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a b s t r a c t
Cells assemble ﬁbronectin (FN) into ﬁbrils in a process mediated by integrins. For this process to occur, it
is known that the presence of other serum proteins is necessary. However, the individual effect of these
proteins on FN ﬁbrillogenesis has not been addressed so far. In this study, the effect of vitronectin (VN),
an ECM adhesion protein, on material-driven FN ﬁbrillogenesis and cell-mediated FN reorganization is
investigated. Poly(ethyl acrylate), PEA, which has previously shown the ability to induce the organization
of FN into well-developed physiological-like networks upon adsorption, was employed as a material
substrate. FN adsorption, cell adhesion and cellular FN reorganization in the presence or absence of VN
were studied. Both FN surface density, quantiﬁed via western blot, and its distribution on PEA surfaces,
determined via atomic force microscopy, were altered when FN was adsorbed competitively with VN at
certain compositions. Moreover, the presence of VN on the material surfaces enhanced cell-mediated FN
reorganization and secretion, in comparison with the process which took place in the presence of serum
proteins.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The extracellular matrix (ECM) is a dynamic and heterogeneous
meshwork of ﬁbrillar and non-ﬁbrillar components that provide an
active microenvironment for cell adhesion, differentiation, migration and proliferation. ECM regulates numerous cell functions by
activating multiple signaling pathways at adhesion sites that trigger cell fate. Cells are not only receiving information from speciﬁc
cues in the ECM [1], but, simultaneously, they respond to these
inputs by remodeling the surrounding matrix and/or secreting new
one [2–4]. ECM components are secreted by cells as soluble protein
units, which are afterwards assembled into functional supramolecular structures in a highly regulated manner [5–7]. The regulation of
matrix reorganization is an important physiological process, since
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matrix assembly is crucial for cells functionality, and defects in ECM
assembly can cause different diseases [8].
Fibronectin (FN) is an abundant component of the ECM and its
assembly is the initial step which orchestrates the organization of
other ECM proteins, as FN ﬁbrils possess binding sites for multiple
ECM components, and promote cell adhesion, growth, migration
and signaling [5,6]. Several studies have focused on mimicking
the physiological FN network in vitro by cell-free routes able to
induce FN ﬁbrillogenesis [9–13]. In particular, in our group we have
shown that adsorption of individual FN molecules onto particular surface chemistries induces the exposure of self-assembly sites
driving FN ﬁbril assembly and identiﬁed poly(ethyl acrylate) (PEA)
as a potential surface chemistry able to generate FN ﬁbrils [14,15].
Additionally, we have recently shown that the organization of FN
molecules on this material occurs in physiologically way, with key
similarities with the cell-induced FN ﬁbrillogenesis process [16].
The inﬂuence of material properties on cell-mediated FN reorganization in the presence of serum proteins has been extensively
investigated [1,17,18]. However, the individual role of each one of
these serum proteins on FN reorganization has not been addressed
yet. Among the ECM proteins, VN is a multi-functional adhesive glycoprotein found in the circulation and in different tissues, with a
molecular weight of 75 kDa, and is involved in several physiological
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and pathological processes, including haemostasis, angiogenesis,
tumor cell invasion and pericellular proteolysis, which involve
matrix remodeling. VN contains binding sites for collagens, heparin,
complement components, plasminogen and plasminogen activator inhibitor [19,20]. It engages and activates members of the
integrin family (␣v ␤1 , ␣v ␤3 , ␣v ␤5 , ␣IIb ␤3 ) through the RGD motif
present in the molecule and this interaction contributes to cell
adhesion, migration and integrin-mediated signal transduction.
That VN might play a role in cell-mediated FN ﬁbrillogenesis has
been previously suggested [21]: the binding between VN and its
main cell surface receptor, ␣v ␤3 integrin, initiated the assembly
of FN ﬁbrils by triggering the translocation of ␣5 ␤1 integrins. The
movement of FN receptors from focal adhesions and along ﬁbrillar
adhesions (ECM contacts) triggered FN ﬁbrillogenesis by transmitting cytoskeleton-generated forces to extracellular FN molecules
[21].
This work investigates the effect of VN on material-driven
FN ﬁbrillogenesis, through protein adsorption studies under noncompetitive and competitive conditions. Moreover, the impact of
this initial protein adsorption on the subsequent cell-mediated FN
reorganization is addressed.
2. Materials and methods
2.1. Preparation of PEA ﬁlms
Polymer sheets were obtained by radical polymerization of ethyl
acrylate monomer (EA) (Sigma–Aldrich) using 0.35 wt% benzoin
(98% pure, Scharlau) as a photoinitiator. The polymerization was
carried out up to limiting conversion for 12 hours. After polymerization, low molecular-mass substances were extracted from the
material by drying in vacuo at 60 ◦ C.
Thin ﬁlms were prepared by making use of a spin-coater. The
synthesized poly(ethyl acrylate) was dissolved in toluene (2.5 wt%)
(Sigma–Aldrich). Spin casting was performed on 12 mm glass coverslips at 2000 rpm for 30 s. Samples were dried in vacuo at 60 ◦ C
before further characterization.
2.2. Atomic force microscopy (AFM)
AFM experiments were performed using a Multimode AFM
equipped with NanoScope IIIa controller (Digital InstrumentsVeeco) operating in tapping mode in air. The Nanoscope 5.30r2
software version was used. Si-cantilevers (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, as suggested by manufacturer. Drive
amplitude was 600 mV and the amplitude setpoint (Asp ) was 2.2 V.
The ratio between the amplitude setpoint and the free amplitude
Asp /A0 was kept equal to 0.9.
Samples were analyzed to characterize the roughness of the substrate, and height, phase and amplitude magnitudes were recorded
simultaneously. In addition, in order to check the stability of the
ﬁlms, the surface of the materials was also scanned after immersion
in phosphate buffer solution (PBS), and no signiﬁcant modiﬁcation
in roughness was found.
2.3. Protein adsorption
Protein adsorption was characterized in terms of adsorbed surface density (via western blot) and of distribution and conformation
on the different substrates (via AFM).
FN (Gibco) and VN (Sigma–Aldrich) from human plasma were
adsorbed on PEA substrates. For that, PEA ﬁlms were immersed
(for 10 min) in several protein solutions of concentration 10 g/ml
in PBS at different weight (molar) ratios of FN/VN, 100/0, 70/30
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(28/72), 50/50 (15/85), 30/70 (7/93) and 0/100. Both proteins were
also individually adsorbed on PEA ﬁlms from pure protein solutions
containing the same amount of the protein as in the coadsorption
conditions, i.e., 3, 5, 7 and 10 g/ml. After protein adsorption, samples were rinsed in PBS to eliminate the non-adsorbed protein. The
drops remaining on the surface were dried by exposing the sample
to a gentle nitrogen ﬂow for 2–3 min.
Protein distribution onto the materials was evaluated by AFM in
the tapping mode, immediately after sample preparation. Height,
phase and amplitude magnitudes were recorded simultaneously
for each image.
The amount of FN adsorbed onto the substrates, from pure
FN solutions and from FN–VN solutions, was quantiﬁed by western blot. For that, the protein remaining in the supernatant after
adsorption onto the substrates for 1 h was measured as explained
elsewhere [15]. Different aliquots of non-adsorbed protein were
subjected to 5%-SDS polyacrylamide gel electrophoresis (PAGE),
using Laemmli buffer 2× and denaturing standard conditions.
Proteins were transferred to a positively charged polyvinylidene
diﬂuoride nylon membrane (GE Healthcare) using a semidry transfer cell system (Biorad), and blocked by immersion in 5% skimmed
milk in PBS for 1 h at room temperature. The blot was incubated
with anti-human ﬁbronectin polyclonal antibody (developed in
rabbit, Sigma) (1:500) in PBS containing 0.1% TWEEN 20 and 2%
skimmed milk for 1 h at room temperature and washed three
times (10 min for each wash) with PBS containing 0.1% TWEEN 20.
The blot was subsequently incubated in horseradish peroxidaseconjugated anti-rabbit immunoglobulin G (GE Healthcare) diluted
1:20,000 in PBS containing TWEEN 20 and 2% milk (1 h at room temperature). The enhanced chemiluminescence detection system (GE
Healthcare) was used according to the manufacturer’s instructions
prior to exposing the blot to X-ray ﬁlm for 5 min.
Analysis of the western blot bands was done using in-house
software developed under MATLAB R2009a (The MathWorks, Inc.,
Natick, MA, USA). All the bands were digitized using the same scanner (Epson Stylus Photo RX500, Seiko Epson Corpo., Nagano, Japan)
and the same scan parameters: 8 bits gray scale image and 300 dpi.
The digitized images were binarized using the Otsu method, which
chooses the threshold that minimizes the intraclass variance of the
thresholded black and white pixels, in order to create a mask that
automatically selected the edge of each western blot band [22]. This
mask was applied to a negative version of the original scanned picture providing a resulting image which contained only the western
bands. The last step of the process consisted of adding all the pixels that conformed each band correctly weighted by their intensity
level.
2.4. Cell culture
Prior to seeding on substrates, NIH3T3 mouse embryonic ﬁbroblast cells (European Collection of Cell Cultures) were maintained
in DMEM medium supplemented with 1% penicillin–streptomycin
and 10% calf serum, and passaged twice a week using standard
techniques.
Samples (12 mm diameter) placed in a 24-well tissue culture
plate were coated for 1 h with FN solutions of different concentrations (3, 5, 7 and 10 g/ml) and FN–VN solutions of 10 g/ml in
PBS at different ratios of both proteins (100/0, 70/30, 50/50, 30/70
and 0/100). Then, 26 × 103 cells (13 × 103 cells/cm2 ) were seeded
onto each substrate and were maintained at 37 ◦ C in a humidiﬁed
atmosphere under 5% CO2 for 3 h.
2.5. Cell adhesion
After 3 h of incubation in serum-free conditions, cells were
washed in Dulbecco’s phosphate buffered saline (DPBS, Invitrogen)
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and ﬁxed in formaldehyde solution 3.7% (Sigma) for 15 min at room
temperature. Afterwards, the samples were rinsed with DPBS three
times and a permeabilising buffer (10.3 g sucrose, 0.292 g NaCl,
0.06 g MgCl2, 0.476 g Hepes buffer, 0.5 ml Triton X, in 100 ml water,
pH 7.2) was added at room temperature for 5 min. In order to
reduce the background signal, the samples were then incubated in
1% BSA/DPBS at room temperature for 30 min. Then, 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.
Cy3-conjugated rabbit anti-mouse secondary antibody (1:200 in
1% BSA/DPBS; Jackson Immuno Research) was then added at room
temperature for 1 h. Simultaneously, BODIPY FL phallacidin was
added for the duration of this incubation (1:40 in 1% BSA/PBS; Invitrogen). Finally, samples were washed in 0.5% Tween 20/DPBS three
times before mounting with Vectashield containing DAPI (Vector
Laboratories, Peterborough, UK). A Nikon ﬂuorescence microscope
was used for cellular imaging.
2.6. Fibronectin reorganization
The ability of cells to reorganize adsorbed FN (i.e., early matrix)
was evaluated under different culture conditions. On the one hand,
FN reorganization was monitored after coating PEA ﬁlms with several pure FN solutions of different concentrations (3, 5 and 7 g/ml)
and seeding cells in medium containing calf serum. On the other
hand, PEA ﬁlms were coated with 10 g/ml solutions of a FN-VN
solution at different ratios 100/0, 70/30, 50/50, 30/70 and 0/100
and rinsed with PBS twice before cell seeding in serum-free conditions. After 3 h, cells were washed in DPBS and ﬁxed in 3.7%
formaldehyde solution (Sigma) at room temperature for 15 min.
Samples were rinsed with DPBS and the permeabilisation buffer
was added at room temperature for 5 min. 1% BSA/DPBS was added
at room temperature for 30 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 washing and
mounting with Vectashield containing DAPI. FN reorganization was
monitored by making use of a Nikon ﬂuorescence microscope.
Cell-mediated FN reorganization was also assessed after incubation with anti-␤1 integrin antibody. PEA samples were coated with
10 g/ml FN–VN solutions at 100/0 and 30/70 ratios, and rinsed
with PBS twice before seeding 26 × 103 cells on each sample in
serum-free conditions. After 1 h of culture, cells were incubated
with a rat anti-␤1 integrin antibody (monoclonal anti-mouse CD29,
BD Bioscience) for 1 h at 37 ◦ C to allow antibody binding to dorsal
␤1 integrins and their activation. Then, cells were washed in DPBS
and ﬁxed in 3.7% formaldehyde solution (Sigma) for 15 min at room
temperature. Samples were rinsed with DPBS and saturated in 1%
BSA/DPBS at room temperature for 30 min. Afterwards, 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 Alexa 488-conjugated secondary antibody
(1:200, Invitrogen) and a goat polyclonal anti-rat Cy3-conjugated
secondary antibody (1:200, abcam) for 1 h before washing and
mounting with Vectashield containing DAPI. As a control, cells were
also incubated on PEA samples for 2 h without the ␤1 integrin
antibody, and FN and ␤1 integrins were detected by immunoﬂuorescence. Glass coverslides were employed as a positive control of
FN reorganization.
3. Results and discussion
Matrix assembly is crucial for cells functionality both in vitro
and in vivo [1,17,23]. In this work, the inﬂuence of VN, a main ECM

Fig. 1. Fibronectin adsorption. FN surface density on PEA from FN solutions of different concentration (gray) and for FN and VN competitively adsorbed from FN-VN
solutions (10 g/ml) at different ratios (black). Statistically signiﬁcant differences
(as determined by ANOVA) are indicated with *P < 0.05 and **P < 0.1.

adhesion glycoprotein existing in high amount in most biological ﬂuids, on material-driven FN ﬁbrillogenesis, as well as on
cell-mediated FN reorganization on this material-drive protein
interface is investigated.
3.1. Protein adsorption
In order to evaluate the effect of VN on FN adsorption on PEA
surfaces, the amount of adsorbed FN in the presence or absence of
VN was determined by western blot, while AFM was employed to
analyze the distribution of both proteins onto the substrates.
The amount of FN adsorbed was quantiﬁed by image analysis
of western blot bands. Two known amounts of FN were charged in
the gel to obtain the relationship between the protein concentration and the band intensity, which was employed to quantify the
amount of FN adsorbed [15]. Fig. 1 shows the amount of adsorbed
FN on PEA surfaces from single protein solutions of different concentrations (10, 7, 5 and 3 g/ml) in absence of VN (Fig. 1, gray),
and from mixtures of both proteins, FN-VN (10 g/ml), at different weight ratios (100/0, 70/30, 50/50, 30/70 and 0/100) (Fig. 1,
black). In both cases, the amount of adsorbed FN decreases as the
FN concentration in the solution does. Surprisingly, higher FN surface density was found on PEA surfaces when FN was coadsorbed
with VN at certain ratios (70%, 50%), with respect to the adsorption
from pure FN solutions of equivalent concentration (Fig. 1).
Although the individual adsorption of both proteins on PEA
substrates has been previously studied [15,24], their competitive
adsorption has not been addressed yet. In previous studies, FN
and VN were competitively adsorbed on substrates of different
chemistry and surface wettability (including materials with wettability similar to PEA), showing that the amount of FN adsorbed
on the different materials decreased as the concentration of VN in
the solution increased; therefore, the presence of VN inhibited FN
adsorption [25]. On the other hand, the results obtained in our work
suggest that VN enhances FN adsorption on PEA. The higher FN
density obtained during the competitive adsorption process might
be related to the conformation adopted by the VN molecules on
this particular chemistry as well as to the material-driven assembly
of FN ﬁbrils [15,24]. However, since no binding domains between
FN and VN have been described [20,26,27], the exposure of speciﬁc functional groups of adsorbed VN molecules does not seem
to be responsible for this result. If several proteins are dissolved
together in a solution, the adsorption of each protein onto the
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Fig. 2. Conformation and distribution of FN and VN on PEA surfaces as observed by the phase magnitude in AFM. FN adsorbed from protein solutions of 10, 7, 5 and 3 g/ml
(a, f–h). VN adsorbed from protein solutions of 3, 5, 7 and 10 g/ml (i–k, e). FN and VN competitively adsorbed from protein solutions of 10 g/ml at different ratios of FN/VN,
100/0, 70/30, 50/50, 30/70 and 0/100 (a–e). The arrows indicate examples of interconnected protein ﬁbrils.

substrate is inﬂuenced by the afﬁnity between the protein and the
substrate, giving rise to a competitive process. In protein mixtures,
the adsorption behavior is often a result of an overlap of transport,
adsorption, and repulsion processes; since small proteins diffuse
faster than large ones, they are the dominating species in the early
adsorption stage [30]. Therefore, in a binary solution of FN–VN, VN
is probably the ﬁrst one to be adsorbed. Once VN is adsorbed, it
might act as nucleation point for FN molecules, since a protein diffusing in close proximity to the surface is more likely to adsorb
if there are already pre-adsorbed proteins (cooperative effect)
[31,32], increasing the adsorption rate [32,33]. Moreover, the presence of VN during FN adsorption modiﬁes the material-driven
assembly of FN ﬁbrils, accelerating the dynamics of formation of
the protein network, and therefore promoting higher amounts of
adsorbed protein, as will be further discussed later in this section.
On the other hand, for higher concentration of VN in solution (70%),
VN must adsorb ﬁrstly in such an amount that prevents the above
described nucleation phenomenon; FN molecules compete with
the VN molecules for the free adsorption sites, resulting in lower
FN surface density (Fig. 1) [28,29].
The effect of VN on material-driven FN ﬁbrillogenesis was also
followed via AFM by assessing the conformation and distribution
of the proteins adsorbed onto PEA surfaces. An interconnected FN
network is observed when FN is adsorbed from a pure solution of
concentration 10 g/ml and this interconnectivity diminishes as
the concentration of FN in solution does (Fig. 2, a and f–h), that
is to say, there are less interconnected ﬁbrils as FN concentration
decreases. On the other hand, VN adsorbed from single-protein
solutions adopts a globular form, that progressively associates into
small aggregates as the concentration increases (Fig. 2, i–k and e)

[24]; when VN is adsorbed from a 10 g/ml solution, the size of
aggregates increases considerably (Fig. 2e).
For FN/VN competitive adsorption at different weight ratios
(100/0, 70/30, 50/50, 30/70 and 0/100) and ﬁxed total protein concentration, the interconnectivity of the protein network decreases
with the FN/VN ratio (Fig. 2, a–e). Most importantly, comparing the
protein network formed upon co-adsorption of the two proteins
(Fig. 2, b–d) with the one obtained from sole FN (Fig. 2, f–h), it is
evident that the presence of VN gives rise to a higher amount of
interconnected protein ﬁbrils (as indicated by the arrows in Fig. 2,
b–c, compared to f–g), except when the concentration of VN is the
highest).
AFM images obtained after FN/VN co-adsorption do not allow
distinguishing one protein from the other. However, higher amount
of interconnected protein ﬁbrils was found at the same FN/VN ratios
(Fig. 2, b–c) for which VN promoted FN adsorption (70/30 and
50/50, Fig. 1). It is then reasonable to argue that the this increase
(of protein interconnection) must be a consequence of the higher
amount of adsorbed FN, as it has been shown for pure FN solutions of increasing concentrations [14]. Moreover, given that VN
does not contain any speciﬁc binding domains for FN and other
VN molecules [20], VN is likely to be entrapped within the FN network. VN is a lower molecular weight protein than FN, and the
presence of small VN molecules incorporated inside the FN network during the adsorption process can provide higher ﬂexibility
to the protein network, providing more degrees of freedom [34–38],
and consequently facilitating the mobility of the protein at the
material interface. This higher mobility of the FN molecules might
contribute to a faster dynamics in forming the protein network,
afterwards shown to inﬂuence the cell response. We speculate
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that this faster dynamics of network formation also contributes
to the higher surface accumulation of FN in the presence of VN
(Fig. 1).
3.2. Cell adhesion
Fig. 3 shows representative images of the overall morphology of cells adhering on FN–VN-coated and on FN-coated PEA
surfaces, visualized via staining for actin (ﬁrst and fourth rows,
respectively). Cells presented prominent actin ﬁbers inserting into
well-developed focal adhesion complexes, as depicted in the central rows showing immunostaining for vinculin (Fig. 3, f–j for
FN–VN-coated PEA surfaces and k–m for FN-coated PEA surfaces).
Focal adhesions formation however is lower as the concentration of
FN in solution decreases (Fig. 3, k–m). Although cells adhered well
on PEA surfaces coated with both FN and VN, as previously investigated [15,24], for the same protein concentration, cells adhered
on FN-coated PEA surfaces (Fig. 3, f) showed larger focal adhesion plaques than on VN-coated surfaces (Fig. 3, j). Finally, focal
adhesions formation was similar on surfaces coated with protein solutions (10 g/ml) of intermediate ratios of FN–VN (Fig. 3,
g–i), but more prominent than on surfaces where the FN was
adsorbed from pure FN solutions of equivalent concentration (Fig. 3,
k–m).
According to these results, cell adhesion was enhanced on
surfaces with both higher FN density and more interconnected
material-driven FN ﬁbrils, suggesting that cell response is enhanced
on surfaces on which FN adopts a physiological-like distribution,
i.e., when the formation of a network of FN ﬁbrils takes place
[14,16]. Obviously, ﬁbroblasts recognize faster and with higher
afﬁnity already assembled FN ﬁbrils, since cells showed higher focal
adhesions formation on these surfaces, i.e., where FN was organized
in a protein network, than on VN-coated surfaces. Most importantly, these results show that cell adhesion was further improved
in the presence of VN, where a higher FN density and more interconnected protein ﬁbrils were found.
3.3. Cell-mediated FN reorganization
Fig. 4 shows the cellular organization of FN after 3 h of culture
on FN–VN-coated (a–d) and FN-coated PEA surfaces (e–g). Cells are
able to organize FN in ﬁbrils more actively as the FN surface density diminishes (Fig. 4, a–d and e–g). Since previous investigations
have shown that for cells to remove and reorganize the adsorbed FN
layer in matrix ﬁbrils, the material needs to adsorb proteins loosely
[1,17,18,39], the lower FN density adsorbed and the formation of a
less interconnected network (Figs. 1 and 2) probably facilitate protein reorganization, due to a higher mobility of the protein layer
at the material interface [40]. Moreover, cell-mediated FN reorganization is stronger on FN–VN-coated PEA surfaces compared to
FN-coated PEA surfaces (Fig. 4; compare b–d and e–g): for a speciﬁc FN concentration, cells assemble FN into ﬁbrils much more
actively in the presence of VN, as the arrows indicate in Fig. 4,
despite the FN surface density was higher and the protein network
more interconnected. Since material-driven FN-networks cannot
be reorganized by cells even in the presence of serum proteins
(Fig. 4, a), due to the strong interaction between FN ﬁbrils and the
underlying materials surface [41], this fact supports the idea that
VN is also adsorbed onto the surfaces and facilitates FN reorganization (Fig. 4, b–d) compared to effect of the serum proteins in
the culture medium (Fig. 4, e–g). The presence of VN molecules
trapped within the interconnected protein ﬁbrils must contribute
to increase their mobility, facilitating the cell-mediated reorganization of FN. It should be considered however that at the same time,
ﬁbroblasts start synthesizing their own FN, a process that, anyhow,
is known to occur in dependence of the ability of cells to reorganize

the FN pre-adsorbed at the material interface [23]. Furthermore, VN
molecules adsorbed on PEA surfaces can be recognized by cells and
their binding to cell surface receptors might initiate assembly, as
previously suggested [21]. Hence, the VN adsorbed on this material,
besides enhancing FN adsorption and material-driven ﬁbrillogenesis, might also contribute to the cell-mediated organization of both
adsorbed and secreted FN pools.
The assembly of FN into a ﬁbrillar matrix by cells is a regulated step-wise process that involves binding to integrin receptors
and interactions between FN molecules. In most situations in vivo
matrix assembly occurs within existing three-dimensional (3D)
extracellular matrix networks. Therefore, cell surface receptors
(integrins) of the entire cell surface are activated and, after binding with extracellular matrix proteins, they can trigger different
signaling pathways which might not be equally activated in a
two-dimensional environment [42–45]. Seeking to mimic the reorganization that takes place in vivo, FN reorganization was also
studied on the material-driven FN ﬁbrils after activation of dorsal
␤1 integrins via binding of a monoclonal antibody. We anticipate
that the activation of dorsal integrins might stimulate the reorganization of the adsorbed FN layer, by triggering signaling pathways
and enhancing their afﬁnity of binding to FN [43,46,47]. Moreover,
ﬁbrils of assembled newly-synthesized FN might bind to the dorsal ␤1 integrins in a close proximity to the cell-material interface,
which could initiate FN matrix formation at the dorsal cell surface
(i.e., in 3D).
After 1 h of cell adhesion in serum-free conditions, NIH3T3 cells
were incubated for one more hour with a primary antibody against
␤1 integrins in order to promote the dorsal activation of these
integrins. Afterwards, cells were ﬁxed and (extracellular) FN and
dorsal ␤1 integrins were immunostained without permeabilizing
the cells, in order to visualize only the FN reorganized on the dorsal cell surface. That is to say, we followed the ability of cells to
remove adsorbed FN at the material interface and to assemble it
in a 3D matrix together with the secreted FN. Fig. 5 shows the
cellular organization of FN, in the presence or absence of VN in
the coating, after dorsal ␤1 integrin antibody tagging. Given that
the presence of VN in the protein coating was previously found
to enhance cell-mediated FN reorganization, most actively as the
FN/VN ratio decreases (Fig. 4), a protein coating of 30FN/70VN
was selected for this study. Reorganization on glass control is also
shown, since proteins adsorb loosely on this material and this facilitates cell-mediated reorganization. The ﬁrst column of Fig. 5 shows
FN reorganization on FN-coated glass and PEA substrates in the
presence or absence of VN; when FN is adsorbed without any other
ECM protein and cells are seeded in serum-free conditions, the production of FN and its organization on ﬁbrils on the dorsal cell surface
is almost absent in both glass and PEA substrates. On the other hand,
when FN is co-adsorbed with 70% of VN, reorganization takes place
at the cell edges, but much more actively on glass than on PEA
surface, where it is almost absent. This supports the idea that the
presence of VN enhances FN reorganization, via speciﬁc sites for the
binding of cell surface receptors which might initiate FN assembly
[21]. The higher reorganization of the adsorbed FN on hydrophilic
glass is due to the fact that this substrate binds proteins loosely,
leading to easier and therefore strong cell rearrangement of the
adsorbed protein layer [41,48] (compared to PEA substrate). This
phenomenon does not occur if dorsal ␤1 integrins have not been
previously activated (Figure S1). Most importantly, the FN ﬁbrils
observed on glass substrate co-localize with dorsal ␤1 integrins
(Fig. 5, third column, see inset); this suggests the binding between
the FN ﬁbrils and these activated dorsal integrins. That is to say, that
the antibody tag does not perturb ␤1 integrin functionality by itself.
On PEA substrates, it seems that even if VN provides higher mobility to the material-driven FN network, this is not high enough so as
to trigger a 3D FN matrix reorganization using dorsal receptors.
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Fig. 3. NIH3T3 ﬁbroblasts after 3 h on FN–VN-coated (a–j) and FN-coated (k–p) PEA surfaces. First and fourth rows show F-actin cytoskeleton with nucleus counterstained
with DAPI. The second and third rows show the focal adhesion plaques (vinculin).

Fig. 4. Cell-mediated FN reorganization after 3 h incubation on FN–VN-coated PEA surfaces, in serum-free conditions (a–d) and on FN-coated PEA surfaces in serum-containing
conditions (e-g). Arrows indicate examples of FN ﬁbrils assembled by cells.
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Fig. 5. Cell-mediated FN reorganization after dorsal ␤1 integrins activation on FN and FN–VN-coated substrates (labeled FN on ﬁrst column). ␤1 integrin is shown in the
second column. The third column is the superposition of the other two.

4. Conclusions
This work investigates the role of VN in FN adsorption onto PEA
surfaces, and in the subsequent cell adhesion and FN matrix organization. To do so, FN and VN adsorption, under non-competitive and
competitive conditions, was investigated. On this substrate, where
FN is spontaneously organized into well-developed networks, the
presence of VN enhances FN adsorption. A higher amount of FN
adsorbed onto PEA surfaces is found when FN and VN are competitively adsorbed from mixtures containing as much as 50% VN, and a
more interconnected protein network is formed, compared to solutions containing the same amount of FN and no VN. The presence
of VN during FN adsorption is likely to provide higher mobility to
the protein network, contributing also to enhance cell adhesion and
cell-mediated FN reorganization.
The role of VN in promoting the assembly of a 3D matrix on PEA
and glass surfaces is also investigated. Hydrophilic glass, a surface
that binds proteins loosely, leads to a strong FN reorganization in
the presence of VN, allowing the binding of FN ﬁbrils to antibodytagged dorsal ␤1 integrins. However, on PEA surfaces, where the
FN-substrate interaction is stronger, cell-mediated FN reorganization is lower, preventing the binding of FN ﬁbrils – assembled on
the ventral cell surface – to the dorsal ␤1 .
The ﬁndings of this work are relevant for many in vitro studies,
where cell response is often investigated in the presence of a mixture of serum proteins, whose complex interactions during protein
adsorption have not been fully characterized yet. Indeed, our study
demonstrates that, under certain conditions, a cooperative effect of

VN on FN adsorption occurs. Moreover, this phenomenon is shown
to alter the ability of cells to reorganize the adsorbed proteins and
promote the initial formation of new matrix ﬁbrils, conﬁrming that
the composition of the extracellular ﬂuids contacting a material
surface is a pivotal issue to be taken into account.
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