we treated with 0.5% uranyl acetate for En bloc staining. The
next step in the preparation process was dehydration with 30% to
100% ethanol for 10 min each. After transition and infiltration, the
sample was molded with Spurr's resin at 70 °C for 24 h and sec-
tioned for TEM measurement. The sectioned specimen was stained
with 2% uranyl acetate and Reynold's lead citrate. We observed the
samples using a TEM (LIBRA 120, Carl Zeiss, Germany).

Paxillin and Phospho-paxillin Staining. After cell culturing for 2 days,
cells were fixed in 3.7% paraformaldehyde in PBS solution at pH
74 for 20 min at room temperature. Then, the samples were
washed twice with cold PBS solution. The samples were incubated
with PBS solution containing 0.25% Triton X-100 for 10 min. Next,
cells were washed with PBS solution three times for 5 min each.
These samples were treated with 1% BSA in PBST for 30 min to
block nonspecific binding of the antibodies. Cells were then
incubated in the anti-paxillin antibody (abcam, United Kingdom,
ab3127) or anti-phospho-paxillin antiboby (Ser126) (Millipore, USA,
07-733SP) solution with blocking buffer overnight at 4 °C. On the
following day, cells were washed three times with PBS solution for 5
min each. For paxillin staining, cells were incubated with rhoda-
mine-conjugated secondary antibody (abcam, United Kigndom) in
1% BSA for 1 h at room temperature without exposing to light. In
the anti-phopho-paxillin staining case, cells were incubated with
FITC-conjugated secondary antibody (Millipore, USA). We decanted
the secondary antibody solution and washed three times with PBS
solution for 5 min each in the dark. Finally, we mounted a drop of
mounting medium (abcam, United Kingdom, ab64230) on a cover-
slip. Paxiilin was observed by a total internal reflection fluorescence
microscope (60x; Nikon, Japan, TE2000-E) with the same exposure
time. We took phospho-paxillin images using florescence micro-
scopy (40x; Carl Zeiss, Germany, Axiovert 200M).

Western Blot. We performed Western blotting to compare
the protein amount of cells for each substrate. First, CAMA-1 cells
were cultured in DMEM with 10% FBS on LbL, Fn/LbL, ephrinB3/
LbL, AuNPs/LbL, Fn-AuNPs/LbL, and ephrinB3-AuNPs/LbL sub-
strates, respectively, at 37 °C, 5% CO, for 2 days. Then, the cells
were collected and transferred to microcentrifuge tubes. To remove
cell culture medium, the tubes were centrifuged at 1500 rpm for 3
min. For cell lysis, we added RIPA buffer (Pierce, USA, 89900) to each
tube, and a total protein solution was obtained. We diluted an
aliquot of the cell lysate sample for the Bradford (Bio-Rad, USA, 500-
0006) protein concentration assay. Next, we added an equal
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volume of 2x sample buffer (125 mM Tris pH 6.8, 4% SDS, 10%
glycerol, 0.006% bromophenol blue, and 1.8% ss-mercaptoethanol)
to all samples, and the resulting solution was boiled for 3—5 min. A
10 ug amount of total proteins of cells was added to each well of a
10% SDS 0.75 mm thick gel (Hoefer, Germany). The proteins were
transferred from the gel to a PVDF membrane at 1 amp constant
current for 1 h or equivalent in transfer buffer (Hoefer, Germany).
The blot from the transfer apparatus was removed and immediately
placed into blocking buffer (5% nonfat dry milk, 10 mM Tris pH 7.5,
100 mM Nadl, and 0.1% Tween 20). The membrane was incubated
in blocking buffer for 1 h at room temperature. We diluted the
antibody according to the antibody data sheet in the correspond-
ing blocking buffer [$-actin antibody (rabbit, Santa Cruz, USA)
1:5000, p-paxillin antibody (rabbit, Millipore, USA) 1:500]. After
decanting the blocking buffer from the blot, we added the antibody
solution, and the resulting solution was incubated with agitation
overnight at 4 °C. After decanting the primary antibody solution,
the membrane was washed with wash buffer (10 mM Tris pH 7.5,
100 mM Nadl, and 0.1% Tween 20) for 30 min with agitation,
changing the wash buffer every 3—5 min. We added diluted-
enzyme conjugate anti-rabbit IgG-HRP (1:5000 in wash buffer
containing 5% nonfat dry milk), and the resulting solution was
incubated with agitation for 1 h at room temperature. We decanted
the secondary antibody solution and added wash buffer (10 mM
Tris pH 7.5, 100 mM NaCl, 0.1% Tween 20), and the membrane was
washed for 1.5 h with agitation, changing the wash buffer every 20
min. Finally, we added ECL mix (GE Healthcare, UK) to the
membrane, and the signal of the membrane was immediately
exposed to film for 1 min.

Time-Lapsed Live-Cell Imaging. We imaged CAMA-1 cell beha-
vior on a prepared polymer platform immediately after or 48 h
after seeding cells to substrates by time-lapsed microscopy. Cells
were in a Chamlide incubation system, which maintains 37 °C and
5% CO, conditions, for the microscopy (Live Cell Instrument, Cu-
104). Live-cell images were taken at 1 min intervals over 2 h using
60x or 20x objective lenses (Nikon, Japan, TE2000-E).

Cell Speed Analysis. We used the Image Pro Plus program (ver.
6.3) to make a comparison between CAMA-1 cells, which were
cultured for 48 h, for their motility on prepared platforms. This
program tracked cells' center of mass in images that were taken
by a 20 x objective lens (above description). Before tracking the
cells, we made sequence files of time-lapsed cell images. The
images of each sequence were changed to gray scale, and the
background signal was removed using the program's filter
system. Then we designated the cell to measure migration
length. Finally, the velocity of the cells on the substrate was
calculated. We repeated the same procedure four times.

Nonspecific Binding Test. We confirmed nonspecific interaction
between fibronectin and polymer substrates. The samples were
incubated in DMEM with 10% NCS (newborn calf serum, Gibco,
USA) for 48 h. Then these substrates were washed twice with
PBS for 3 min each and incubated with anti-fibronectin antibody
(Millipore, USA) solution overnight at 4 °C. We used rhodamine-
conjugated secondary antibody (abcam, United Kingdom) to
detect fibronectin. The images were observed by florescence
microscopy (Carl Zeiss, Germany, Axiovert 200M).
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