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Lectin-like ox-LDL receptors (LOX-1) play a crucial role in the ox-LDL–induced pathological
transformation of vessel-wall components, a crucial early step in atherogenesis. LOX-1 dynamics is
quantitatively investigated in human endothelial cells (HUVECs) exposed to environmental
nanotopographies. We demonstrate distinct nanotopography-induced cell phenotypes, characterized by
different morphology, LOX-1 diffusivity and oligomerization state: HUVECs on flat surfaces exhibit the
behavior found in pro-atherogenic conditions, while growth on nanogratings can interfere with LOX-1
dynamics and lead to a behavior characteristic of normal, non-pathological conditions.

A
therosclerosis occurs in large and medium-size arteries where lesions containing lipids, protein and death
cells can form1. The appearance of atherosclerotic plaques in defined spatial regions suggests a local
inclination towards pro-atherosclerotic pathways concomitant to a diffuse activation of anti-atheroscler-

otic pathways2. Oxidized low density lipoproteins (ox-LDLs) are considered among the most effective activators
of the pro-atherosclerotic pathways and were linked to atherogenesis and plaque rupture1,3. In this context, the
endothelial lectin-like ox-LDL receptor (LOX-1) plays a crucial role in the ox-LDL–induced pathological trans-
formation of vessel-wall components, a crucial early step in atherogenesis4,5. A number of investigations have
linked LOX-1 to atherogenesis. It was shown, for instance, that mice lacking LOX-1 against a background of null
LDL receptors exhibit significantly reduced atherosclerotic plaque formation compared to mice harboring LOX-1
in similar background conditions6. By contrast, mice overexpressing LOX-1 against an apolipoprotein E (apoE)-
deficient background exhibit an enhanced atherosclerotic plaque formation7. These observations indicate that
ox-LDL binding to LOX-1 accelerates formation and progression of atherosclerotic plaques.

From a molecular point of view, it is worth noting that well-known chemical stimuli involved in atherogenesis
are also able to regulate LOX-1 expression on the cell membrane8–13. In this context, it has been recently reported
that the LOX-1 dimer is necessary for efficient ox-LDL uptake. Furthermore, the dimerization process is con-
centration-dependent and it does not need ox-LDL stimulation14–16. Thus, LOX-1 is expressed at low concen-
tration and kept monomeric in a normal endothelium, while it is overexpressed and starts to aggregate during
the early stages of atherosclerosis17,18. The recurrent disposition of atherosclerotic plaques (i.e. close to arterial
bifurcations) suggests that their formation results from a highly regulated interplay between homogenously
distributed chemical stimuli (e.g. ox-LDL) and localized pro-atherosclerotic events, as it has been demonstrated
in detail for physical stresses19. Here, cytoskeleton-mediated and integrins-mediated mechanotransduction
clearly emerges as one of the main driving forces in endothelial dysfunction at the earliest steps in atherogen-
esis2,20,21. The effectiveness of mechanotransduction depends on several external regulators, including shear stress,
cell-cell interactions, and cell-matrix interactions19,22–25

In spite of these findings, no one has yet adequately described the correlation between the extracellular matrix
topographic features and atherogenesis onset. Indeed, ECM topography stands as one of the most relevant
modulators of cell physiology and provides a ‘‘non-chemical’’ activation pathway to tune cell functionality/
properties26–28. Accordingly, in this work artificial scaffolds with controlled nano-/micro-topography were
applied to investigate how cell-ECM interactions influence LOX-1 behaviour. More specifically, we report on
LOX-1 receptor dynamics and aggregation on the cell membrane and its interaction with the cytoskeleton and the
extracellular environment in different topographic contexts. Notably we used a GFP-tagged variant of LOX-129
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that can be transiently transfected into human endothelial cells
(HUVECs) and is not activated by external ligands, thus providing
the ideal model to study the sole influence of cytoskeletal factors
and external topography on the receptor mobility and aggregation.
Receptor dynamics was quantitatively investigated by combining
high-resolution fluorescence microscopy, fluorescence correlation
techniques, and micro-/nano-fabrication methodologies. First, we
tested the effects of mechano-topographical stimuli on LOX-1 diffu-
sivity in cells using an original approach that combines advanced
fluorescence correlation techniques30,31 and micro-/nano-fabrica-
tion. Next, we investigated the relation between cellular function/
structure and LOX-1 diffusivity by treating cells with cytoskeleton-
disrupting agents. Finally, we linked our results on LOX-1 diffusion
in various topographic conditions to its oligomerization state in liv-
ing cells based on a fluctuation spectroscopic technique named num-
ber and brightness (N&B) analysis32. Our results clearly demonstrate
the existence of distinct topography-induced endothelial pheno-
types, characterized by different cell morphology, reactive-oxygen-
specie (ROS) production, LOX-1 diffusivity and oligomerization
state. Most importantly, the data allow us to identify peculiar pro-/
anti-atherosclerotic conditions that might take place during athero-
sclerosis onset.

Results
Morphology of HUVECs on nanostructured surfaces. In the first
set of experiments, we studied the morphology of HUVECs on FLAT
and patterned surfaces. In order to determine suitable substrate
geometry for efficient HUVEC mechanotransduction, we initially
assayed nanogratings of three different periods, namely 1 mm (T1),
2 mm (T2) and 4 mm (T4) (see Materials and Methods for definitions
and characteristics). Figure 1 and Suppl. Fig. 2 provide representative
images of HUVECs attached on FLAT, T1, T2 and T4. On FLAT,
cells were found to spread without polarization and showed the
typical star-like shape (Fig. 1 a). By contrast, on patterned sub-
strates they showed polarized morphology, with the cell stretched

along a preferential axis that follows the substrate directionality
(Fig. 1 b and Suppl. Fig. 2 a–b). In order to quantify the polari-
zation on the different employed geometries (Suppl. Fig. 1), we
measured cell spreading (adhesion area), cell elongation (L) and
cell alignment to substrate directionality (Q) (Fig. 2 and Suppl.
Fig. 3). The mean adhesion area of HUVECs on FLAT substrates
is 1600 6 200 mm2, in good agreement with literature data37.
Conversely, HUVECs covered T1 samples with a significantly
reduced area compared to the FLAT surfaces (40%, Suppl. Fig. 3
a). Significantly, on longer-period topographies (T2, T4) cells
showed spreading areas similar to FLAT surfaces (Fig. 2 and
Suppl. Fig. 2 a). As previously stated, HUVECs showed increased
elongation along the pattern direction on T1, T2, and T4, compared
to FLAT values (Suppl. Fig. 3 b and c). Maximum elongation was
detected on the T2 substrates (L5 2.2 6 0.2 compared to L5 1.0 6

0.1 on FLAT, Fig. 2 b) together with optimal alignment to substrate
directionality (Q510.0u60.5u, Fig. 2 c). Taken together, these data
demonstrate that T2 performed best during HUVEC spreading and
contact guidance. For this reason, we selected T2 for the following
experiments, and kept the FLAT as an anisotropic control condition.

We tested how non-physiological conditions associated with specific
cytoskeletal degradation affect the morphology of HUVECs attached
to flat or patterned substrates. First we investigated the effect of micro-
tubule disruption by administrating nocodazole (NCZ). On T2 NCZ-
treated cells showed a reduction in alignment from Q510.0u60.5u
(non-treated cells) to Q516u62u (Suppl. Fig. 4 c), and, in elongation,
from L52.260.2 (non-treated cells) to L51.160.1 (Suppl. Fig. 4 b).
Notably, NCZ-treated cells showed a reduced elongation factor with all
substrates (Suppl. Fig. 4 b). Then, we tested the effect of actin-filament
disruption on polarization. Cytochalasin D-treated cells showed neg-
ligible variations of elongation and alignment, although a detectable
reduction (about 40%) of the adhesion area on both T2 and FLAT
substrates was observed (Suppl. Fig. 3 a). Finally, we tested the con-
tractility depletion effect by treating HUVECs with blebbistatin.
Treated cells showed no significant difference in spreading area on
FLAT or T2 (Fig. 2 (a)). On the other hand, we measured strongly
reduced elongation on T2 surface compared to the physiological state
(Fig. 2 (b)) which led to values comparable to the cell elongation on
FLAT. At the same time we observed reduced alignment between the
cells and the pattern (Fig. 2 (c)).

LOX-1-GFP localization and diffusivity. In a further set of experi-
ments, we investigated how adhesion on FLAT or T2 modulates
localization and single-molecule mobility of LOX-1-GFP. Single-
molecule mobility was assessed by fluorescence correlation spectro-
scopy (FCS) measurements. Average membrane mobility of the
receptor in each point was determined by correlating images of a
temporal stack, according to the time image correlation technique
(tICS)31. Line-scanning FCS was applied to determine the directional
mobility of the receptor between two given points in a segment30.
Additionally, the extent of autocorrelation at each point along the
lines allowed estimating the relative concentration values, since
correlation amplitude and molecular concentration are inversely
proportional38.

Figure 1 c and d shows representative images of HUVECs tran-
siently transfected with GFP-tagged LOX-1 on FLAT and T2 sub-
strates, respectively. LOX-1-GFP distribution is uniform on FLAT.
By contrast, a non-uniform membrane distribution can be clearly
seen on the patterned substrates (further evidence of this effect is also
reported in Suppl. Fig. 2 for other geometries). In particular, ‘ridge’
regions are always characterized by significantly higher fluorescence
intensity compared to ‘groove’ regions, as detected by TIRF and
confocal imaging. Line-scanning FCS allowed attributing the higher
fluorescence to higher LOX-1-GFP concentration on the ridges
(Suppl. Fig. 3). Indeed, correlation amplitudes in grooves were
always higher than on the ridges.

Figure 1 | Effect of topography on HUVEC morphology and LOX-1
spatial distribution. Representative bright field images of HUVECs

adhered on (a) FLAT and (b) nanogratings. Representative TIRFM images

of LOX-1-GFP transfected HUVECs on (c) FLAT and (d) nanogratings.

Scale bar 10 mm. White arrows indicate the substrate directionality.

www.nature.com/scientificreports
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Next, we measured average LOX-1-GFP diffusivity by tICS. By
fitting tICS data to a 2D model of diffusion suitable for membrane
studies39,40, it was found that D50.08160.004 mm2/s on FLAT
(Fig.2 (d)), a value in agreement with those displayed by membrane
proteins of similar size41,42. Remarkably, on T2 we measured an
almost twofold increase in the diffusivity of LOX-1-GFP [D50.143
6 0.006 mm2/s, Fig. 2(d)]. In order to strengthen and support our
analysis, we also performed the same experiment on T1 and T4,
obtaining similar values (Suppl. Fig. 3d).

Upon NCZ treatment, we found D50.124 6 0.006 mm2/s on T2,
and D50.082 6 0.004 mm2/s on FLAT (Suppl. Fig. 3 d). This slight
reduction of diffusivity on T2 substrates compared to the physio-
logical state has no high statistical significance. The same trend was
observed upon Cytochalasin D treatment (D50.124 6 0.007 mm2/s
on T2, and D50.08 6 0.01 mm2/s on FLAT, Suppl. Fig. 3 d). Thus, the
membrane mobility of LOX-1-GFP was found to be unaffected by
microtubule and actin depolymerization both on FLAT and pat-
terned surfaces. Conversely, the mobility of LOX-1-GFP on T2 was
significantly hampered (D50.10 6 0.01 mm2/s, Fig. 2d) by blebbis-
tatin and became statistically indistinguishable from FLAT values
(D50.10 6 0.02 mm2/s, Fig. 2d). This suggests a key role of contract-
ility in the topography-induced modulation of LOX-1-GFP
mobility.

In order to further investigate the influence of patterned substrates
on the membrane mobility of LOX-1-GFP, we adopted the pair
correlation function (pCF) approach to line FCS30,43. Indeed, by ana-
lyzing the spatial correlation of fluorescence fluctuations at a pair
of points in each sample separated by a distance comparable to the
topography period, we were able to probe the single-molecule mobil-
ity and directionality of LOX-1-GFP membrane traffic with respect
to the substrate structure. All experiments were carried out at physio-
logical conditions: a representative pCF measurement is reported in
Fig. 3. For simplicity, we focused on pair correlations along two
directions: perpendicular (blue arrow, Fig. 3a) and parallel (red
arrow, Fig. 3a) to the substrate pattern directionality. For T2, the

pCF calculated at the distance of 1 mm parallel to the substrate direc-
tionality (red curve, Fig. 3b) yields a correlation peak earlier in time
with respect to that calculated orthogonally (blue curve, Fig. 3b). This
indicates that LOX-1-GFP moves faster along ridges and grooves
than across them. This effect was quantified by the mobility ratio
R (ratio between the time of CF peaks relevant to parallel and ortho-
gonal directions to pattern, respectively). For T2, R 5 1.860.8, indi-
cating a significant anisotropy in LOX-1-GFP mobility on patterned
substrates. As a control, the same analysis was repeated on FLAT
(Fig. 3c): the pCFs calculated in two orthogonal directions yielded
correlation maxima with no clear difference in their timing. This
suggests that there is no preferential route taken by LOX-1-GFP in
HUVECs adhered on FLAT. Accordingly, we found a mean mobility
ratio R 5 1.060.3 for FLAT. This result reinforces the idea that LOX-
1-GFP mobility is significantly influenced by the spatial distribution
of ridges and grooves that are present in the patterned surfaces.

LOX-1-GFP aggregation state in living cells. It is by now widely
accepted that LOX-1 homodimerization is needed for ox-LDL
internalization in living cells14, and that its oligomerization state
may be locally regulated by receptor density15. The data presented
so far pointed out detectable differences between LOX-1-GFP
behavior on FLAT as compared with nanogratings. To investigate
whether this may be related to its oligomerization state we performed
the number and brightness analysis (N&B)32 on stacks of fluore-
scence images. The results obtained are displayed in Fig. 4. As a
reference for ‘monomeric’ molecular brightness on the membrane
we transiently transfected HUVECs with a farnesyl-conjugated
GFP39 (Fig. 4 a, central panel). As expected we found a homo-
geneous distribution of the monomer on the membrane (Fig. 4 a,
left panel, points in the green rectangle) with a corresponding
average molecular brightness (emonomer) of 0.06660.003 counts/
molecule/pixel-dwell-time. This value was taken as reference for
analogous measurements on cells transiently transfected with
LOX-1-GFP on FLAT and T2 substrates (Fig. 4e–f and 4h–i).

Figure 2 | Effect of contractility inhibition on HUVECs Morphology and LOX-1 diffusivity on FLAT and T2 substrates. The histograms report

(a) the adhesion area, (b) elongation and (c) alignment of LOX-1 transfected cells, and (d) LOX-1 diffusivity. Experiments were performed with and

without blebbistatin administration. Data are reported as mean 6 standard error of 4 experiments. 275 cells were analyzed. Significant differences

between the population means are reported.

www.nature.com/scientificreports
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In line with the literature, N&B analysis of LOX-1-GFP on FLAT
substrates shows a coexistence of monomers and dimers, resulting in
a mean molecular brightness of 0.10260.008, approximately 1.5
times higher than the monomeric reference value. This result sug-
gests that LOX-1-GFP transfection yields membrane protein con-
centration values above the dimerization threshold (Fig.4 e–f).
Remarkably, a similar analysis demonstrates that the dimeric popu-
lation almost completely disappears when cells are plated on T2
substrates, showing a concomitant increase of the monomeric form
fraction (e50.07060.004, Fig. 4 g–i).

Reactive oxygen specie (ROS) production of HUVECs
on nanostructured surfaces. In order to study the effect of
nanotopography on HUVEC oxidative stress, cytoplasmic ROS
concentration was measured for cells grown on T2 and FLAT.
Using a combination of two dyes and fluorescence microscopy
(TBHP and c-H2DCFDA, see Materials and Methods for details),
oxidative stress could be quantitatively evaluated. Regardless of
the presence of nanopatterning, our substrates did not induce
significant stress in HUVECs. Indeed, ROS concentration on
FLAT was reduced to one-third with respect to the positive control
induced by TBHP. Nonetheless, we found that cells on T2 showed a
marked decrease (44610 %, p , 0.05, Mann–Whitney U test) in
ROS production with respect to cells on the FLAT. This indicates that
the presence of nanopatterning can lead to a less stressful condition
for endothelial cells than standard flat surfaces.

Discussion
There is strong evidence for a role of oxidative stress in all stages of
atherosclerosis44,45. Oxidized low density lipoprotein (ox-LDL), a
marker of oxidative stress, is present in the plasma and in the athero-
sclerotic arteries of patients with atherosclerosis. Ox-LDL leads to

endothelial activation, dysfunction and injury46. Recently, a novel
lectin-like scavenger receptor for ox-LDL (LOX-1) was identified,
primarily in the endothelial vascular smooth muscle, lymphoid cells
(including macrophages) and platelets, which allows the uptake of
ox-LDL and cell activation4,47–49. Also, recent transgenic animal
model studies show that LOX-1 plays a significant role in athero-
sclerotic plaque initiation and progression6,7,50. Administration of
LOX-1 antibodies in cellular and animal models consistently sug-
gests that such intervention inhibits atherosclerosis51. Despite its
important role in the process of atherogenesis, the most effective
means of targeting and disrupting OxLDL-LOX-1 endocytosis
remains elusive. Promisingly, Ishigaki et al showed that LOX-1
expressed ectopically in the liver via adenovirus administration
reduces the levels of circulating OxLDL and inhibits the formation
of atherosclerotic lesions52. Gene therapy with possible genomic
manipulation of scavenger receptor expression by delivery of trans-
genes or by blockade of gene expression was also suggested53. In our
opinion, such complex in vivo approaches can be usefully supported
by in vitro studies, where many molecular details of LOX-1 activity
relevant to pathogenesis (e.g. diffusion, oligomerization state, etc.)
can be isolated and studied in detail at the single-molecule level. To
this aim we expressed a GFP-labeled variant of LOX-1 in live human
endothelial cells and studied its behavior by means of high-
resolution/high sensitivity fluorescence microscopy. This variant of
LOX-1 is unable to bind to ox-LDL although it retains all features of
native LOX-1 and it is therefore the ideal system to visualize the sole
effect of ECM topography on LOX-1-dependent cell dysfunction.

Experimentally, a toolbox of correlation-based techniques was
used to quantitatively address LOX-1-GFP local diffusivity (by
tICS), spatial heterogeneity of flow (by pair-correlation) and oligo-
merization state (by Number and Brightness analysis). At the same
time, by micro-/nano-fabrication methodologies we prepared

Figure 3 | Anisotropic LOX-1 diffusion. (a) Scheme of LOX-1-GFP-transit-time measure where tE is the LOX-1 mean time to cross 1 mm along

the pattern direction and t\ is the same coefficient along the orthogonal one. (b–c) Representative LOX-1 pCF along the two directions (parallel red

curve, perpendicular blue curve) of a single HUVEC cell adhered on (b) T2 and (c) FLAT substrates. The insets represent the two analyzed directions.

www.nature.com/scientificreports
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controlled-pattern substrates allowing investigating different envir-
onmental conditions for cell attachment, spreading, and growth. By
this integrated approach we demonstrated the interplay between cell
spreading/polarization, LOX-1 dynamics/oligomerization state, and
LOX-1 interactions with the cytoskeleton and with the extracellular
environment. In particular, as schematized in Fig. 5, we identified
two distinct conditions: i) when placed in isotropic environments
(cells cultured on flat surfaces) LOX-1 is evenly split into a homo-
dimeric and monomeric form, it is homogenously distributed within
the membrane wherein it diffuses isotropically, and, ii) when in an
anisotropic environment (polarized cells adhered on nanogratings)
LOX-1 shows preferential accumulation in regions of higher adhe-
sion (ridge) and is preferentially locked in its monomeric form
throughout the membrane. The monomeric form of LOX-1 displays
higher diffusivity values that are dependent on contractility and
topography. It is worth mentioning that topography orientation
drives the main orientation of the cytoskeleton components. This
in turn suggests that such ordered cellular structures may play a role

in directing LOX-1 diffusion in membranes. Accordingly, both con-
tractility depletion and flat substrates are able to abolish the observed
anisotropic increase in LOX-1 diffusivity. In this context, a recent
work on the CD36 macrophage scavenger receptor demonstrates the
existence of different diffusive behaviors, such as isotropic diffusion
and linear diffusion, ‘‘guided’’ by cytoskeleton elements. The latter
motion, interestingly, confers a higher effective diffusivity to the
receptor and correlates to its functional aggregation state42.

It is well known that LOX-1 homodimerization is required for
receptor activation and subsequent ox-LDL internalization14. Based
on this and on the results discussed above, the endothelial cells
adhered on flat substrates can be considered more atherogenesis-
prone then endothelial cells adhered on nanogratings (e.g. T2) where
LOX-1 is locked in an inactive form (Fig. 6). In our results, cells with
similar LOX-1 expression levels yield remarkable differences in
LOX-1 aggregation/activation state as a function of the substrate
used. Overall, these results suggest that it is possible to regulate the
LOX-1 oligomerization state (and then its disposition to internalize

Figure 4 | LOX-1 aggregation state. (a–c) Calibration of monomeric GFP brightness using farnesyl-GFP. (a) fluorescence intensity image of a cell

expressing farnesyl-GFP shows widespread distribution of the protein on the membrane (b) Selection of pixels with brightness corresponding to the

monomers (green, B51.066, e50.066) and to the background (blue) (c) brightness vs intensity plot showing the ‘‘green’’ and ‘‘blue’’ selections.

(d–f) Representative N&B analysis of a HUVEC cell on FLAT with LOX-1 in its dimeric form. (d) intensity image (e) Selection of pixels with brightness

corresponding to the dimers (red, B51.12, e50.12) and to background (blue) (f) cumulative results: percentage of cells showing the LOX-1 monomer

(and dimer) on FLAT. (g–i) Representative N&B analysis of a HUVEC cell on T2 with LOX-1 in its monomeric form (g) intensity image (h) Selection of

pixels with brightness corresponding to the monomers (green, B51.07, e50.07) and to the background (blue). Cumulative results: in this case about the

90% of the analyzed cells indicates the presence of the LOX-1 monomer only.

www.nature.com/scientificreports
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ox-LDL) manipulating the cellular environment. Generation of ROS
is inevitable for aerobic organisms54, but healthy cells maintain a
controlled rate of ROS levels. An increase can be correlated to an
alteration of membrane lipids, proteins, and nucleic acids and is also
associated with a wide variety of pathological events including

atherosclerosis55. Basal oxidative stress could be modulated by chem-
ical environment but also by the ECM topography and, in particular,
our results show that T2 nanograting is able to reduce the endothelial
cell oxidative stress. Along this reasoning, the two ideal conditions
tested here (periodic grating vs smooth surface) may be related,
respectively, to the non-atherosclerotic intima, where endothelial
cells are exposed to an ordered mesh of collagen fibers, and to the
aged/atherosclerotic tissue, where the same cells are instead exposed
to a continuous deposition of amorphous substances, such as elastin
and collagen56–58.

We believe that these results should be taken into account for the
rational engineering of stents for cardiovascular surgery. Among the
drawbacks limiting their more widespread use is the long-term
endothelial dysfunction and inability to adapt to growth58. Many
studies demonstrate that topographical features modulate surface
endothelialization and endothelial integration with fluxes37,59. Our
results contribute to this picture by isolating and investigating
the role of nanotopographical modulation on protein activity in
endothelial dysfunction and atherosclerosis.

Methods
Substrate fabrication. Nanogratings (alternating lines of grooves and ridges with
submicrometer lateral dimension) were fabricated by thermal nano imprint
lithography (NIL) as previously described33. Copolymer 2-norbornene ethylene
[cyclic olefin copolymer (COC)] foils (IBIDI. Martinsried, Germany) was selected as
thermoplastic material because of favorable biocompatibility and optical properties34.

The imprinting process comprises 5 steps: (1) the substrate is placed between the
mold and a glass cover slip inside the NIL system; (2) the temperature is raised to
150uC; (3) 50-bar-pressure is applied for 5 min; (4) the system is cooled to 70uC;
(5) finally, the pressure is released. The imprinted foils are removed from the NIL
system, detached from mold and then attached by using silicone glue (RS
Components, Italy) to the bottom of hollowed 35 mm Petri dishes. We produced
nanogratings characterized by periods of 1 mm (T1), 2 mm (T2) and 4 mm (T4), and
depth of 350 nm.

Before each experiment, the substrates were sterilized in ethanol for 15 min, and
then washed twice in PBS and in culture medium.

Cell culture, transfection and treatments. Low-passage human umbilical vein
endothelial cells (HUVECs) were grown in M200 medium supplemented with 2% v/v
fetal bovine serum (FBS), 1 mg/ ml hydrocortisone, 10 ng/ml human epidermal growth
factor (EGF), 3 ng/ml basic fibroblast growth factor (FGF), and 10 mg/ml heparin
(all reagents from Invitrogen, Carlsbad, USA) and maintained at 37uC and 5% CO2.

Cells were seeded at a density of 23104 cells/cm2 and culture medium was replaced
24 hours after seeding to remove residuals. The GFP-tagged variant of LOX-1 was

Figure 6 | Pro-atherogenic and pro-physiological topographical environments. (a) HUVECs on flat surfaces adhere in a not polarized way. In this

condition LOX-1 has a dimeric form and diffuses more slowly in membrane. It is active in ox-LDL binding and internalization, disposing HUVECs to

a proatherogenic condition. (b) HUVECs on nanogratings adhere in a polarized way, showing a stretched and aligned morphology. LOX-1 diffuses

faster and in a contractility-dependent way; furthermore it is blocked in a monomeric form that is considered unable to bind and internalize ox-LDL,

protecting HUVECs against ox-LDL induced atherogenesis.

Figure 5 | ROS production in different topographical condition.
Representative fluorescence images of cells treated with c-H2DCFDA on

FLAT (a) and T2 (b), respectively. Cell contours are shown for clarity.

The white arrow indicates substrate directionality. Scale bar 10 mm.

(c) Normalized average ROS concentration in HUVECs on FLAT and T2.

651 cells were analyzed. Data are reported as mean 6 standard error of

3 experiments.

www.nature.com/scientificreports
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transiently transfected using electroporation (Neon, Digital Bio), according to
manufacturer’s instructions.

For microtubule and actin-filament disassembly experiments, cells were treated
with 50 nM nocodazole (NCZ) and 1 mM cytochalasin D, respectively, for 15 min
before washing with fresh medium and starting the measurements. For contractility
inhibition experiments, cells were treated for 30 min with 50 mM blebbistatin before
washing with fresh medium and starting the measurements (reagents from
Sigma-Aldrich, USA).

Morphology analysis. Images of the basal membrane acquired for tICS analysis (see
below) were also used for morphology analysis. Cell area and orientation angle were
obtained using the ‘‘Area’’ and ‘‘Feret’s diameter’’ tools of ImageJ, respectively.
Adhesion area results were normalized to the FLAT corresponding values. The
substrate directionality angle was subtracted from the cell orientation angle: the range
of possible cell/substrate alignment angles ‘Q’ varied between 0u and 90u. The ‘‘Feret’s
diameter’’ tool also provides the major (‘‘Feret’’) and minor (‘‘MinFeret’’) cell axis
lengths: these values were used to quantify the cell elongation factor ‘L’, defined as
L 5 [(Feret / MinFeret) 2 1].

Reactive-Oxygen-Specie (ROS) detection. HUVECs were treated with 1 mM
carboxy-H2DCFDA (5-(and-6)-carboxy-29,79-dichlorodihydrofluorescein diacetate
) solution (Molecular Probes, Milan, Italy) at 37uC while protected from light. After
30 min the samples were washed in PBS and cell culture medium was added. Ten
images were acquired in bright field and fluorescence by using a Nikon Ti-eclipse
microscope equipped with an immersion-oil 40x objective (NA 1.3). Tert-butyl
hydroperoxide (TBHP, Invitrogen, Milan, Italy) was used for the positive control35.
The fluorescence background was subtracted from each image. At least 100 cells were
analysed per experiment. Single cell profiles were manually traced by using the
bright-field images and the average fluorescence for each ROI was then calculated.
Results were normalized to the fluorescence value measured for FLAT.

Temporal Image Correlation Spectroscopy (tICS) and pair Correlation Function
(pCF) analysis. tICS and pCF measurements were carried out with a Leica AF6000
fluorescence microscope in total internal reflection mode (TIRFM), with a
penetration depth of the evanescent wave of less than 100 nm. Images were acquired
by illuminating the sample with a 488 nm laser while using a 100x (NA 1.47)
oil-immersion objective to collect fluorescence and a cooled EM-CCD Hamamatsu
C1900-13 for recording. For each cell between 800 to 2000 frames were collected with
a frequency of 8 to 12 Hz. tICS was used to quantify the diffusion coefficient (D,
mm2/s) of the protein in each pixel of an image series. For each cell, membrane pixels
were manually selected and autocorrelation functions were calculated using
previously published Matlab code31, which were then fitted in the Matlab
environment. The pair correlation function pCF(n) is a cross-correlation function of
the fluorescence time-trace at two different points that differ by a distance of ‘n’
pixels30. The pCF(n) function at a given pixel distance ‘n’ is given by the following
expression:

pCF nð Þ~G t,drð Þ~ F t,0ð Þ:F tzt,drð Þh i
F t,0ð Þh i F t,drð Þh i {1 ð1Þ

where F(t,n) is the fluorescence intensity at time t at pixel n along the scan line, t is the
time shift and dr is the distance between pixels. In the present experiments the
distance between adjacent pixels is 228 nm. We used the maximum of the pCF(n) to
determine the average time a molecule takes to travel a given distance. This time is
different if there is an obstacle or barrier along the line of measurement. Here we
typically correlate pairs of points at a distance of 1 mm both parallel and perpendicular
to the substrate directionality. By contrast, in the case of the FLAT substrate, these two
directions are arbitrarily chosen with respect to the cell morphology. The pCF peak
positions and heights are estimated by interpolating the correlation curve with a
4-degree polynomial function. The obtained values are then used for the calculation
of the mobility ratio R, defined as:

R~
t\
tE

ð2Þ

where t\ and tE indicate the time position of the pCF(n) peak in the direction
perpendicular and parallel to the substrate directionality, respectively. Thus R51
indicates that molecules need the same time to travel in the two chosen directions (as
expected for isotropic diffusion). Instead, R,1, indicates that molecules move faster
in the direction parallel to the substrate directionality.

Number and Brightness (N&B) analysis. The N&B experiments were carried out
with an Olympus FluoView 1000-ASW-2.0 confocal laser scanning microscope using
a 63x (NA 1.4) planApo oil-immersion objective. The pinhole was set to 1 Airy Unit.
We set the microscope to the pseudo-photon counting mode of data acquisition. In
this mode, the parameters needed for N&B analysis are the detector offset, the factor S
that converts photon counts to digital levels and the readout variance s0

2. For the
analysis of this work, the values of these parameters were calibrated according to the
principles described in Ref. 36. We obtained and used S 5 3.5, s0

2 5 0, and offset 5 0
for all experiments. 256 3 256 images at 12 bits were collected with a pixel dwell time
of 40 ms. A time series of 150 frames with no programmed delay between images was
used to reduce statistical error. Low laser power was chosen to avoid photobleaching.
The N&B analysis was performed using the SimFCS software (www.lfd.uci.edu). To

calibrate the laser power and scanning conditions required for the measurement of
a monomeric protein diffusing within membranes, we measured the brightness of
HUVECs transiently expressing the non-aggregating farnesyl-EGFP adduct
(EGFP-F). These conditions were then used for the LOX-1-GFP experiments.

Statistical analyses. All the values reported are mean 6 standard error of at least 3
independent experiments. In order to test if the observed population of values for
each measured parameter belongs to the same distribution we performed a
Mann–Whitney U test using the GraphPad Prism (GraphPad Software) commercial
software. We reject the null hypothesis if p , 0.05. In these cases, ‘***’, ‘**’, and ‘*’
indicate p,0.001, p,0.01 and p,0.05, respectively.
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