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A B S T R A C T   

Here we present the use of surface nanopatterning of covalently immobilized BMP-2 and integrin selective li
gands to determine the specificity of their interactions in regulating cell adhesion and focal adhesion assembly. 
Gold nanoparticle arrays carrying single BMP-2 dimers are prepared by block-copolymer micellar nano
lithography and azide-functionalized integrin ligands (cyclic-RGD peptides or α5β1 integrin peptidomimetics) are 
immobilized on the surrounding polyethylene glycol alkyne by click chemistry. Compared to BMP-2 added to the 
media, surface immobilized BMP-2 (iBMP-2) favors the spatial segregation of adhesion clusters and enhances 
focal adhesion (FA) size in cells adhering to α5β1 integrin selective ligands. Moreover, iBMP-2 copresented with 
α5β1 integrin ligands induces the recruitment of αvβ3 integrins in FAs. When copresented with RGD, iBMP-2 
induces the assembly of a higher number of FAs, which are not affected by α5β1 integrin blocking. Our dual- 
functionalized platforms offer the possibility to study the crosstalk between integrins and BMP receptors, and 
more in general they could be used to address the spatial regulation of growth factors and adhesion receptors 
crosstalk on biomimetic surfaces.   

1. Introduction 

In mesenchymal tissues, the extracellular matrix (ECM) is a complex 
three-dimensional network consisting of several proteins and glycos
aminoglycans. The ECM not only supports cells by providing an 
appropriate scaffold fundamental for the maintenance of tissue archi
tecture, but also modulates many different processes such as cell 
spreading, growth, migration and differentiation [1–4]. Besides binding 
to each other, ECM glycoproteins also present domains for the binding 
and release of growth factors (GFs), representing a platform for the 
control of GF local concentration and signaling [5]. These complex in
teractions between different molecular components of the ECM are 
further responsible for the physico-chemical guidance of cell responses, 
mainly mediated by receptors present at the cell membrane. How the 
interactions between ECM proteins and GFs are locally regulated and 

participate to adhesion remains largely unexplored, due to the limited 
availability of in vitro systems that allow to analyze these aspects at the 
nanoscale level. 

Cell adhesion to the ECM is mainly mediated by integrins, hetero
dimeric transmembrane receptors which, once activated by the presence 
of ECM ligands, form clusters. Integrins connect the ECM compartment 
with the actin cytoskeleton by recruiting several intracellular molecules, 
giving rise to the formation of anchoring structures: the focal adhesions 
(FAs) [6–9]. The β subunit of integrins has a crucial role for the 
connection and regulation of cytoskeleton during cell adhesion and 
migration [10]. Integrin-mediated adhesions establish the mechanical 
anchoring of cells to the ECM and transmit crucial signals inside the cell 
to regulate survival, proliferation and differentiation [11–15]. Integrin 
activation and downstream signaling is further strengthened by the 
interaction with other cell surface receptors, e.g. GF receptors [16]. The 
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bidirectional crosstalk between integrins and GF receptors is taking 
place at different levels and a robust synergy between receptor tyrosine 
kinases and integrins, involving specific integrin subunits, has been 
identified and characterized in several studies [17–20]. In this scenario, 
an emerging role has been attributed to the serine/threonine kinases 
family of receptors. GFs also modulate the interaction between integrins 
and ECM glycoproteins in the guidance of tissue healing and regenera
tion processes. This aspect becomes particularly important in thera
peutic approaches, e.g. based on metal prothesis replacement or scaffold 
engraftment, where GFs such as Bone morphogenetic protein-2 (BMP-2) 
are frequently used [21,22]. 

BMP-2 belongs to the transforming growth factor-β (TGF-β) super
family and exerts its function by binding to serine/threonine kinases 
receptors, BMPRs (BMPR type I and BMPR type II). Upon binding of 
BMP-2, the activation of the BMPRs takes place, leading to both Smad- 
dependent and Smad-independent BMP-signaling pathways [23]. The 
flexibility of BMP-2 signaling implies that the induction of a specific 
pathway is determined by receptor availability, spatial organization and 
association in complexes on the cell membrane [24,25]. Over the last 
two decades, a growing body of research has shown that BMP-2 impacts 
actin cytoskeleton organization and plays a role in cell adhesion and 
migration [19,26–28] through integrin/BMPR crosstalk. 

Although in vitro studies on cell adhesion have mainly focused on the 
use of recombinant human BMP-2 (rhBMP-2) added in solution, matrix- 
bound approaches were recently developed to reduce the GF concen
trations used and to enhance GF biological activity [29]. These ap
proaches are inspired by the ability of BMP-2 to interact with matrix 
molecules, such as fibronectin, which present integrin binding sites. In 
this way, the localized and spatial regulation of integrin/BMPR crosstalk 
might be favored. The Picart lab has developed a polyelectrolyte 
layer-by-layer approach to present matrix-bound BMP-2 [20]. Further
more, using these platforms, Fourel et al. [19] showed the mutual 
regulation of BMP- and integrin-mediated signaling: only when pre
sented in matrix-bound form, BMP-2 induces adhesion formation in cells 
on soft matrices, overriding impaired cell adhesion mechanics. In turn, 
αvβ3 integrin binding to fibronectin produced by the cells, is not only 
crucial for spreading, but also for BMP-dependent Smad signaling. This 
finding is in contrast with what has been previously reported by Martino 
M et al. [30], on the synergy of α5β1 integrins with GFs, due to the 
proximity of the respective binding sites in engineered fibronectin do
mains. Although it is difficult to identify which integrin is involved in 
the adhesion crosstalk with BMP-2 because these two systems are so 
different, it still emerges that matrix-bound BMP-2 is more effective than 
the soluble one. 

In designing materials for the presentation of matrix-bound BMP-2, 
which allows the study of BMP-integrin crosstalk for cell adhesion, a 
current challenge is to achieve a spatial control over the presentation of 
integrin ligands and BMP-2 molecules to cells, while keeping physical 
proximity of the two activated receptors. So far the copresentation of 
BMP-2 and adhesive ligands has been achieved through micropatterning 
approaches [31]. We have previously shown that the covalent binding of 
rhBMP-2 to a self-assembled monolayer, consisting of an heterobifunc
tional linker which addresses its free amine residues, maintains the GF 
bioactivity [32] and still triggers Smad signaling pathway even when 
used at very low amounts [33]. We have also designed a platform pre
senting immobilized integrin selective ligands to bind and activate α5β1 
and αvβ3 integrins to control cell spreading and assembly of 
integrin-mediated focal adhesions [34]. These integrin ligands are 
peptidomimetic compounds which are highly-selective for specific 
integrins and determine cell adhesion and focal adhesion assembly [35, 
36]. In the present study, we combine these two approaches to achieve 
specificity and spatial control over the co-presentation of BMP-2 and 
selective integrin ligands. Since our purpose is to discriminate the spe
cific contribution of α5β1 or αvβ3 integrins, we probe this aspect by 
respecting the space between integrin ligands required to form adhesion 
sites [37]. With this setup, we control GF surface density at the 

nanoscale while achieving cell adhesion mediated by the specific 
integrin types, and we investigate early cell adhesion and spreading 
regulated by BMP-2. 

2. Results and discussion 

To determine (i) if surface immobilized BMP-2 (iBMP-2) at the 
nanoscale influences cell spreading and focal adhesion assembly, and 
(ii) whether its effects are specific for the integrin subtype bound to the 
surface, cells were cultured on dual-functionalized nanopatterned sur
faces (Fig. 1) presenting iBMP-2 covalently bound to gold nanoparticles 
with defined spacing, and integrin ligands bound to orthogonally 
modified polyethylene glycol (PEG) coating carrying alkyne groups. By 
adapting the dual-functionalized platforms developed by Schenk at al. 
[38], the integrin ligands were bound to the PEG at a surface density of 
0.53 ng/cm2. As integrin ligands, we used α5β1 integrin selective pep
tidomimetic antagonists [36] (Fig. S1A) or cRGDfK (indicated as cRGD) 
ligands (Fig. S1B), which have high affinity for αvβ3 integrins. Synthetic 
integrin selective peptidomimetics bound to substrates have been widely 
used to study integrin-mediated adhesion taking advantage of their high 
selectivity and affinity for specific integrins of interest [34,36,39]. 

We chose a spacing of 50 nm between the single iBMP-2, since we 
previously showed that this is sufficient for triggering an elevated and 
prolonged BMP-mediated signaling in C2C12 cells [33]. The amount of 
BMP-2 corresponds to approximately 1 ng/cm2, as previously charac
terized in Schwab EH et al. [33] by quantification of the surface bound 
molecules using atomic force microscopy. This is significantly less than 
the lowest amount reported in literature so far (31 ng/cm2) [40]. Using 
our chemical immobilization strategy, BMP-2 is covalently bound to a 
bifunctional linker, immobilized on the surface, avoiding a possible 
denaturation of the protein which, instead, could occur when a GF is 
pre-coupled to the linker and immobilized through a single step 
[41–43]. There are also non-covalent binding approaches and, among 
them, the biotin-streptavidin system is one of the most commonly used 
[44]. The lack of site specificity and difficulty in controlling the labeling 
degree might hinder receptor binding and impair BMP-2 biological ac
tivity. Additionally, it does not allow to control the exact number of 
immobilized molecules, an aspect which some researchers have 
attempted to overcome through modifications of the protein (expression 
of his-tag); also in this case a consequent alteration of the biological 
activity is possible [22]. With our setup, although the molecule orien
tation cannot be controlled, its amount is finely regulated when com
bined with surface nanopatterning strategies. 

Cell adhesion and spreading kinetics were determined by time-lapse 
phase contrast microscopy (Fig. 2, and Supplementary Movies 1-6). Over 
a 4 hr-period, due to the protein repellent properties of the PEG coating, 
in absence of integrin ligands (negative control) cells did not adhere to 
the surface, even in presence of BMP-2 (Fig. 2A, panels a–c). When 
integrin ligands were bound to the surface by click chemistry (Fig. 2A, 
panels d–i), cell spreading kinetics was different. Interestingly, the 
spreading area was significantly increased on α5β1 integrin selective li
gands combined with iBMP-2 (Fig. 2B upper plot, blue line), whereas 
addition of the soluble growth factor to the culture media (sBMP-2) did 
not affect spreading and was comparable to the control in absence of 
BMP-2 (Fig. 2B upper plot, red and green lines). On cRGD, cell spreading 
area was slightly reduced in comparison to the one on the α5β1 integrin 
selective ligands (Fig. 2B lower plot), confirming our previous obser
vations [34] and with no statistically significant differences observed 
between sBMP-2 and No BMP-2 treatments (Fig. 2B lower plot, red and 
green lines). Even if the presence of iBMP-2 induced an increase in the 
projected cell area (Fig. 2B lower plot, blue line), which was statistically 
significant when compared to sBMP-2 and No BMP-2 treatments, this 
effect was slower and significantly lower than the one observed with 
α5β1 integrin selective ligands. Taken together, these results suggest that 
the proximity of surface bound α5β1 integrins and BMPRs favors early 
spreading of C2C12 cells on stiff substrates. 
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Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.biomaterials.2020.120484. 

Fourel et al. showed the key role of matrix-bound BMP-2 in the in
duction of β3 integrin-dependent cell spreading [19], thus we next 
evaluated focal adhesion (FA) size and number in C2C12 cells 4 h after 
seeding on the surfaces. Cells were analyzed for the subcellular distri
bution of vinculin, a marker of FA formation [45], using indirect 
immunofluorescence microscopy. Representative cells adhering to the 
different substrates are shown in Fig. 3. 

Since only few cells adhered to surfaces without the integrin ligands 
and vinculin clusters were hardly detectable (Fig. 3a–c) regardless of the 
presence of BMP-2, it was not possible to perform FAs image analysis for 
these samples. For cells adhering to cRGD, the ligand specific for αvβ3 
integrin (Fig. 3d–f), vinculin clusters were present predominately at the 
cell periphery in absence of BMP-2, suggesting that FAs are assembled 
by αvβ3 integrin binding (Fig. 3d). The addition of BMP-2 in culture 
media (Fig. 3e) or the immobilization of BMP-2 onto the surface (Fig. 3f) 
induced formation of peripheral FAs. Additionally, more central and 
elongated vinculin-enriched adhesions were observed. When α5β1 
integrin selective ligands were immobilized on the surface, all cells 

displayed vinculin clusters (Fig. 3g–i). However, the distribution of the 
adhesion sites depended on the mode of presentation of BMP-2. Indeed 
small punctate vinculin clusters appeared distributed all over the ventral 
side of cells in absence of BMP-2 (Fig. 3g) or upon BMP-2 addition in 
solution (Fig. 3h). The presentation of α5β1 integrin selective ligands 
together with iBMP-2 induced the strengthening of β1 integrin con
taining adhesion sites by forming more elongated peripheral vinculin 
clusters (Fig. 3i). 

A quantitative analysis of FAs [46] revealed that the total area 
covered by FAs for each cell was significantly greater for cells adhering 
to substrates presenting iBMP-2 functionalized with either cRGD or α5β1 
integrin selective ligand, in comparison to the samples without the 
growth factor or with sBMP-2 (Fig. 3j). Nevertheless, a low number of 
FAs per cell was observed only for cells adhering to surfaces with α5β1 
ligand and iBMP-2 (Fig. 3k), supporting the conclusion that vinculin was 
organized in large clusters, resembling more mature FAs. This was also 
confirmed by the analysis of FA length (Fig. 3l), which was higher for 
cells on the surfaces presenting α5β1 integrin ligands compared to cRGD 
functionalized surfaces. Thus, the ligand type impacts FA number and 
size: the number is increased when αvβ3 integrin can also bind to the 

Fig. 1. Experimental set-up for the prep
aration of nanopatterned surfaces pre
senting integrin ligands and immobilized 
BMP-2. Gold nanoparticle arrays, having a 
8–10 nm size and placed at an interparticle 
distance of 50 nm, are produced by BCMN. 
The space between the nanoparticles is 
covered with a layer of 99:1 PEG2000 and 
PEG3000 carrying alkyne end groups (in 
red). PEG-alkyne are then functionalized 
with an azide-containing peptide via click 
reaction (in light green). Gold nanoparticles 
are functionalized with the heterobifunc
tional linker MU-NHS (magenta line) and 
subsequently with rhBMP-2 (dimer in blue). 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the Web version of this article.)   
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Fig. 2. Cell spreading kinetics on nano
patterned surfaces functionalized with 
integrin ligands and treated or not with 
BMP-2. (A) Representative phase contrast 
images of C2C12 cells 4 h after seeding on 
nanostructured glass surfaces used as control 
(a,b,c) or functionalized with cRGD adhesive 
ligand (d,e,f) or α5β1 integrin selective 
ligand (g,h,i). C2C12 cells seeded without 
BMP-2 (a,d,g), with BMP-2 added to the 
media (b,e,h) or exposed to BMP-2 immo
bilized on the surfaces (c,f,i). Scale bar: 100 
μm. Insets: magnification of selected areas. 
(B) Progression of projected cell area of 
C2C12 cells during spreading on nano
patterned surfaces functionalized with α5β1 
integrin selective ligand (upper plot) and 
surfaces containing cRGD adhesive ligand 
(lower plot) exposed to iBMP-2 (blue), 
sBMP-2 (red) or No BMP-2 (green). Cells 
seem to cover greater areas on surfaces 
presenting the α5β1 integrin selective ligand; 
this effect of the ligand is further supported 
by the presence of iBMP-2 on the surfaces. 
For cell spreading analyses, 15 cells were 
analyzed per condition. Error bars indicate 
the standard deviation (SD) from the mean 
of 3 independent repeats. ***p < 0.001 and 
****p < 0.0001. Data are analyzed by two- 
way ANOVA followed by post hoc Tukey’s 
multiple comparisons test. . (For interpreta
tion of the references to color in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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Fig. 3. FA formation in cells adhering to nanopatterned surfaces functionalized with either cRGD or α5β1 integrin selective ligands in presence or in 
absence of BMP-2. Indirect immunofluorescence staining of vinculin (green) and nuclei (blue) in C2C12 cells (upper panel). Cells adhering for 4 h to nanostructured 
glass surfaces without the adhesive ligands are used as control (a–c); to promote cell adhesion, surfaces were functionalized with cRGD adhesive ligand (d–f) or with 
α5β1 integrin selective ligand (g–i). C2C12 cells were seeded without BMP-2 (a,d,g), exposed to 5.6 ng of BMP-2 covalently immobilized on the surfaces (c,f,i), or 
seeded in the presence of the corresponding amount of BMP-2 in cell culture medium (b,e,h). Cells adhering to the selective α5β1 integrin ligands with iBMP-2 (i) 
show evident vinculin clusters. Scale bar: 10 μm. Analysis of total area covered by FAs per cell (j), number of total FAs per cell (k) and their major axis (l). iBMP-2 
enhances FA size in cells adhering to α5β1 integrin selective ligands. Each graph represents means ± SD of 15 cells imaged for each treatment in 3 independent 
repeats. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001; ns, not significant. Data are analyzed by one-way ANOVA followed by post hoc Bonferroni’s 
multiple comparisons test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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surface, whereas the size is increased only for cells which bind to the 
surface via α5β1 integrin. This might be due to the inability of β1 integrins 
to translocate and form fibrillar adhesion and participate in fibronectin 
matrix organization. The presence of BMP-2, both when immobilized or 
added to the media, increases FA length and causes a decrease in the 
number of FAs only if copresented with α5β1 integrin ligands. 

Different integrin types and their clustering are central for driving FA 
formation and determining cell adhesion and spreading [47]. We next 
determined whether the observed effects in FA size might be due to a 
different recruitment of integrin subtypes and cluster organization in 
presence of BMP-2. The localization of β1 and β3 integrin subunits in cells 
seeded for 4 h on the different surfaces was detected by indirect 
immunofluorescence microscopy. For β1 integrin localization (Fig. 4), 
few clusters were present mainly towards the center of cells adhering to 
all cRGD-functionalized samples, regardless of the presence of BMP-2 
(Fig. 4, panels a–f). When adhering to α5β1 integrin selective ligands 
in absence of BMP-2, cells did not assemble β1 integrin clusters at the 
periphery, whereas few β1 integrin-enriched elongated structures were 
present in the center (Fig. 4, panels g, j). In contrast, cells cultured on 
these substrates and exposed to either sBMP-2 (Fig. 4, panels h,k) or 
iBMP-2 (Fig. 4, panels i,l) developed at their periphery pronounced β1 
integrin clusters which were aligned with actin stress fibers. These ob
servations were corroborated by the quantitative analysis of β1 subunits: 
the total area covered by β1 integrin clusters for each cell (Fig. 4m) and 
the number of clusters per cell (Fig. 4n) were both significantly higher 
for cells adhering to substrates presenting α5β1 integrin selective ligand, 
in comparison to the samples containing cRGD. No statistical differences 
have been observed when comparing the effect of sBMP-2 with iBMP-2 
on cells adhering to either type of integrin ligand (Fig. 4m–o). Consid
ering the length of the major axis (Fig. 4o), although the values were 
comparable among the different functionalized surfaces, a statistically 
significant difference was observed between the samples without BMP-2 
and iBMP-2. Cells adhering to α5β1 ligand in presence of iBMP-2 formed 
elongated β1 integrin-enriched clusters, which resembled fibrillar ad
hesions [48]. 

It has been recently shown [49] that upon initial engagement of α5β1 
integrins on the selective ligands, a rapid co-recruitment of αvβ3 integ
rins takes place to stabilize the assembly of FAs. To determine whether 
the presence of BMP-2, either added to the media or immobilized on the 
surface, might facilitate this process, we next analyzed the localization 
of β3 integrin subunit in cells seeded for 4 h on the different surfaces 
(Fig. 5). As expected, larger peripheral β3 integrin clusters were present 
in cells adhering to surfaces functionalized with cRGD (Fig. 5, panels 
a–f) in comparison to cells adhering to α5β1 integrin selective ligands 
(Fig. 5, panels g–l). This was confirmed by the quantitative analysis of β3 
integrin clusters that showed a statistical significance between the sur
faces presenting the two different adhesive ligands used (Fig. 5, panels 
m,n). The assembly of larger peripheral β3 integrin clusters is in agree
ment with our previous findings with human osteosarcoma cells (U2OS) 
seeded on nanopatterned surfaces functionalized with α5β1 and αvβ3 
integrin selective ligands [34]. Moreover β3 integrin clusters were more 
numerous and covered larger areas in cells treated with BMP-2 (Fig. 5, 
panels b–c, e-f) when compared to the control (Fig. 5, panels a,d), 
confirming the data shown in Fig. 3, although a statistically significant 
difference was observed only comparing iBMP-2 with samples without 
BMP-2 and sBMP-2 respectively (Fig. 5, panels m,n). 

Interestingly, cells adhering to α5β1 integrin selective ligands did not 
assemble any β3 integrin clusters in absence of BMP-2 or when the 
growth factor was added to the culture media (Fig. 5, panels g,h,j,k). In 
contrast, in presence of iBMP-2, peripheral clusters could be observed 
(Fig. 5, panels i,l), their area (Fig. 5m) and number (Fig. 5n) were 
significantly higher than the ones measured for the samples in absence 
of BMP-2 or in presence of its soluble form, suggesting that the proximity 
of bound β1 integrins and BMPRs facilitates the recruitment of non- 
bound β3 integrins at FAs. It should be noted that the 4 h seeding time 
in 1% serum conditions, which was preceded by a 5 h starvation period, 

and the presence of the PEG passivating layer hinder the secretion and 
deposition of additional matrix proteins by cells. 

Taken together these results indicate that BMP-2, either added to the 
culture media or immobilized on the surface, induces the assembly of 
peripheral β1 integrin clusters when this integrin subunit is engaged in 
binding to its ligands. Moreover, for cells adhering to α5β1 integrin li
gands, the presence of iBMP-2 but not sBMP-2, induces the assembly of 
large β3 integrin clusters, overcoming the selectivity imposed by α5β1 
ligand, which alone is not sufficient to induce any change in β3 
localization. 

To further investigate integrin localization in presence of surface- 
bound BMP-2, we performed receptor blocking experiments (Fig. S2, 
Figs. 6 and 7). Prior to seeding, cells in suspension were incubated with 
the soluble form of peptidomimetic integrin ligands (Fig. S1C and D) 
which are able to selectively bind either to α5β1 or αvβ3 integrins 
respectively [36]. The peptidomimetic αvβ3 integrin ligand has a IC50 
(αvβ3) of 0.55 ± 0.07 nM which is much higher than the one of cRGD 
binding to the same integrin type (for ligand structure please see Fig. 
S1D) [36,39]. With the selective integrin blocking approach the ligand 
binding sites on integrins are occupied, although the receptors are still 
localized at the cell membrane and are possibly recruited at FAs in a 
ligand-independent way. Because of the rapid propensity of C2C12 cells 
to renew the integrin receptors at the cell membrane, resulting in loss of 
the blocking effect at 4 h (data not shown), cell adhesion and FA as
sembly were analyzed 2 h after seeding. Surfaces coated with fibronectin 
and vitronectin served as control for blocking efficiency of α5β1 or αvβ3 
integrins respectively (Fig.S2A). 

The cRGD peptide has high affinity for αvβ3 integrin [50], and to a 
lesser extent also α5β1 integrins can bind to it [51], but it is not a se
lective integrin ligand. Therefore, we could still observe adhesion after 
selective blocking of αvβ3 integrins (Fig.S2B upper row). Thus, in pres
ence of the αvβ3 integrin antagonist, cells seeded on the cRGD func
tionalized surfaces could still engage α5β1 integrin receptors, but a lower 
number of cells was able to adhere and spread. On cRGD surfaces, 
blocking of αvβ3 integrins affected cell adhesion and spreading for the 
different experimental conditions. In particular, more cells adhered after 
blocking of β3 integrins only in presence of iBMP-2, supporting the 
findings shown in Figs. 3–5. The number of adherent cells was higher, 
although still not comparable to the number of cells on surfaces func
tionalized with α5β1 integrin selective ligands. In contrast, following 
αvβ3 integrin blocking, cell spreading was not affected on surfaces pre
senting α5β1 ligand, regardless of the presence of BMP-2 (Fig.S2B lower 
row). 

To evaluate FA assembly, we performed vinculin and actin stress 
fiber labeling of C2C12 cells following αvβ3 integrin blocking (Fig. 6, 
panels a–f). On cRGD functionalized surfaces, cell spreading was 
reduced in comparison to cells which were not preincubated with the 
peptide (as shown in Fig. 3). The localization of vinculin in peripheral 
FAs was less pronounced in cells adhering to surfaces in absence of BMP- 
2 or in presence of sBMP-2 (Fig. 6, panels a and b), when compared to 
cells exposed to iBMP-2 (Fig. 6c). This observation was corroborated by 
the quantification of the total area covered by vinculin clusters (Fig. 6g) 
and their number (Fig. 6h), revealing a significant impact associated to 
the presence of iBMP-2. This feature was also evident in cells cultured on 
surfaces presenting the α5β1 ligand (Fig. 6, panels d–f) and in particular 
when exposed to iBMP-2 (Fig. 6, panels e and f, g and h). The presence of 
the growth factor, presented in the immobilized form on the surfaces, 
favored clustering of vinculin in FAs coupled to actin stress fibers. 

To determine whether α5β1 integrin subunit was responsible for FA 
assembly compensating for the blocking of αvβ3 integrins, we did a co- 
staining for β1 integrins (Fig. 7, panels a–f). Cells adhering to cRGD 
surfaces showed poor localization of β1 integrins in FAs in all the three 
different conditions, regardless of the presence of BMP-2 (Fig. 7, panels 
a–c). Nonetheless, β1 integrin cluster quantification showed a statisti
cally significant increase in the total area covered by integrin clusters 
and in their number in the case of iBMP-2 compared to cells cultured 
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without the growth factor or in presence of its soluble form (Fig. 7, 
panels g,h). In contrast, when plated on surfaces functionalized with the 
α5β1 integrin ligand, cells formed defined β1 integrin clusters (Fig. 7, 
panels d–f). When iBMP-2 was present, β1 integrin clusters covered 
larger areas and were more numerous in comparison to control or sBMP- 
2 (Fig. 7, panels f,g,h). Thus, iBMP-2, when co-presented with α5β1 
integrin selective ligands, enhances α5β1 integrin binding and induces 
the formation of β1-rich adhesions supporting cell spreading. 

In summary, the selective blocking of αvβ3 integrins impairs but not 
prevents adhesion and spreading on cRGD and α5β1 integrin ligands by 
affecting actin stress fibers formation and vinculin localization. At the 
same time, it has an impact on the localization and clustering of β1 
integrins, however iBMP-2 can still support and enhance FA assembly 
when cell adhesion is mediated only by α5β1 integrins. 

We next performed integrin blocking experiments using peptidomi
metic ligands which selectively bind to α5β1 integrins (Fig. S2C and 
Fig. 8). Cells seeded on surfaces functionalized with cRGD could still 
adhere and spread, whereas cells on surfaces presenting the α5β1 integrin 
selective ligands adhered weakly 2 h after seeding, resulting in complete 
removal of them following gentle rinsing (Fig. S2C). Therefore it was not 
possible to perform indirect immunofluorescence staining of these 
samples. Following α5β1 integrin blocking, cells adhering to cRGD 
assembled defined vinculin and β3 integrin clusters (Fig. 8a–f). In 
absence of BMP-2 or when BMP-2 was added to the media (Fig. 8a,b and 
d,e), the clusters were localized radially and were small in size. Cells 
seeded on cRGD co-presented with iBMP-2 (Fig. 8c and f) were more 
spread and elongated vinculin clusters were present at the cell periph
ery, localized at the end of robust actin stress fibers. These clusters were 
enriched with β3 integrins which colocalized with vinculin. The number 
of vinculin clusters, when iBMP-2 was present, was statistically higher if 
compared to both control (no BMP-2) and sBMP-2 leading to a greater 
area covered by FAs (Fig. 8g and h). Looking at β3 integrin clusters 
quantification (Fig. 8j,k), a trend similar to the one of vinculin clusters 
can be observed, although a significant effect on the number of clusters 
was not visible, probably because it was the localization of the clusters in 
the cells that substantially varied. Moreover, it seems that sBMP-2 needs 
a functional α5β1 to determine a higher formation of β3 clusters, whereas 
iBMP-2 does not, since it was comparable to the absence of BMP-2. 

3. Conclusion 

In the present study we applied surface nanopatterning of GFs at a 
controlled surface density to determine the adhesive crosstalk between 
α5β1 and αvβ3 integrins in the regulation of FA assembly. Compared to 
other studies, which mainly focus on BMP-mediated signaling and long 
term responses [52,53], with our approach based on the nanoscale 
spatio-chemical control of the engagement of adhesion receptors, we 
target BMP-mediated regulation of early cell adhesion. By using a 
similar immobilization strategy, applied to another GF belonging to the 
BMPs family, namely BMP-6, in our recent study [54] we reported how 
this member of the bone morphogenetic protein family enhances 
adhesion and signaling responses when copresented with cRGD ligands. 
In the present work, our approach based on the surface co-presentation 
of iBMP-2 and α5β1 integrin selective ligands, allows us to unravel new 
functions of bone morphogenetic proteins in regulating spatial 

segregation of adhesion clusters and FA size mediated by specific 
integrin types. An intriguing aspect to be addressed in future studies is 
the mechanisms underlying the secondary recruitment of αvβ3 integrins 
in FAs induced by iBMP-2 and α5β1 integrin selective ligands, helping in 
sustaining forces [55]. It shall be further considered that the assembly of 
β1 integrin clusters might be favored by the combination of GF presen
tation and stiff environment, whereas soft matrices might enhance the 
physical interactions between αvβ3 integrins and BMP-2 receptors [19]. 

Our study provides important biological insights for a better un
derstanding of how cell adhesion to the ECM can be locally regulated by 
biomimetic surfaces. This is a crucial aspect for the maintenance of cell 
architecture and the control of cell functions. Indeed, a key role of 
spatial receptor regulation is gaining more importance, for example it 
has been recently shown [56] that Smad activation and gene expression 
are facilitated and amplified when a spatial regulation of TGFβ receptors 
is determined by ligand-induced increased presentation at the cell 
surface. 

The use of block copolymer micellar nanolithography to pattern 
growth factor and the copresentation with adhesive ligands can be 
further applied to perform quantitative analysis of receptor crosstalk in 
cells at unprecedented resolution to understand the local triggers for 
adhesion turnover. Furthermore, our findings may inspire the design of 
biomaterials to promote adhesion, based on the local and sustained 
presentation of GFs, while maintaining their biological activity. The 
deepening in the understanding of these mechanisms could support new 
therapeutic approaches which control the interaction of GFs with arti
ficial materials, e.g. scaffolds and prostheses, leading to an improved 
tissue regeneration. 

4. Experimental section 

Surface nanopatterning and functionalization. Block copolymer 
micellar nanolithography (BCMN) was used for the preparation of sur
faces, as previously reported [57,58]. Surfaces were spin-coated with a 
monolayer of polystyrene block-poly[2-vinylpyridine(HAuCl4)] diblock 
copolymer micelles in toluene. Based on our previous work [33], an 
interparticle distance of 50 nm was chosen. To prevent unspecific pro
tein adhesion on the glass between the gold nanoparticles and to cova
lently bind peptides carrying an azide group, a mixture of two different 
types of polyethylene glycol molecules was used (PEG silane MW 2000 
and Alkyne-PEG MW 3000, at a ratio of 99:1). The surfaces were then 
functionalized with integrin ligands, namely cRGDfK (cRGD) (Peptides 
International Inc, Louisville, Kentucky, USA) and α5β1 integrin selective 
ligand which carry an azide function (Fig. S1) to bind to the alkyne end 
groups of the PEG 3000. The reaction took place during an incubation 
time of 2 h, in a humid chamber, at RT. Using the MU-NHS hetero
bifunctional linker, BMP-2 was immobilized on gold nanoparticles as 
previously described [32]. Carrier-free recombinant human BMP-2 
expressed in E. coli (355 BEC/CF, R&D Systems) was used. Prior to ex
periments the gold nanoparticles array was characterized by scanning 
electron microscopy (SEM). The interparticle distance and the order 
parameter of the hexagonal patterns were analyzed by using a ImageJ 
plugin. 

Cell Culture. Mouse myoblast C2C12 cells (ATCC CRL 1772) were 
used in this study because they do not produce endogenous BMP-2. Cells 

Fig. 4. BMP-2 induces clustering of β1 integrin subunits at cell periphery when α5β1 integrin selective ligands are present. Fluorescence microscopy images 
of C2C12 cells 4 h after seeding showing the localization of β1 integrin subunits. Upper panel: cells adhering on cRGD adhesive ligands (a–f); lower panel: cells 
adhering on α5β1 integrin selective ligand (g–l) immobilized on the surface by click chemistry. For each panel, upper row: lookup table displaying the localization of 
β1, the color bar on the right reflects the range of pixel intensities from red (lower) to yellow (higher) (a-c,g-i); lower row: cells co-stained for β1 integrin (cyan), actin 
(red) and nuclei (blue). Left: control cells without BMP-2 treatment (a,d,g,j). Middle: C2C12 cells treated with BMP-2 added to the media (b,e,h,k). Right: cells 
exposed to iBMP-2 (c,f,i,l). Scale bar: 10 μm. Analysis of total area covered by β1 integrin clusters per cell (m), number of total clusters per cell (n) and their major axis 
(o). β1 integrin clusters are greater and more numerous in cells adhering to α5β1 integrin selective ligands. Each graph represents means ± SD of 15 cells imaged for 
each treatment in 3 independent repeats. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001; ns, not significant. Data are analyzed by one-way ANOVA 
followed by post hoc Bonferroni’s multiple comparisons test. (R#2, C13). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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Fig. 5. The copresentation of α5β1 integrin ligands and iBMP-2 enhances the recruitment of β3 integrin subunits in FAs. Indirect immunofluorescence 
staining in C2C12 cells 4 h after seeding. Upper panel: cells adhering to cRGD adhesive ligand (a–f); lower panel: cells adhering on α5β1 integrin selective ligand (g–l). 
For each panel, upper row: lookup table displaying the localization of β3, the color bar on the right reflects the range of pixel intensities from red (lower) to yellow 
(higher) (a-c,g-i); lower row: immunofluorescence staining of β3 integrin (cyan), actin (red) and nuclei (blue). Left: control cells without BMP-2 treatment (a,d,g,j). 
Middle: C2C12 cells treated with BMP-2 added to the media (b,e,h,k). Right: cells exposed to iBMP-2 (c,f,i,l). Scale bar: 10 μm. In the graphs, analysis of total area 
covered by β3 integrin clusters per cell (m), number of total clusters per cell (n) and their major axis (o). Each graph represents means ± SD of 15 cells imaged for 
each treatment in 3 independent repeats. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001; ns, not significant. Data are analyzed by one-way ANOVA 
followed by post hoc Bonferroni’s multiple comparisons test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 6. αvβ3 integrin is dispensable for iBMP-2-mediated effects on FA assembly. Fluorescent micrographs of representative C2C12 cells 2 h after seeding in αvβ3 
integrin blocking experiments and their quantification. Immunofluorescence staining of vinculin (green), actin (red) and nuclei (blue). Upper row: cells adhering on 
cRGD adhesive ligand (a–c); lower row: cells adhering on α5β1 integrin selective ligand (d–f). Left: control cells without BMP-2 treatment (a,d). Middle: C2C12 cells 
treated with BMP-2 added to the media (b,e). Right: cells exposed to iBMP-2 (c,f). Scale bar: 10 μm. In the graphs, analysis of total area covered by vinculin clusters 
per cell (g), number of total clusters per cell (h) and their major axis (i). iBMP-2 enhances FA size and number in cells adhering to α5β1 integrin selective ligands. Each 
graph represents means ± SD of 15 cells imaged for each treatment in 3 independent repeats. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001; ns, not 
significant. Data are analyzed by one-way ANOVA followed by post hoc Bonferroni’s multiple comparisons test. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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were cultured in D-MEM (Thermo Fisher Scientific) supplemented with 
10% fetal bovine serum (FBS), 100 U/ml penicillin-G and 100 μg/ml 
streptomycin (Thermo Fisher Scientific) as sub-confluent monolayer, at 
37 ◦C and 5% CO2. The medium was renewed every 3 days. Upon 
reaching 70–80% confluence, cells were serum starved for 5 h, and then 
detached with 0.05% Trypsin/EDTA (Thermo Fisher Scientific). C2C12 
cells, with a number of passages lower than nine, were seeded on the 

nanopatterned surfaces at density of 20 × 103 cells/cm2 in D-MEM 
supplemented with 1% FBS. For time lapse phase contrast microscopy, 
cells were maintained in a temperature controlled chamber with 5% of 
CO2; one image was acquired every 5 min with a 20x objective for a 
period of 4 h. 

Integrin blocking experiments. C2C12 cells were resuspended in D- 
MEM supplemented with 1% FBS and 1% BSA at cell density of 1 × 106 

Fig. 7. Fluorescent micrographs of representative C2C12 cells after αvβ3 integrin blocking and their quantification. Indirect immunofluorescence staining in 
C2C12 cells 2 h after seeding on nanopatterned surfaces functionalized with cRGD adhesive ligand (a–c) or α5β1 integrin selective ligand (d–f). Cells co-stained for β3 
integrin (cyan) and nuclei (blue). Left: control cells without BMP-2 treatment (a and d). Middle: C2C12 cells treated with BMP-2 added to the media (b and e). Right: 
cells exposed to iBMP-2 (c and f). Scale bar: 10 μm. In the graphs, analysis of total area covered by β1 integrin clusters per cell (g), number of total clusters per cell (h) 
and their major axis (i). iBMP-2, coupled with α5β1 integrin selective ligands, induces β1 clustering. Each graph represents means ± SD of 15 cells imaged for each 
treatment in 3 independent repeats. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001; ns, not significant. Data are analyzed by one-way ANOVA followed by 
post hoc Bonferroni’s multiple comparisons test). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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cells/ml. Then cells were incubated on ice for 1 h in presence of azide- 
free ligands [36] (10 μM) added to the medium, using 75 μl of the 
azide-free ligand for each 100 μl of cell suspension. Cells were then 
seeded on the surfaces functionalized or not with cRGD or α5β1 integrin 
selective ligand. Fibronectin and vitronectin served as control; these 
ECM proteins were from Sigma Aldrich, St. Louis, MO, USA (F1141 and 
V8379). After 2 h the samples were gently rinsed with PBS for removing 
non-adherent cells and then fixed and stained for microscopy analysis. 

Indirect Immunofluorescence, microscopy image acquisition and analysis. 
C2C12 cells were starved for 5 h, then seeded at a density of 20 × 103 

cells/cm2 on surfaces prepared as previously described and cultured in 
1% FBS D-MEM. At the indicated time points, cells were fixed with 4% 
(PFA)/PBS for 15 min. After washing twice with PBS, cell per
meabilization was performed in 0.1% TRITON-X 100 in PBS, then 
blocking was achieved by incubating the samples in 1% BSA in PBS for 1 
h. The samples were incubated with the following antibodies: Vinculin, 
β3, β1. Anti-vinculin antibody was from Sigma Aldrich (V9131), anti- 
integrin β1 was from BD Biosciences (550531), anti-integrin β3 was 
from Emfret Analytics (M03-0 Clone LucA5). After washing, the bound 
antibody was detected using fluorescently labeled anti-mouse Alexa 
fluor 488 or anti-rat Alexa fluor 647 secondary antibodies from Thermo 
Fisher Scientific (A-11001 and A-21247); cytoskeleton was counter
stained with phalloidin-TRITC (P1951, Sigma Aldrich). A DeltaVision 
(DV) microscope (Applied Precision Inc., Canada; data processing 
controlled by Resolve 3D (Applied Precision Inc., USA)) was used to 
image cells. The images were adjusted in brightness and color with 
ImageJ software (Research Services Branch, Image Analysis Software 
Version 1.53a, NIH, Bethesda, MD, USA). The FA quantitative analysis 
was performed by using a protocol described in U. Horzum U et al. [46]. 

Statistical analysis. Statistical analysis was carried out for 45 cells per 
condition (for each condition, 15 cells were analyzed and each experi
ment was repeated three times). All plotted data show mean values with 
standard deviations calculated from three independent experiments. 
Statistical calculations were performed using GraphPad Prism version 
7.0d for Mac OS X (GraphPad Software, La Jolla California USA, www. 
graphpad.com). The results were considered statistically significant for 
p < 0.05. 
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