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a b s t r a c t

Phase separation of PLLA/PS (50/50, w/w) solutions during a spin-casting process gives rise to well-
defined nanotopographies of 14, 29 and 45 nm deep pits depending on the concentration of the solution.
Their influence on the biological activity of fibronectin (FN) was investigated. FN adsorption was quan-
tified by radiolabelling the protein. The amount of adsorbed FN was higher on the 14 nm deep pit
nanotopography than on the other two surfaces. FN distribution between valleys and peaks was inves-
tigated by AFM combined with image analysis. FN tends to adsorb preferentially on the valleys of the
nanotopography only for the 14 nm system and when adsorbed from solutions of concentration lower
than 10 �g/ml. Higher concentration of the FN solution leads to evenly distribution of the protein through-
rotein adsorption
ell adhesion
ibronectin

out the surface; moreover, there is no difference in the distribution of the protein between valleys and
peaks for the other two systems (29 and 45 nm) irrespective of the concentration of the FN solution.
The biological activity of the adsorbed protein layer was assessed by investigating MC3T3 osteoblast-like
cells adhesion, FN reorganisation and late matrix formation on the different substrates. Even if initial cell
adhesion is excellent for every substrate, the size of the focal adhesion plaques increases as the size of

raphy
ts sur
the pits in the nanotopog
the 29 and 45 nm deep pi

. Introduction

The initial cellular events that take place at the biomaterials
nterface mimic to a certain extent the natural adhesive interaction
f cells with the extracellular matrix (ECM) [1–3]. In fact, the liv-
ng cells cannot interact directly with foreign materials, but they
eadily attach to the adsorbed protein layer of proteins such as
bronectin (FN), vitronectin (VN), fibrinogen (FNG), representing
he so-called soluble matrix proteins in the biological fluids [3].
pon longer contact with tissues many other ECM proteins, such

s collagens and laminins, will also associate with the surfaces,
ffecting the cellular interaction. Cells recognize these matrix pro-
eins via integrins – a family of cell surface receptors – that provide
rans-membrane links between the ECM and the actin cytoskele-

∗ Corresponding authors: Center for Biomaterials and Tissue Engineering, Univer-
idad Politécnica de Valencia, 46022 Valencia, Spain. Tel.: +34 963877275;
ax: +34 963877276.

E-mail addresses: parico@upvnet.upv.es (P. Rico), masalsan@fis.upv.es
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927-7765/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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does. This is correlated to FN reorganisation, which only takes places on
faces, where enhanced late matrix production was also found.

© 2010 Elsevier B.V. All rights reserved.

ton [4]. When integrins are occupied they cluster and develop focal
adhesion complexes that actually anchorage the cells to the surface
and trigger the subsequent cellular response [4]. Thus, the initial
cell–material interaction is a complex multi-step process consist-
ing of early events, such as adsorption of proteins, followed by cell
adhesion and spreading, and late events, related to cell growth,
differentiation, matrix deposition and cell functioning.

Even if the cell–material interaction is not a direct one, but
it is mediated by ECM proteins previously adsorbed on the sub-
strate’s surface, it is said that cells response to three different
kind of surface parameters: chemical, topographical and mechan-
ical [5,6]. Surface topography is a key parameter that is able to
modify cell response independently of the chemical composition
of the substrate. Even though sometimes topography is only a
manifestation of material chemistry, many times it can be mod-
ulated in an independent way. The effect of topography on cell

adhesion has been widely studied. Micro and nanopatterned sur-
faces have been prepared for a better understanding of the cell
response to topographic features, mainly in what cell adhesion
is concerned. Anisotropic surfaces prepared by lithographic and
microfabrication techniques can induce cell reorientation follow-

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:parico@upvnet.upv.es
mailto:masalsan@fis.upv.es
dx.doi.org/10.1016/j.colsurfb.2010.01.021
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ng microgrooves, the so-called contact guidance phenomenon
7,8]; and the scale of anisotropic topography plays an impor-
ant role in deciding cell alignment [9]. Different techniques have
een used to produce controlled isotropic topographies at different
cales which include photolithography, electron beam lithography,
olloidal lithography, and polymer demixing techniques during a
igh-speed spin-casting process [10–13] which allows obtaining
anotopographic motifs in a broad range (from 9 to 100 nm). How-
ver, the effect of nanotopography on cell response remains an
pen question. It seems that the interval 10–30 nm gives rise to bet-
er adhesion and higher stimulation of intracellular signalling than
oing up to 100 nm [14–16]. Cell differentiation and gene expres-
ion are also influenced by surface topography [17–19]. Though
he effect of surface nanotopography on cell behavior should be a
onsequence of different protein adsorption patterns, scarce exper-
mental data exist on the effect of surface nanotopography on
rotein adsorption. It has been suggested that nanotopography is
ble to enhance protein adsorption as compared to the same plane
hemistry [20], although other claim little effect of surface nanor-
ughness on protein adsorption [21]. Different substrates have
een prepared in the recent years aiming at investigating the role of
urface nanotopography in the cell–material interaction, especially
n what cell adhesion is concerned. These works are mainly focused
n investigating the effect of material properties on the biological
erformance of the substrate and, only a few of them, investigate
his effect by addressing first protein adsorption and conformation
n the material surface and then by correlating this phenomenon
ith cell behavior.

Recently, nanoscale topographies have been prepared by using
LLA and PS demixing techniques [14]. Randomly distributed
anoscale pits (14, 29 and 45 nm deep pits) were produced
y adjusting PLLA/PS at 50/50 (w/w) but varying the concen-
ration of the spin-casting solution. It was suggested that cell
ttachment, cell spreading, integrin subunit expression, paxillin
ynthesis and FAK expression (and its phosphorylation) were
nhanced on 14 and 29 nm deep pits compared to 45 nm deep
its or flat PLLA surfaces, which suggested that nanostructures
rovide physical signals that regulate cell function. In this work
e have further investigated the role of these nanostructured

LLA/PS nanotopographies on initial cell adhesion by paying special
ttention to the adsorbed protein layer as the biological inter-
ace between the synthetic substrate and the cell population.

e have quantified the amount of FN adsorbed on the differ-
nt nanotopographies from solutions of different concentrations
y radiolabelling the protein; the conformation and distribution
f FN on the synthetic surfaces was directly observed by atomic
orce microscopy (AFM). Further, initial cell adhesion on the differ-
nt FN-coated nanostructured surfaces was investigated, as well
s the reorganisation of the adsorbed FN layer (after 3 h) and
ate matrix production as a function of time (after 1, 3 and 6
ays).

. Materials and methods

.1. Preparation of nanotopographies

Nanoscale topographies were prepared by polymer demixing
echniques as described elsewhere [14]. Briefly, PLLA (Cargill Dow)
nd PS (Sigma–Aldrich) were dissolved in chloroform at fixed
olymer composition 50/50 (w/w) and different total polymer con-

entration (0.5, 1, and 1.5%). Spin casting was performed on 12 mm
lass coverslips at 4000 rpm for 30 s. Pure PLLA was also spin-casted
rom a 2% solution with similar conditions (2000 rpm for 30 s).
amples were dried in vacuo at room temperature before further
haracterisation.
es B: Biointerfaces 77 (2010) 181–190

2.2. Atomic force microscopy (AFM)

AFM experiments were performed using a Multimode AFM
equipped with NanoScope IIIa controller from Veeco (Manchester,
UK) operating in tapping mode in air; the Nanoscope 5.30r2 soft-
ware version was used. Si-cantilevers from Veeco (Manchester, UK)
were used with force constant of 2.8 N/m and resonance frequency
of 75 kHz. The phase signal was set to zero at a frequency of 5–10%
lower than the resonance one. Drive amplitude was 600 mV and the
amplitude setpoint Asp was 1.8 V. The ratio between the amplitude
setpoint and the free amplitude Asp/A0 was kept equal to 0.8.

Fibronectin from human plasma (Sigma, Barcelona, Spain) was
adsorbed on the different substrates by immersing the material
sheets in several FN solutions at concentrations of 2, 5, 10 and
20 �g/ml in physiological solution (NaCl 0.9%) for 10 min. After pro-
tein adsorption, samples were rinsed in the physiological solution
to eliminate the non-adsorbed protein. Remaining drops on the
surface were dried by exposing the sample to a nitrogen flow for
2–3 min. AFM was performed in the tapping mode in air imme-
diately after sample preparation. Height, phase and amplitude
magnitudes were recorded simultaneously for each image.

2.3. Protein quantification by radioactivity

The amount of adsorbed FN in equilibrium was quantified by
radiolabelling the protein with 125I using the Iodogen Method
[22,23]. Thereafter 125I-FN was passed through Sephadex column
G-25 M (PD-10 desalting column, Amersham Pharmacia Biotech)
to remove unbound 125I. The yield of iodination in different frac-
tions was determined by precipitating the 125I-labelled FN with
20% trichloroacetic acid (TCA method). Only fractions with yield of
iodination higher than 98% were used.

The contribution of free 125I to the total radioactivity found on
the surfaces was estimated using unlabelled FN solutions at a con-
centration of 1.0 mg/ml and an amount of free 125I ion equivalent
to that present as 125I ion in the labelled protein solutions.

In all studies in which radiolabelling methods are used it must be
kept in mind that the behavior of the labelled protein may or may
not reflect the behavior of unlabelled protein. To assess whether
preferential adsorption of 125I-labelled FN occurred on surfaces, a
series of control experiments were performed in previous studies
by varying the ratio of labelled to unlabelled FN (10–50%). The final
concentration of the FN solutions (1.0 mg/ml) was confirmed by the
bicinchoninic acid (BCA) assay using a BCA assay kit from Pierce and
bovine serum albumin (BSA) as the standard [23]. Protein solutions
for adsorption experiments were prepared by adding (125I-FN) to
unlabelled FN solution to obtain a final activity of 107 cpm/mg.

FN adsorption tests were performed by placing the substrates
(5 mm diameter) in a 24-well tissue plate. Previously to the adsorp-
tion, samples were equilibrated in degassed PBS with 0.01 M NaI
(PBSI) to prevent adsorption of free 125I ions present in trace
amounts in 125I-FN. A drop of 10 �l of (125I-FN) solution was added
to each surface. Adsorption tests were carried out at 25 ◦C for
60 min. After this period the drop was absorbed from the surface
with absorbent paper, and the surface was washed three times with
PBS. In order to ensure that free 125I and non-adsorbed protein are
removed of the surfaces, the samples were kept in PBS for 24 h,
washed in PBS (3×) and transferred to other radioimmunoassay
tubes to measure the surface activity using an automatic gamma
counter (model 1470 Wizard, from Wallac). All experiments were

done in triplicate. The counts from each sample were averaged, and
the surface concentration was calculated by the equation:

[FN] (�g/m2) = [counts (cpm)][[FN]solution(�g/mL)]
[Asolution (cpm/mL)][SA (m2)]

,
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here the counts measure the radioactivity of the samples,
FN]solution is the FN concentration in solution, Asolution is the spe-
ific activity of the FN solution, and SA is the surface area expressed
s the area occupied by the drop during adsorption tests, measured
y contact angle software.

Different FN concentrations 2, 10 and 20 �g/ml were studied on
ll the surfaces during 60 min. After FN adsorption, samples were
mmersed in fresh FN solutions (20 �g/ml) for 24 h. Then the sur-
aces were washed with PBS and the residual activity was measured
n order to quantify the fraction of molecules that remains adsorbed
n the different surfaces. Displacement tests were carried out by
mmersing the labelled surfaces over 24 h in an unlabelled FN pure
olution. The substrates were washed three times with PBS, and the
esidual activity was counted.

.4. Cell culture

MC3T3-E1 cells were obtained from the RIKEN CELL BANK
Japan). Prior to seeding on FN-coated substrates, cells were main-
ained in DMEM medium supplemented with 10% fetal bovine
erum and 1% penicillin–streptomycin and passaged twice a week
sing standard techniques.

Sample disks (12 mm diameter) placed in a 24-well tissue cul-
ure plate were coated with FN 20 �g/ml (12 h at 37 ◦C). Then,
03 cells were placed onto each substrate and were maintained
t 37 ◦C in a humidified atmosphere under 5% CO2 for 3 h. Each
xperiment was performed in triplicate.

.5. Cell adhesion
After 3 h of culture MC3T3-E1 cells were washed in Dulbecco’s
hosphate buffered saline (DPBS, Invitrogen) and fixed in 10% for-
alin solution (Sigma) at 4 ◦C for 1 h. Samples were then rinsed
ith DPBS and a permeabilization buffer (103 g/l sucrose, 2.92 g/l

ig. 1. AFM images for the PLLA/PS (50/50, w/w) demixed nanotopographies as obtained
he first row shows the height magnitude, the second one the transversal cut and the las
es B: Biointerfaces 77 (2010) 181–190 183

NaCl, 0.6 g/l MgCl2, 4.76 g/l HEPES buffer, 5 ml/l Triton X-100, pH
7.2) was added at room temperature for 5 min. In order to reduce
the background signal, samples were incubated in 1% BSA/DPBS at
37 ◦C for 5 min. Afterwards, samples were incubated in monoclonal
mouse antibody against vinculin (1:400 in 1% BSA/DPBS; Sigma) at
room temperature for 1 h. The samples were rinsed in 0.5% Tween
20/DPBS three times for 5 min each. Alexa fluor 633-conjugated
rabbit anti-mouse secondary antibody (1:200 in 1% BSA/DPBS;
Invitrogen) was then added at room temperature for 1 h. Simulta-
neously, BODIPY FL phallacidin was added for the duration of this
incubation (2–3 units/sample in 1% BSA/PBS; Invitrogen). Finally,
samples were washed before mounted in Vectashield containing
DAPI (Vector Laboratories, Peterborough, UK). A Leica DM6000B
fluorescent microscope was used for cellular imaging.

2.6. Fibronectin reorganisation and formation

The ability of cells to reorganise adsorbed FN (i.e. early matrix)
was monitored by coating all samples with 20 �g/ml at 37 ◦C,
then rinsing with PBS twice, before seeding in serum contain-
ing medium. The ability of cells to secrete and deposit FN into
the extracellular matrix fibrils (i.e. late matrix) was examined via
immunofluorescence. For that, cells were cultured on the different
substrates for 3 h, 1, 3 and 6 days in serum containing medium.

The evolution of FN in the ECM was followed by immunoflu-
orescence. At the end of incubation time, cells were washed in
Dulbecco’s phosphate buffered saline (DPBS, Invitrogen) and fixed
in 10% formalin solution (Sigma) at 4 ◦C for 1 h. Samples were rinsed
with DPBS and the permeabilization buffer was added at room tem-

perature for 5 min. Samples were incubated with a polyclonal rabbit
anti-FN antibody (1:400, Sigma), dissolved in 1% BSA/DPBS for
1 h, washed, and incubated with a goat anti-rabbit Cy3-conjugated
secondary antibody for 1 h before washed and mounted with Vec-
tashield containing DAPI.

after spin casting from solutions of concentrations 0.5, 1 and 1.5 wt% in chloroform.
t one the 3D reconstruction of the surface.
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Fig. 2. Quantification of FN adsorption by radioactivity. (a) Surface density of FN
after adsorption for 60 min on the different nanotopographies and flat PLLA from
84 C. González-García et al. / Colloids and

.7. Image analysis

All image processing and analysis was done using an in house
oftware developed under MATLAB R2008a (The MathWorks, Inc.,
atick, MA, USA).

For calculating the distribution of FN between valleys and
its, the valleys and the pits were firstly delineated. For this, the
eight AFM image was grayscaled and equalized, providing an
utput grayscale image with its intensity values evenly distributed
hroughout the intensity range, and then a median filtering was
pplied to the resulting image to reduce noise background. This
ew image was then binarized through Otsu’s method [24], which
hooses the threshold that minimizes the intraclass variance of
he thresholded black and white pixels, providing a binary image
ith the valleys and the pits perfectly segmented. The contour of

he pits was then easily extracted and applied, in a second step, to
he amplitude and phase AFM images.

FN was detected from the amplitude and phase AFM images. It
as afterwards associated to the valleys or to the pits based on the

ontour between both previously detected using the height AFM
mages, and the results were averaged. For this procedure, several
teps were followed: (i) both images were firstly grayscaled, equal-
zed and a median filtering was applied to the resulting images for
background noise reduction. The histogram of both images was

hen automatically stretched for a fair detection of the protein. The
mages were then size-filtered to avoid the detection of any too
mall region not corresponding to proteins. Once the protein was
orrectly detected, it was associated to a valley or to a pit based on
he contour previously detected from the height AFM image. The
esulting protein distribution was averaged between the amplitude
nd the phase images.

The size distribution of the focal plaques was determined
hrough a several-step image analysis including a contour delin-
ation of the cell. For a perfect segmentation of the cell: (i) Images
howing the actin cytoskeleton were grayscaled and equalized. (ii)
he cell was then detected (segmented): since the cytoskeleton
iffered greatly in contrast from the background image, a gradient-
agnitude method (Sobel) [25–27] was applied to the image and

nce the gradient image was calculated, a binary mask was cre-
ted containing the segmented cytoskeleton. (iii) Compared to the
riginal image, the binary gradient mask showed gaps in the lines
urrounding the cell (the outline of the object of interest was not
ompletely delineated). These linear gaps disappeared when the
obel image was dilated using linear structuring elements (a ver-
ical structuring element followed by a horizontal one), obtaining
clear and perfect contour detection of the cell. Once the cell was
erfectly segmented, the obtained binary mask was then applied
o the image obtained in the red channel for vinculin. This permit-
ed to focus the attention on the cell and the focal adhesions, as
ther any object in the image was virtually erased. This new image
as then binarized through Otsu’s method [24] and size-filtered to

void any extra small particles in the image that did not represent
ocal plaques which sizes wanted to be determined. Once the sizes
f the focal contacts were determined, a size distribution was easily
btained.

. Results

.1. Protein adsorption on nanoscale topographies
Fig. 1 shows AFM height images of PLLA/PS (50/50, w/w)
anotopographies as obtained by demixing during high-speed
pin-casting on glass coverslips at various solutions concentrations
n chloroform: 0.5% (14 nm deep pits), 1% (29 nm deep pits) and 1.5%
45 nm deep pits). The fraction of the area covered of pits does not
solutions of concentration 2 �g/ml (white), 10 �g/ml (gray), and 20 �g/ml (black).
(b) Retention of FN molecules on the surface after 60 min of adsorption at 20 �g/ml
and elution by other FN molecules, after 60 min of adsorption. The elution time was
24 h.

depend on the individual topographic scale (approximately 32%).
Also, the samples showed increased values for the real 3D surface
area: 5 �m × 5 �m AFM images showed 25.15, 25.20 and 25.30 �m2

for 14, 29 and 45 nm deep pits respectively. These values are in
agreement with those reported previously for this system [14].

Fig. 2 shows the amount of FN adsorbed on the different sub-
strates (the nanopits and flat PLLA) from solutions of different
concentrations, i.e. 2, 10 and 20 �g/ml as obtained by radiolabelling
of FN with 125I (125I-FN). For a fixed nanotopography, the amount
of adsorbed FN increases as the concentration of the protein solu-
tion does. For a fixed concentration of the FN solution, the amount
of adsorbed protein is higher on the 14 nm deep pits surface com-
pared to the 29 and 45 nm deep pits nanotopographies on which the
amount of adsorbed FN is similar. In concrete, when adsorbing from
the 20 �g/ml FN solution – which is the concentration of the solu-
tion used in cell culture later on – 2250 �g/m2 of the protein were
adsorbed on the 14 nm deep pit surface which lowers to approxi-
mately 1500 �g/m2 for the other two surfaces (29 and 45 nm deep
pits). That is to say, the amount of adsorbed FN is approximately
50% higher on the 14 nm deep pit nanotopography.

The exchangeability of bound FN molecules was evaluated by
the exchange of the preadsorbed 125I-FN for unlabelled FN. Fig. 2b

125
shows the percentage of I-FN retained on the different surfaces
after they were soaked in FN after 60 min of adsorption. The elution
time was 24 h. It can be seen that all three nanotopographies and
flat PLLA shows similar behavior and only approximately 10% of
the initially adsorbed FN is eluted. The same experiment was done
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Fig. 3. Height (first row) and phase (second row) AFM magnitudes for the 14 nm deep pit nanotopography after FN adsorption from solutions of concentrations 2, 5, 10
and 20 �g/ml. The height magnitude allows one to identify the peaks and valleys in the surface while the phase magnitude provides direct observation of FN distribution
throughout the sample.

Fig. 4. Height (first row) and phase (second row) AFM magnitudes for the 29 nm deep pit nanotopography after FN adsorption from solutions of concentrations 2, 5, 10
and 20 �g/ml. The height magnitude allows one to identify the peaks and valleys in the surface while the phase magnitude provides direct observation of FN distribution
throughout the sample.

Fig. 5. Height (first row) and phase (second row) AFM magnitudes for the 45 nm deep pit nanotopography after FN adsorption from solutions of concentrations 2, 5, 10,
and 20 �g/ml. The height magnitude allows one to identify the peaks and valleys in the surface while the phase magnitude provides direct observation of FN distribution
throughout the sample.
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Fig. 6. Fraction of the area covered by FN as obtained from image analysis of the
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FM images. It is shown the fraction occupied by the protein relative to the area of
he peaks (empty symbols) and valleys (filled symbols). Squares: 14 nm deep pits
anotopographies; triangles: 29 and 45 nm deep pits nanotopographies.

n glass coverslips, and the fraction eluted from the surface was
ignificantly higher, approximately 20%.

Figs. 3–5 show the AFM height and phase magnitudes for the

ifferent nanotopographies after FN adsorption from solutions of
oncentration 2, 5, 10 and 20 �g/ml respectively. FN molecules are
etter identified on the phase image, while the height magnitude
an be used for identifying, simultaneously, the spatial distribution

ig. 7. MC3T3 osteoblast-like cells after 3 h on FN-coated nanotopographies. First column
hird column is the superposition of the other two. Nuclei were counterstained with DAP
es B: Biointerfaces 77 (2010) 181–190

of FN throughout peaks and valleys in the sample. Only isolated
molecules are observed after adsorption from the solution of con-
centration 2 �g/ml, which associate into small aggregates which
results in a continuous protein layer on the sample after adsorp-
tion from solutions of higher concentrations (10 and 20 �g/ml
respectively). Image analysis of the AFM figures allows one to quan-
tify the distribution of molecules between pits and valleys of the
nanostructure, after adsorption from solutions of different concen-
trations (Fig. 6). It is observed that, for the 14 nm deep pits, FN is
preferentially adsorbed on the valleys of the nanostructure when
the concentration of the solution is lower than 10 �g/ml. However,
FN is evenly distributed between valleys and peaks of the samples
when adsorbed from solutions of 10 and 20 �g/ml. FN distributes
randomly between pits and valleys independently of the concen-
tration of the solution when adsorbed on the 29 and 45 nm deep
pits nanotopographies (Fig. 6).

3.2. Cell adhesion and FN matrix formation

Fig. 7 shows the overall morphology of cells adhering for
3 h on FN-coated nanotopographies and flat PLLA, visualised via
staining for actin (left column). Cells presented prominent actin
fibers inserting into well-developed focal adhesion complexes, as
that the size of focal complexes increases from the 14 nm deep pits
nanotopography to the 45 nm pits one, which can be quantified by
image analysis. Fig. 8 shows the size distribution of focal adhesion
complexes for the three nanotopographies. Small focal complexes

shows F-actin cytoskeleton and second one focal adhesion plaques (vinculin). The
I.
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ig. 8. Size distribution of focal adhesion plaques on each nanotopography as quan
o delimitate focal adhesion plaques from the original image.

re found for the 14 nm deep pits topographies, such that the whole
istribution is below 3 �m2 and 75% below 1 �m2. The size distri-
ution expands up to 8 �m2 on the 29 nm deep pits, while still 70%
f the values below 2 �m2; the distribution is completely altered
or the focal plaques formed on the 45 nm deep pits topography:
here is no focal plaque smaller than 1 �m2, 40% of them are in the
ange of 2–3 �m2 and approximately 25% are larger than 1 �m2

Fig. 8).
Fig. 9 shows the cellular reorganisation of adsorbed FN after

h of culture for the different nanotopographies, flat PLLA and the
ontrol glass. It is observed that cells are able to reorganise FN on
he control glass as it is shown by the dark area nearby the cell,
pecially when comparing the actin cytoskeleton (right column)
nd the staining for FN (left column). Reorganisation occurs much
ess actively for flat PLLA and the different nanotopographies. It is
hown that some movements of the adsorbed FN layer takes place
n any case but the dark areas in the pericellular zone are smaller
nd mostly coincident with focal adhesion plaques. Reorganisation
s more important for the 29 and 45 nm deep pits nanotopographies
nd it is almost absent for the 14 nm deep pit structure (Fig. 9).

Fig. 10 shows late FN matrix formation for the different nanoto-
ographies and flat PLLA after different culture times. It is observed
hat, as expected, matrix production increases as time goes by on
very substrate. However, cells are able to synthesize and deposit
N matrix fibrils – more abundantly and better organized into fib-
illar networks – for the 29 and 45 nm deep pits nanotopographies
ather than the 14 nm deep pits one.

. Discussion

Despite the belief that the cell–protein–material interaction is
f fundamental importance for understanding the role of materials
n biomedicine, clear links between the material surface properties,
he adsorbed protein layer and their influence on the cell remain far
rom being understood. Even if some efforts have been devoted to

he influence of some material properties (e.g. hydrophilicity), clear
orrelations between nanotopography, protein adsorption and cell
ehavior have not been established yet [28–33].

Phase separation during high-speed spin-casting process of
LLA/PS (50/50, w/w) solutions of different concentrations (0.5, 1
by image analysis. The picture shows the sequential process described in the text

and 1.5 wt%) leads to well-defined surface nanotopographies (14,
29 and 45 nm deep pits topographies). Besides, since PLLA tends to
segregate to the air–film interface, the system consists of different
nanotopographies with the same surface chemistry [14,34]. That
is to say, the system is appropriate for investigating the effect of
surface nanotopography on the cell–protein–material interaction
independently of the surface chemistry that is kept constant. This
is an important matter since protein adsorption is mostly affected
by the material surface and, consequently, cells are only sensitive
to the topmost surface chemistry of the films. The layer of interest
for protein adsorption and cell adhesion consists of PLLA nanopits
of different sizes.

The effect of this concrete family of substrates on human fetal
osteoblastic (hFOB) cells was previously investigated in the liter-
ature [14]. There, it was found that cell adhesion was enhanced
on the 14 nm deep pits nanotopography, in agreement with other
studies [35–37]. Moreover, focal adhesion development in hFOB
was found to be enhanced on 14 and 29 nm pit surfaces; how-
ever, only paxillin expression was altered while vinculin did not
display significantly altered expression with respect to nanopit
textures [14]. However, our results show that vinculin distribu-
tion throughout the cell periphery is modified as a consequence of
the underlying nanotopography (Fig. 7). Focal plaques are larger
as the z-axis scale dimension of the structure increases, as it is
quantified by the frequency distribution included in Fig. 8. This
behavior must be a consequence of the availability of the adsorbed
FN layer on the material surface which is influenced by the under-
lying nanotopography. It is important to remark here that our
study was done in serum free conditions, which (i) is an important
difference with respect to previous investigations on this family
of nanotopographies [14] and (ii) allows one to characterise the
cell–material interface in terms of the amount of FN adsorbed and
its conformation, evaluating the specific cell–FN interaction. Not
only the vertical size of the topography changes for the different
substrates, but also the characteristic horizontal area of the pits
which is approximately 0.08, 0.2 and 0.5 �m2 for the 14, 29 and

45 nm deep pits nanotopographies respectively as it can be inferred
from Figs. 1 and 3–5. The organisation of focal adhesion plaques
must be dictated by the horizontal area of the pits on the material
surface – correlated to the height of the nanopits – which tailor the
size of focal adhesion sites (Fig. 8). It has been reported that cells
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Fig. 9. Cellular reorganisation of adsorbed FN on the different nanotopographies, flat PLLA and glass. The F-actin cytoskeleton is also included for each cell. Nuclei were
counterstained with DAPI.
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Fig. 10. Dynamics of fibronectin matrix formatio

ere able to form larger focal contacts on nanostructure materials
17]; but to our knowledge such a clear trend and its frequency dis-
ribution had not been reported so far. Vinculin level at adhesion
ites has been correlated in a linear manner with tractional forces
xerted by cells, so that tension needs to be developed between
he ECM and the adhesion site for vinculin recruitment [38,39]. The
ormation of mature focal adhesions occurs through integrin clus-
ering via increased force generated by the cytoskeleton [40]; the
ther way around, less mature cytoskeleton suggests that less ten-
ion is applied to integrins resulting in less clustering and smaller
ontacts [41]. We have not found any difference in the state of
evelopment of actin cytoskeleton on the different nanotopogra-
hies (Fig. 7) regardless the size of the focal contact plaques which
uggests that the size of the adhesion contacts, being directly mod-
lated by the available area on the nanopits, are large enough so as
o allow cell adhesion and mechanotransduction via actin cables.

The amount of adsorbed FN depends on the topographical
anostructure of the substrate. FN adsorption is higher on the
4 nm deep pit surface than on the 29 and 45 nm pits surfaces.
his phenomenon is remarkable since suggesting a direct influence
f surface topography on protein adsorption (since the same sur-
ace chemistry is obtained for every substrate [14]). The origin of
his fact cannot be explained by small differences in the real three-
imensional areas among nanotopographies (less than 3%). Besides,

N is equally distributed between pits and valleys after adsorption
rom a solution of concentration 20 �g/ml (Fig. 6) – the one used for
oating samples before cell culture. This is not the case when FN is
dsorbed on titanium microtopographies – from a solution concen-
ration of 20 �g/ml – as it is preferentially adsorbed on topographic
he different nanotopographies and the flat PLLA.

peaks [42]. It is suggested that the difference in the total amount
of adsorbed FN does not influence the size of the focal plaques,
since they are different in size on the 29 and 45 nm pits surfaces
(Figs. 7 and 8) but similar FN density is found on them (Fig. 2). That
is to say, vinculin distribution on the different nanotopographies
must be a consequence of the local organisation (at the nanoscale)
of the underlying material surface – which is covered by a uniform
layer of the protein – considering both the vertical and horizontal
dimensions of the pits, and not due to either (i) the difference in
the amount of adsorbed protein (Fig. 2), or (ii) the influence of nan-
otopography on the conformation and distribution of the adsorbed
FN molecules (Figs. 3–5).

Moreover, the size of the focal adhesion plaques is related to
the ability of cells to rearrange the adsorbed protein layer. Fig. 9
shows that cellular reorganisation of adsorbed FN (black areas
around the pericellular edge) takes place preferentially on the 29
and 45 nm deep pits nanotopographies, and it is almost absent on
the 14 nm deep pits surface. FN reorganisation is more important
on the underlying glass, a hydrophilic substrate that bounds pro-
teins loosely and leads to strong cell rearrangement of the adsorbed
protein layer [29]. Previous investigations have shown that for cells
to remove and reorganize the adsorbed FN layer in matrix fibrils,
material need to adsorb proteins loosely [43–46]. The strength of
interaction between the adsorbed protein layer and the material

surface is related to the exchangeability of FN molecules by other
FN molecules or other protein after adsorption [47]. In our case,
the strength of interaction between the adsorbed FN molecules and
the underlying substrate must be similar for each nanotopography,
since the elution of bound FN molecules showed no differences
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mong the different substrates – Fig. 2b (FN elution is higher on
lass which means lower strength of adhesion and higher cellular
eorganisation).

There are topological constraints for cells to reorganize the
dsorbed FN layer due to vertical and the horizontal dimen-
ions of the underlying nanopits. It has been reported that the
micro)topography of titanium influences the presence of fibrillar
dhesions [48] (i.e. extracellular matrix fibrils reorganised by cells
49]). Matrix reorganisation takes place via integrin–FN interaction,
nvolving the transmission of forces from the actin cytoskeleton to
he ECM via focal adhesion plaques [41]. We have found that, even
f PLLA is a material on which FN reorganisation is highly difficult
Fig. 9), the presence of nanopits provides some degrees of free-
om for cell-mediated FN rearrangements, the more the larger the
anopit size (Fig. 9).

Late FN matrix formation, after different time periods (Fig. 10),
s enhanced on the 29 and 45 nm deep pits nanotopographies, i.e.
n the substrates on which FN reorganisation takes place more
ntensively. Cells are able to secrete their own extracellular matrix
n flat PLLA, but matrix deposition is strongly affected by sub-
trate’s nanostructure. Scarce FN formation is obtained when cells
re seeded on the 14 nm deep pits nanotopography. This must be
elated to the fact that matrix reorganisation is almost absent on
his surface. On the contrary, when the initial FN layer is reorgan-
sed by the adhered cell, FN formation takes place more abundantly.
his fact suggests that late matrix formation is in need not only of
ell adhesion on the substrate, but some cell movements, in the
ange of the size of the focal adhesion plaques, must take place
o matrix deposition takes place normally. Late matrix formation
as been related to the ability of cells to rearrange the initially
dsorbed protein layer, especially when comparing cell adhesion
n hydrophilic and hydrophobic substrates [44,46,50].

. Conclusions

Our results suggest the importance of the adsorbed FN layer
n cellular response to different nanotopographies. We have found
hat FN adsorption depends on the size of the nanostructure, i.e.
he amount of adsorbed FN is higher on the 14 nm deep substrate
han the other two ones (29 and 45 nm deep pits). However, protein
onformation and distribution between valleys and peaks is similar
hen FN adsorption takes place from solutions of concentration of

0 �g/ml or higher. Moreover, the distribution of focal adhesions
vinculin) is strongly affected by the size of the nanopits. When focal
dhesion plaques are too small, even if cells are able to adhere on
he substrate and they develop the actin cytoskeleton, there is no
race of reorganisation for the adsorbed FN layer which, in the long
erm, leads to diminishing functionality in the formation of the new

atrix.
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