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A B S T R A C T   

Endothelial cells play a central role in the vascular system, where their function is tightly regulated by both cell- 
extracellular matrix (e.g., via integrins) and cell–cell interactions (e.g., via cadherins). In this study, we incor-
porated cholesterol-modified integrin and N-cadherin peptide binding ligands in fluid supported lipid bilayers. 
Human umbilical vein endothelial cell adhesion, spreading and vinculin localization in these cells were 
dependent on ligand density. One composition led to observe a higher extent of cell spreading, where cells 
exhibited extensive lamellipodia formation and a qualitatively more distinct N-cadherin localization at the cell 
periphery, which is indicative of N-cadherin clustering and a mimic of cell–cell contact formation. The results can 
be used to reconstitute the endothelial-pericyte interface on biomedical devices and materials.   

1. Introduction 

Endothelial cells form the linings of the blood vessels, where their 
interactions with the extracellular matrix (i.e., basal lamina, targeting 
integrins) as well as with neighboring cells (i.e., cell–cell interactions, 
targeting cadherins) are critical for blood vessel development and 
stabilization.1–5 In this process, heterotypic cell–cell contacts that are 
formed with pericytes, across their shared basal lamina, are important 
for blood vessel stabilization and function, and are known to be medi-
ated by neural (N)-Cadherin.1,5–9 Therefore, it is interesting to mimic 
endothelial cell-pericyte interactions through targeting N-Cadherin on 
endothelial cells in the development of cell-instructive biointerfaces for 
biomedical applications,10 such as e.g. stent endothelialization. 

Supported lipid bilayers (SLBs) are excellent platforms to target 
cadherins and to study cell–cell junction formation in relation to SLB 
fluidity,11–14 where only a few studies concerned guiding tissue type 
specific cell response on these platforms.15,16 These studies relied on 
attaching large protein constructs, such as the extracellular domain of E- 
cadherin or N-Cadherin, to SLBs.11–17 Furthermore, as reviewed in detail 
elsewhere,18,19 SLBs have also been exploited to target integrins, which 
was usually achieved with short, Arg-Gly-Asp (RGD) peptide ligands, to 
study receptor-ligand interactions as well as to guide (stem) cell 
behavior in relation to ligand (i.e., RGD) density and mobility.20–26 

However, so far, no study reported the dual presentation of integrin and 
cadherin targeting ligands on SLB biointerfaces, which would represent 
a better biomimetic representation of the endothelial-pericyte 
interface.2–3,10,27,28 

We employ short peptide ligands that target integrins and cadherins 
on the endothelial cell membrane. By taking advantage of SLB- 
functionalization through lipid insertion, we attached two cholesterol- 
conjugated peptide ligands to fluid DOPC SLBs (Scheme 1). In order to 
target integrins, we used a cholesterol-conjugated RGD (Chol-RGD) 
peptide, while to target cadherins, we used a cholesterol-conjugated His- 
Ala-Val-Asp-Ile (HAVDI) peptide, which is derived from the extracel-
lular domain 1 (EC1) of N-Cadherin. HAVDI ligands were shown to be 
bio-active and specifically interacting with N-Cadherin.29–35 We intro-
duced these two types of ligands to SLBs either alone or at distinct molar 
ratios (in solution), while keeping the peptide concentration in solution 
constant (Scheme 1). We first show that human umbilical vein endo-
thelial cell (HUVEC) adhesion, spreading and focal adhesion formation 
in these cells were strongly dependent on the Chol-RGD ligand density. 
We then demonstrate that dual ligands on SLBs in a specific molar ratio 
(1:10) improved cell spreading, compared to each of the ligands alone, 
suggesting a combined effect of these ligands at this molar ratio. 
Furthermore, at this specific molar ratio, cells had a qualitatively more 
distinct localization of N-Cadherin in the cell-periphery, suggesting N- 
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Cadherin clustering, resembling cell–cell contact formation, where N- 
Cadherin-HAVDI interactions were shown to be specific. Altogether, 
these results show the possibility to tune the complexity of cell-surface 
interactions on SLBs, to guide and investigate tissue type specific cell 
behavior. 

2. Materials and methods 

2.1. Peptide synthesis and purification 

Cholesterol-KGSGRGDSG (Chol-RGD) and cholesterol- 
KNIDVAHARG (Chol-HAVDI) were synthesized using an automatic 
solid phase synthesis robot (MultiSyntech, Syro II) following standard 
Fmoc chemistry on Rink amide resin (Multisyntech Chemicals GmBH). 
After the synthesis and final Fmoc deprotection step, the resin was 
washed with dichloromethane (DCM) and methanol and dried under 
vacuum. In order to conjugate cholesterol to the N-terminus of the 
peptide, a solution of N-hydroxysuccinimide (NHS)-activated choles-
teryl hemisuccinate (5 M equivalents with respect to the resin) and 1.1 M 
equivalents of N,N-di-isopropylethylamine (DIPEA) in dimethylforma-
mide (DMF) were added to the reaction vessels containing the peptides 
on the resin. The reaction was carried out for 5 h at room temperature 
after which the resin was washed with DMF, DCM and methanol and 
dried under vacuum. The peptides were cleaved from the resin using a 
solution of trifluoroacetic acid (TFA):triisopropylsilane (TIS):H2O 
(95:2.5:2.5 (v/v%)) at room temperature for 3 h and subsequently 
precipitated in cold H2O. The peptide pellet was washed several times in 
cold H2O with centrifugation and subsequently all H2O was removed by 
centrifugation. Then the peptide was washed in methyl tert-butyl ether 
(MTBE) several times again using precipitation. Bare peptide (no 
cholesterol conjugation) was directly precipitated in cold diethyl ether 
after the cleavage. The crude peptides were purified using RP-HPLC 
(Reverse Phase High Pressure Liquid Chromatography, C18 Column, 
Waters, using water/acetonitrile gradient with 0.1% TFA). The purified 
peptides were analyzed by electrospray ionization mass spectrometry 
(Figure S1, S4 and S5). 

2.2. Surface characterization of cholesterol conjugated peptides-SLB 
interactions 

Insertion of cholesterol conjugated RGD (Chol-RGD) into DOPC (1,2- 
dioleoyl-sn-glycero-3-phosphocholine, Tm = − 20 ◦C, Avanti Polar Lipids) 
SLBs was characterized by a quartz crystal microbalance with dissipa-
tion monitoring (QCM-D) system (Q-sense E1, Biolin Scientific) as well 
as using in situ combined QCM-D and spectroscopic ellipsometry mea-
surements. QCM-D system measures the changes in resonance frequency 
(ΔF) when a material interacts with the surface. Changes in the reso-
nance frequency of a quartz crystal sensor and the change in dissipation 
(ΔD) were measured providing information about the mass and the 
mechanical properties of material adhering to the sensor surface, 

respectively. SiO2 coated QCM-D sensors (QSX303, Biolin Scientific) 
were used. Before each use, sensors were cleaned with a 2% sodium 
dodecyl sulfate (SDS) solution, rinsed with MilliQ water and ethanol, 
dried in under nitrogen flow and finally activated using a UV/ozone 
chamber (Bioforce, Nanosciences). Measurements were performed 
under a 100 µL/min flow and at 22 ◦C. Throughout this work, the fifth 
overtone was used for the normalized frequency (ΔF5/5) and dissipation 
(ΔD5), unless stated otherwise. As for DOPC SLB formation, the exper-
iment was performed using 1X phosphate buffered saline (PBS) (Gibco, 
pH = 7.45) solution in order to give a higher ionic strength for vesicle 
rupture (Figure S2). After bilayer formation, solutions of Chol-RGD 
peptide at different concentrations (in 0.5X PBS) was flown over 
DOPC SLBs and insertion was monitored. 

In situ combined QCM-D/SE52 measurements for Chol-RGD peptide 
insertion into DOPC SLB, as shown in Fig. 1B and Figure S3, were per-
formed using SiO2 coated QCM-D sensors (QSX335, Biolin Scientific) 
that had a thick Ti adhesion layer. Sensors were mounted in a 2.5 mL 
glass-walled open QCM-D chamber equipped with a stir bar. Important 
to note that, these experiments were not done under flow conditions and 
solution was not replenished in contrast to conventional QCM-D 
experiment explained above. The chamber was placed in a vertically 
mounted Q-Sense E1 QCM-D system, which as a whole was incorporated 
in an M2000 SE system (Woollam). The temperature was kept at 22 ◦C 
and samples were pre-heated to 22 ◦C before use. To wash away solu-
tions from the chambers without exposing the sensor to air, 0.4 mL of the 
solution was replaced with buffer and this washing was repeated 30X. 
The chamber walls were passivated for 15 min using a 10 mg/mL bovine 
serum albumin (BSA) solution before each measurement, followed by 
thorough rinsing. For the SE measurement, polarized light at an angle of 
incidence of 70◦ is reflected on the flat sensor surface, resulting in 
changes to the ellipsometric angles Δ and Ψ. Both Δ and Ψ are functions 
of the wavelength of the light (λ) and are acquired over a range of 
380–1000 nm. The obtained values are fitted to a multilayer model using 
CompleteEASE software (Woollman) as described previously37 but with 
the following differences: firstly Asol of buffer solution was now set to 
1.324 and secondly, the areal mass (Γ) of the peptide layer was deter-
mined using de Feijter’s equation in which the refractive index incre-
ment (dn/dc) for the peptide layer was assumed to be 0.18 cm3/g on the 
basis of literature values for proteins.53 

In order to study the insertion of Chol-HAVDI peptide into DOPC 
SLBs and compare it to that of Chol-RGD peptide, as given in Fig. 5, 
QCM-D measurements were performed on SiO2 coated QCM-D sensors 
(QSX303, Biolin Scientific) under flow conditions (100 µL/min). For 
these measurements, after SLB formation, the baseline was stabilized 
with MilliQ water in which the peptides were dissolved for QCM-D 
analysis. All peptides were handled with the same buffer and a titra-
tion experiment with different concentrations of the peptides (as well as 
their 1:1 M combination in solution) flowing over the DOPC SLBs was 
performed to study insertion. As a control to validate that insertion 
occurs through the cholesterol linker, bare HAVDI peptide was flown 
over the DOPC SLBs (Fig. 5D). 

2.3. Surface preparation for cell experiments 

For cell experiments, LUVs (large unilamelar vesicles) of pure DOPC 
lipids were prepared as described before24 and were diluted to a con-
centration of 0.4 mg/mL in sterile MilliQ water (MQ, Millipore, 18.2 
mΩ). Vesicles were sterilized by filtering through 0.2 µm poly-
ethersulfone (PES) membranes and SLB formation was performed at 
room temperature. The glass wells of 96-well plates (Sensoplate, Greiner 
Bio-one) were treated for 1 h with sterile filtered 1 M NaOH to clean and 
activate the surface, followed by the removal of solution and washing 
the surfaces 10X with sterile MilliQ water. After the surface was cleaned, 
a vesicle suspension with final concentration 0.2 mg/mL prepared in 
0.5X Dulbecco’s modified phosphate buffered saline (DPBS, without 
CaCl2 and MgCl2) was added to each well for 1 h incubation. Pre-formed 

Scheme 1. Cell-instructive SLBs functionalized with cholesterol-modified RGD 
(Chol-RGD) and HAVDI (Chol-HAVDI) ligands. DOPC: 1,2-dioleoyl-sn-glycero-3- 
phosphocholine. Full sequence of HAVDI is KNIDVAHARG and that of RGD 
is KGSGRGDSG. 
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SLBs were washed with DPBS following serial dilutions, in order to avoid 
damage to the SLBs (leaving 100 µL DPBS/well, 10X). Before incubation 
with peptides, SLBs were further washed 5X, again using serial dilutions, 
with serum-free basic medium (see below), in order to add medium 
components in this step. Glass controls (i.e., glass wells) were incubated 
at a concentration of 10 µg/mL either with fibronectin (Sigma) or lam-
inin (Sigma), to monitor cell adhesion and spreading over time. For the 
experiments that are given in the first part (and explained in Figs. 2–4 
and Table 3), DOPC SLBs were functionalized with Chol-RGD peptide by 
incubating the SLBs with Chol-RGD solution (1.5 μM and 6 μM, 100 µL/ 
well in 1X DPBS, stock concentrations, 3X diluted in presence of cells) 
for least 2 h, at room temperature. For the experiments that are given in 
the second part (Figs. 6–8 and Table 4) Chol-RGD and Chol-HAVDI 
peptides were first dissolved in MilliQ water at 15 μM concentration 
and then diluted to 1.5 μM in 0.9XPBS (as stock concentration to add to 
SLBs). Then, peptide solutions (100 µL/well) of 1.5 μM were added 
either alone or both at defined molar ratios of Chol-RGD:Chol-HAVDI (i. 

e., 10:1, 1:10 and 1:1) (keeping the total peptide concentration the 
same), incubated for at least 2 h at room temperature. In both cases, no 
further washing was performed, and the plates were used as such for cell 
experiments. 

2.4. Cell culture and experiments on SLBs 

Human umbilical vein endothelial cells (HUVECs, pooled donors, 
Lonza) were cultured in Endothelial growth medium (EGM) kit (Lonza 
or Promega, without exogenous VEGF to exclude associated effects of 
this growth factor) with 2% FBS (Sigma) and incubated at 37 ◦C and 5% 
CO2 in a humidified environment up to passage 4 and sub-cultured every 
3 days or used for cell experiments. For cell adhesion and spreading 
experiments, cells at passage 4 were seeded at pre-studied density of 
8,000 cells/cm2 with cell suspension adjusted to have 2% final serum 
concentration. Cells were incubated on surfaces for 24 h and then they 
were fixed with 4% paraformaldehyde (PFA) for 10 min at room 

Fig. 1. (A) QCM-D (100 µL/min) and (B) SE measurements (static) upon insertion of Chol-RGD in DOPC SLBs. SLBs were in place at the start of the measurements. 
Various Chol-RGD concentrations (µM) were injected as indicated. F: frequency, D: dissipation, β-CD: β-cyclodextrin. Accompanying QCM-D data for SE measure-
ments (in B) is given in Figure S3. 

Fig. 2. Overview of HUVEC adhesion on DOPC SLBs incubated with (A) 0.5 µM (0.1–1% coverage) and (B) 2 µM (10–15% coverage) Chol-RGD. HUVEC adhesion on 
(C) bare DOPC SLBs and (D) fibronectin coated glass surfaces (t = 24 h, blue: nucleus and red: actin, scale bar: 80 µm). 
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Fig. 3. Vinculin (green) localization in HUVECs on DOPC SLBs incubated with (A) 0.5 µM (0.1–1% coverage) and (B) 2 µM (10–15% coverage) Chol-RGD, (C) on bare 
DOPC SLBs and (D) on fibronectin coated glass surfaces (t = 24 h, blue: nucleus and red: actin, scale bar in insets: 20 µm and in larger images: 40 µm). 

Fig. 4. Cell shape factors for HUVECs seeded on Chol- 
RGD conjugated DOPC SLBs at two different cover-
ages. The top and the bottom of the boxes correspond 
to the first and third quartiles, the black line in the 
middle corresponds to the median, the filled red 
squares represent the mean, and the whiskers repre-
sent the standard deviation (t = 24 h, n ≥ 250, each 
data point represents one cell, statistical significance 
between unpaired datasets determined by the Mann- 
Whitney U test have been denoted by a ** for 
p < 0.01, see experimental section for details).   
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temperature. After fixation, cells were washed 3X with PBS and left in 
PBS with 0.05% sodium azide (Sigma) and kept at 4 ◦C for immuno-
fluorescence analysis. For characterization of cell–cell contact protein 
expression, cells were seeded at passage 4, at a seeding density of 7,500 
cells/cm2 on fibronectin coated glass surfaces (10 μg/mL, Sigma), and 
cultured for 4 days until they become a monolayer (Figure S7). Then 
cells were fixed as described above and used for immunofluorescence 
analysis (see below). 

2.5. Studying the specificity of cell-peptide interactions 

For antibody blocking experiments, HUVECs were incubated with 
anti-N-Cadherin antibody (clone GC-4, 50 µg/mL, Sigma), which binds 
to the N-terminal half of the extracellular domain of human N-cad-
herin,46 and then seeded on Chol-HAVDI SLBs. Cells were trypsinized 
(0.25% trypsin, 2 min) and incubated with the antibody in 2% FBS in 
PBS buffer, for 45 min on ice, as described in ref,31 prior to seeding. Cells 
used for seeding in the case of non-blocking conditions (i.e., no pre- 
incubation with the GC-4 antibody, and seeded on SLBs that were 
functionalized with Chol-HAVDI, bare SLBs, SLBs that were incubated 
with bare HAVDI and protein coated glass substrates) were also incu-
bated on ice and kept in buffer solution to treat the cells in the same way. 
Afterwards, cells were washed twice in buffer by centrifuging at 
1000 rpm for 5 min and resuspended in growth media with adjusted 
serum concentration for cell experiments. The expression of N-Cadherin 
was then determined via immunostaining of the HUVECs incubated on 
SLB surfaces for 24 h. 

2.6. Immunofluorescence 

For characterization of cell adhesion (i.e., focal adhesion formation) 
and spreading on SLBs, actin cytoskeleton and vinculin stainings were 
performed. PFA fixed cells were permeabilized in 0.5% Triton X-100 in 
PBS (Sigma) for 10 min at room temperature. After permeabilization, 
cells were incubated with 0.1% Triton X-100 and 5% (w/v) bovine 
serum albumin (BSA, Sigma) solution in PBS for 1 h to block nonspecific 
sites. Afterwards, cells were incubated with a solution of AlexaFluor-568 
phalloidin (Molecular Probes, Thermo Fisher Scientific, 1:100) and 
monoclonal anti-human vinculin-FITC antibody (anti-hVIN-1, Sigma 
Aldrich, 1:200) in 0.1 % Triton X-100 and 5% (w/v) BSA in PBS for 1 h at 
room temperature, in the dark. Cells were gently washed with PBS 3X, 
for 10 min each. For nuclear staining in each experiment, after washing 
3X with PBS to remove excess molecules, cells were incubated with DAPI 
in PBS (1:1,000) for 10 min and washed 2X for 10 min with 1X PBS. 

For characterization of cell–cell contact protein expression, actin 
cytoskeleton, N-cadherin, β-catenin and Vascular endothelial (VE)-cad-
herin stainings were performed. PFA fixed cells were permeabilized in 
0.5% Triton X-100 in PBS (Sigma) for 10 min at room temperature. After 
permeabilization, cells were incubated with 0.1% Triton X-100 and 5% 
(w/v) BSA (Sigma) solution in PBS for 1 h to block nonspecific sites. 
Afterwards, cells were incubated with monoclonal mouse anti-human N- 
cadherin antibody (BD Transduction Laboratories, 1:500), mouse anti- 
human-β-catenin antibody (BD Transduction Laboratories, 1:500) and 
rabbit anti-human VE-cadherin antibody (Cell Signaling Technology, 
1:500), overnight at 4 ◦C in 0.1 % Triton X-100 and 5% (w/v) BSA. 

Fig. 5. QCM-D measurements of flowing solutions (0.2 and 0.5 µM) of (A) Chol-RGD, (B) Chol-HAVDI, (C) Chol-RGD:Chol-HAVDI (1:1 M ratio) and (D) HAVDI over 
DOPC SLBs (already present at the start of the measurements, see supporting information, flow speed: 100 µL/min). 
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Subsequently, cells were gently washed with PBS 3X (10 min each). 
Then, secondary antibody (AlexaFluor-488 goat-anti-rabbit IgG or goat- 
anti-mouse IgG (H + L), Molecular Probes, Thermo Fisher Scientific, 
1:1000) was simultaneously incubated with AF-568 phalloidin as given 
above in 0.1 % Triton X-100 and 5% (w/v) BSA. After washing 3X with 
PBS to remove excess molecules, cells were incubated with DAPI nuclear 
stain in PBS (1:1,000) for 10 min and washed 2X with PBS (10 min 
each). In order to reveal the effects of Chol-HAVDI presentation in SLBs 
on N-cadherin expression, actin cytoskeleton and N-cadherin stainings 
were performed as described above, for cells that were cultured on 
functionalized SLBs at different conditions. Furthermore, validation of 
the GC-4 antibody (used for blocking experiments) was performed using 
immunofluorescence (Figure S17). PFA fixed cells were incubated in 
0.1% Triton X-100 and 5% (w/v) BSA in PBS (Gibco), for 1 h, to block 
nonspecific sites. Then, cells were incubated with the antibody (1:40) in 
1% (w/v) BSA in PBS overnight. Cells were gently washed 3X with 1% 
(w/v) BSA in PBS, 10 min each. Afterwards, cells were incubated with 
secondary antibody (Molecular Probes, Thermo Fisher Scientific, 1:200) 

in 1% (w/v) BSA in PBS. Nuclear staining was performed as explained 
before. Imaging for all the experiments was performed using OPERA 
high content screening system (Perkin Elmer) with corresponding ob-
jectives and filter combinations. 

2.7. Data analysis 

All experiments were performed in triplicates. For the results that are 
described in Fig. 4, data were analyzed by using Mann-Whitney U test. 
For the results that are described in Fig. 8 and Figure S16, data were 
analyzed using Kruskal-Wallis one way-ANOVA for statistical signifi-
cance. Multiple comparison tests were performed with Mann-Whitney U 
test by adjusting α level downward according to Bonferroni correction 
comparing all groups of interests (OriginPro v.9, OriginLab). Image 
analysis was performed using Image J (NIH) and Cell Profiler image 
analysis software (Broad Institute of MIT and Harvard). Quantification 
of cell number and cell shape factors were performed by using Cell 
Profiler algorithms. For these analyses, more than 250 cells were taken 

Fig. 6. HUVEC adhesion on DOPC SLBs conjugated with (A) Chol-RGD, (B) Chol-HAVDI; and Chol-RGD:Chol-HAVDI in molar ratios (C) 10:1, (D) 1:10, (E) 1:1. 
HUVEC adhesion on (F) bare DOPC SLBs and (G) on laminin coated glass. Total ligand concentration: 0.5 µM (blue: nuclei and red: actin, scale bars: 40 µm). 
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into account for each condition, unless stated otherwise. 

3. Results and discussion 

3.1. Characterization of endothelial cell adhesion and spreading on Chol- 
RGD SLBs 

We first prepared fluid DOPC SLBs and used them to study the effect 
of RGD ligand density on endothelial cell adhesion, spreading and vin-
culin localization in cells. Vinculin is a marker of focal contact and 
adhesion formation.36 SLB functionalization was achieved by inserting 
cholesterol-modified RGD ligands (i.e., Chol-RGD peptide, Figure S1) in 
SLBs, which can be monitored by quartz crystal microbalance with 
dissipation monitoring (QCM-D) as well as combined QCM-D/ 
spectroscopic ellipsometry (SE)37 measurements (Fig. 1, Figure S2 and 
Figure S3). 

Spontaneous partitioning of the cholesterol moiety into SLBs (as 
depicted in Scheme 1) is detected as an increase in mass at the SLB 
surface, which is observed as a decrease in the frequency during QCM-D 
measurements (Fig. 1A). The insertion of Chol-RGD peptides into SLBs 
occurred irreversibly as negligible change in frequency was observed 
when SLBs were washed with buffer (Fig. 1A and B). Taking advantage 
of the strong interaction between cholesterol and β-CD,38 we could 
remove Chol-RGD by washing with a solution of β-cyclodextrin (β-CD) 
(1 mM), which led to a change in frequency back to its starting level 
(Fig. 1A and B). These results demonstrate that ligands were inserted 
into the SLB and that these ligands are not in equilibrium with the so-
lution above the SLB. To more reliably estimate the density of Chol-RGD 
at the surface, the dry mass of surface bound Chol-RGD was determined 
using SE (Fig. 1B).37 Using this technique, the layer thickness or dry 

mass on the surfaces can be converted to a surface coverage (i.e., pmol/ 
cm2 and Table 1). The SE measurement was combined in-situ with a 
QCM-D measurement (hence termed as in-situ combined QCM-D/SE set 
up, see experimental section), in order to be able to correlate mass 
changes in SE to frequency changes in QCM-D measurements for further 
analysis (Fig. 1B, Figure S3 and below). 

In order to study the effect of the Chol-RGD density on HUVEC 
behavior, DOPC SLBs were functionalized with 0.5 and 2 µM concen-
tration resulting in estimated molecular densities of 1.2 × 1011 and 
1.8 × 1013 molecules/cm2, respectively (Table 2). This gives surface 
coverages of 0.1–1% and 10–15%, respectively. Interestingly, at low 
0.1–1% peptide coverage (0.5 µM), cell adhesion and spreading were 
improved when compared to 10–15% coverage (2 µM) (Fig. 2A-B). 
Importantly, on bare, non-cell-instructive, DOPC SLBs, cells remained 
round and in clusters (Fig. 2C), while fibronectin coated glass allowed us 
to monitor cell adhesion and morphology on a conventional control 
surface (Fig. 2D). 

Observations on vinculin localization were in line with the obser-
vations on cell adhesion and spreading. A more distinct vinculin local-
ization at the cell periphery was observed for 0.1–1% peptide coverage 
(0.5 µM) (Fig. 3A), while in the case of 10–15% coverage (2 µM), rather 
diffused vinculin was seen also at lamellipodial extensions (Fig. 3B). On 
bare SLBs, cell adhesion and vinculin localization were impaired, 
showing that endothelial cell adhesion on these surfaces occurred spe-
cifically due to the presence of Chol-RGD peptide (Fig. 3C). Cells on 
fibronectin coated glass controls had a qualitatively much more pro-
nounced focal adhesion formation and actin organization (for spreading 
and stress fiber formation) (Fig. 3D), compared to Chol-RGD function-
alized SLBs. These results also show that, similar to what we have pre-
viously observed in the case of culturing hMSCs on RGD-functionalized 

Fig. 7. N-Cadherin localization (in green) in representative HUVECs on DOPC SLBs conjugated with Chol-RGD and Chol-HAVDI, either alone or together and on bare 
DOPC SLBs. Total peptide concentration was 0.5 µM, the molar ratios are of solutions incubated with DOPC SLBs (t = 24 h, scale bars: 20 µm). 
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SLBs,24 focal adhesion sensing in endothelial cells on RGD- 
functionalized SLBs is different than for the cells on fibronectin coated 
glass. 

Finally, quantification of cellular morphological parameters such as 
cell area, eccentricity (approaches 1 for highly elongated cells), extent 
(approaches 1 for compact cells with less protrusions) and form factor 
(approaches 1 for highly circular cells) reveal the endothelial cell 
response to Chol-RGD ligand density on SLBs (Fig. 4 and Table 3). Cells 
on DOPC SLBs at 0.1–1% coverage had a significantly higher average 
cell spreading area (555 ± 309 vs. 418 ± 297 µm2, for 0.1–1% and 
10–15%, respectively, mean ± standard deviation), were significantly 

Fig. 8. Cell shape factors for HUVECs seeded on 
DOPC SLBs functionalized with different combina-
tions of molar ratios of Chol-RGD and Chol-HAVDI 
peptide. The top and the bottom of the boxes corre-
spond to the first and third quartiles, the black line in 
the middle corresponds to the median, the filled red 
squares represent the mean, and the whiskers repre-
sent the standard deviation (t = 24 h, n = 190 for 
Chol-RGD, n = 65 for Chol-HAVDI and n = 82, 212, 
and 153, for 10:1, 1:10 and 1:1 M ratios, respectively. 
Each data point represents one cell, statistical signif-
icance between unpaired datasets determined by the 
Mann-Whitney U test have been denoted by a ** for 
p < 0.01, see experimental section for details).   

Table 1 
Concentrations and coverages for Chol-RGD derived from SE measurements.  

Concentration 
(µM) 

Coverage 
(ng/cm2) 

Coverage (pmol/ 
cm2) 

Molecular Density 
(molecules/cm2) 

0.1 ~0 ~0 ~0 
1 7 5.5 3.3 × 1012 

5 224 174 1.1 × 1014 

10 421 327 2.0 × 1014  

Table 2 
Selected concentrations and estimated coverages for Chol-RGD peptide used in 
cell experiments.  

Concentration 
(µM) 

Estimated molecular density 
(molecules/cm2) 

Coverage Range (%) 
[a] 

0.5 1.2 × 1011 0.1–1 
2 1.8 × 1013 10–15  

[a] 100% coverage defined as one ligand per phospholipid in the top leaflet. 
Coverage range is given as the densities are estimated from Table 1. 

Table 3 
Quantification of cell shape factors for HUVECs seeded on Chol-RGD conjugated 
DOPC SLBs and fibronectin coated glass (t = 24 h). Data are given as 
mean ± standard deviation.   

Cell area (µm2) Eccentricity Extent Form Factor 

Chol-RGD 
0.1–1% 
(0.5 µM) 

555 ± 309 0.72 ± 0.16 0.57 ± 0.13 0.55 ± 0.19 

Chol-RGD 
10–15% (2 µM) 

418 ± 297 0.68 ± 0.16 0.62 ± 0.13 0.63 ± 0.19 

Fibronectin- 
coated glass 

2,598 ± 1,846 0.79 ± 0.14 0.51 ± 0.11 0.41 ± 0.12  

Table 4 
Quantification of cell shape factors for HUVECs seeded on DOPC SLBs conju-
gated with Chol-RGD, Chol-HAVDI and Chol-RGD:Chol-HAVDI in molar ratios of 
10:1, 1:10 and 1:1 in solution. Total ligand concentration was 0.5 µM (t = 24 h). 
Data are given as mean ± standard deviation.   

Cell area 
(µm2) 

Eccentricity Extent Form Factor 

Chol-RGD 376 ± 262 0.70 ± 0.16 0.60 ± 0.13 0.61 ± 0.19 
Chol-HAVDI 253 ± 127 0.68 ± 0.14 0.64 ± 0.11 0.67 ± 0.17 
10:1 Chol-RGD: 

Chol-HAVDI 
280 ± 180 0.70 ± 0.16 0.62 ± 0.12 0.65 ± 0.18 

1:10 Chol-RGD: 
Chol-HAVDI 

448 ± 352 0.69 ± 0.18 0.61 ± 0.13 0.60 ± 0.19 

1:1 Chol-RGD: 
Chol-HAVDI 

295 ± 186 0.70 ± 0.17 0.61 ± 0.14 0.64 ± 0.18  
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more elongated (eccentricity: 0.72 ± 0.16 vs. 0.68 ± 0.16, respectively), 
had a higher degree of protrusions (extent: 0.57 ± 0.13 vs. 0.62 ± 0.13, 
respectively) and these cells were less circular (form factor: 0.55 ± 0.19 
vs. 0.63 ± 0.19, respectively) compared to cells seeded on SLBs at 
10–15% Chol-RGD coverage. These results demonstrate that there may 
be an optimum ligand density for HUVECs on Chol-RGD SLBs, to regu-
late their adhesion, focal adhesion formation and morphological 
behavior, as increasing ligand density did not result in increased cell 
spreading and focal adhesion formation.38 This is in line with literature, 
where an optimum surface density (6 × 1010 RGD molecules/cm2) of 
covalently immobilized RGD was detected for improved endothelial cell 
spreading and vinculin localization within these cells.39,40 Besides, on 
these surfaces a lower density of covalently immobilized RGD ligands 
(6 × 107 molecules/cm2) was sufficient to induce endothelial cell 
adhesion. In our case, 0.1–1% coverage (0.5 µM), which indicated 
improved adhesion and spreading, corresponds to a Chol-RGD density of 
around 1 × 1011 molecules/cm2, which also shows that on fluid DOPC 
SLBs, a higher ligand density may be required compared to covalent 
surfaces.23,39,40 On fibronectin-coated control glass, cells had a much 
higher degree of spreading (cell area: 2958 ± 1846 µm2), were more 
elongated (eccentricity: 0.79 ± 0.14), less circular (form factor: 
0.41 ± 0.12) with a higher degree of protrusions (i.e., less compact, 
extent: 0.51 ± 0.11). 

3.2. Characterization of dual peptide incorporation on SLBs 

We next co-incorporated an N-Cadherin targeting ligand in the SLBs 
and studied endothelial cell behavior on them. For this purpose, an N- 
Cadherin targeting HAVDI ligand34,35,29–31 was also functionalized with 
cholesterol (Chol-HAVDI, Figure S4) to enable incorporation of both 
HAVDI and RGD ligands into SLBs. Incorporation of Chol-HAVDI in SLBs 
was verified with QCM-D experiments (Fig. 5B). A frequency change 
of ~ 9 Hz was observed for 0.5 µM Chol-HAVDI, which compares 
to ~ 5 Hz for 0.5 µM Chol-RGD (Fig. 5A and B). When flowing a solution 
of a 1:1 ratio of Chol-RGD:Chol-HAVDI, at the same total concentrations, 
a frequency change of ~ 6 Hz was observed (Fig. 5C). As control peptide, 
a HAVDI ligand lacking the cholesterol moiety was flown over the SLB 
and in this case, there was no change in frequency observed during 
QCM-D monitoring (Fig. 5D). These experiments show that the incor-
poration of the ligands in the SLB occurred specifically using a choles-
terol anchor present on the peptides. The frequency changes observed 
for Chol-RGD and Chol-HAVDI were converted to changes in mass and 
subsequently to changes in molecular density to estimate the number of 
molecules on the surface (using combined QCM-D/SE measurements of 
Fig. 1B, Figure S3 and Figure S6).37 We found that when flowing a so-
lution of a 1:1 M ratio of both ligands, the surface density of HAVDI was 
approximately twice that of RGD, probably due to a higher hydropho-
bicity of the HAVDI ligand. For the remainder of the text, molar ratios of 
two ligands in solution are given. 

Next we studied HUVEC adhesion, spreading, cellular morphology as 
well as cellular organization on HAVDI- and RGD-functionalized SLBs 
(Fig. 6). SLBs were incubated with 0.5 µM solutions of Chol-HAVDI and 
Chol-RGD either alone or together at defined molar ratios (i.e., 10:1, 
1:10 and 1:1 Chol-RGD:Chol-HAVDI, molar ratios are of solutions). A 
total ligand concentration of 0.5 µM was employed as these SLBs showed 
optimal HUVEC adhesion and spreading with only Chol-RGD peptide 
(vide supra). Bare SLBs were used as negative control for cell adhesion, 
while cell adhesion on SLBs was compared to laminin-coated glass, 
because laminin is one of the important components of endothelial cell 
ECM (i.e., basal lamina).2 When we compare Chol-RGD only (Fig. 6A) 
and Chol-HAVDI only SLBs (Fig. 6B), we observed that on Chol-RGD, 
cells had a higher degree of spreading and protrusion formation, 
showing a distinct regulation of cytoskeletal organization in cells in 
response to these two different peptides.32,41–43 

Interestingly, cells on 1:10 Chol-RGD:Chol-HAVDI SLBs seemed to 
have the highest degree of spreading among all other SLBs. In addition, 

at this molar ratio (1:10, in solution), compared to other conditions, 
extensive lamellipodia formation (qualitatively) in polarized cells was 
observed, where cells also exhibited thick peripheral actin localization 
(Fig. 6D). As lamellipodial extensions are involved in cell migration, 
these observations may indicate a migratory phenotype for cells at this 
ligand ratio.44 Furthermore, at a 1:1 M ratio, a qualitatively higher de-
gree of contact formation (i.e., endothelial cell–cell contacts) between 
cells was observed compared to other functional SLBs, even though cells 
remained relatively round (discussed below) (Fig. 6E). This was not 
merely a clustering of the cells that we would normally observe on a bare 
SLB, due to impaired cell adhesion, but this rather indicated a higher 
degree of endothelial cell–cell communication when cells adhered and 
started to spread on these surfaces (Fig. 6E, also shown below). 

Among all co-ligand functionalized SLBs, cells appeared to be smaller 
and rounder at a 10:1 M ratio (Fig. 6C). Altogether, these results clearly 
show that cells were sensitive to the ligand composition on the SLB. We 
observed a differential regulation of cellular morphology and organi-
zation on functional SLBs. Importantly, again on bare SLBs (Fig. 6F), cell 
adhesion was impaired, while on laminin-coated glass, the classical 
morphology of endothelial cells was observed (Fig. 6G).2 

We next investigated N-Cadherin localization in order to understand 
how cell-functional SLB interactions were mediated via N-Cadherin in 
cells (Figure S7A and S8B). Intriguingly, among all functionalized SLBs, 
cells had a qualitatively more distinct N-Cadherin localization at the cell 
periphery at a 1:10 M ratio (Fig. 7 and Figure S9). This is indicative of N- 
Cadherin clustering and mimics N-Cadherin based cell–cell junction 
formation between cells and the SLB.11,12 In addition, even though we 
did not quantify the observations at this point, N-Cadherin localization 
at the cell periphery (mainly in lamellipodial extensions) was seen to 
coincide with actin localization at this molar ratio, in line with the role 
of actin cytoskeleton in cell–cell junction formation and regulation.12,41 

For all other conditions (Fig. 7 and Figures S10, S11, S12 and S13), 
including Chol-RGD only and Chol-HAVDI only, N-Cadherin was 
generally rather diffuse throughout the cell body (i.e., in cell membrane) 
even though at a 1:1 ratio (Figure 7 and S13), a slight onset of N-Cad-
herin localization at the cell periphery was observed. Importantly, on 
bare DOPC SLBs, no functional N-Cadherin localization or cell adhesion 
was observed, pointing out the specificity of cell adhesion on functional 
SLBs (Fig. 7). Taken together, these results show that cellular and 
cytoskeletal organization and N-Cadherin localization were sensitive to 
the SLB ligand composition. 

Next, we quantified cell area and cell shape factors in order to better 
reveal the morphological consequences of ligands alone and dual ligands 
at defined molar ratios (Fig. 8, Table 4). In line with the observations on 
cellular morphology, cells on Chol-RGD had a significantly higher cell 
spreading area compared to the cells on Chol-HAVDI (cell area: 
376 ± 262 vs. 253 ± 127 µm2, for Chol-RGD vs. Chol-HAVDI, respec-
tively, mean ± standard deviation). In fact, among all cell-instructive 
SLBs, Chol-HAVDI induced the smallest cell area, the most circular 
phenotype (i.e., the highest value for form factor) as well as the lowest 
degree of protrusions and elongation (the highest value of extent and 
lowest value for eccentricity, respectively) (Fig. 8 and Table 4). When 
comparing all functional groups (ligands alone and together), endo-
thelial cells had the highest spreading area and the lowest degree of 
circularity at 1:10 M ratio (i.e., the lowest value for form factor, Fig. 8 
and Table 4) as well as they belonged to the group with higher degree of 
protrusions (i.e., lower value for extent). Interestingly, among the dual 
ligand ratios (10:1, 1:1 and 1:10 Chol-RGD:Chol-HAVDI), when 
compared to Chol-RGD SLBs, improved cell spreading was observed only 
at 1:10 M ratio (cell area: 448 ± 352 vs. 376 ± 262 µm2, for 1:10 ratio vs. 
Chol-RGD only, respectively). 

These results point out the presence of an optimum molar ratio to 
improve cell spreading, compared to Chol-RGD case. In addition, a 
significant increase in cell area at 1:10 M ratio compared to 10:1 and 
1:1 M ratio and differences in cellular morphology further show the 
sensitivity of these cells to ligand composition, not only when they were 
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presented alone, but also at different molar ratios (Fig. 8 and Table 4). 
These observations did not only provide important implications on 

how cell morphology was regulated by the composition of integrin and 
cadherin targeting ligands on SLBs, but also introduced interesting in-
sights on how cells may be sensing ligands alone or together. For 
example, even though cells on Chol-RGD only had a higher degree of 
spreading compared to the cells on Chol-HAVDI only, when these li-
gands were presented together, a higher Chol-RGD content did not 
induce higher cell spreading. In contrast, as already mentioned above, 
among the dual ligand ratios, when going from 10:1 to 1:1 ratio (i.e., 
increasing the relative amount of Chol-HAVDI solution and hence in 
SLBs), a slight increase in cell area was observed, where 1:10 ratio (Chol- 
RGD:Chol-HAVDI) induced the largest cell area (Fig. 8 and Table 4). 

Altogether, these results indicate that endothelial cell behavior on 
SLBs, on which RGD and HAVDI ligands are incorporated, may not be 
just the sum of the behaviors for two ligands alone, as cells may have 
sensed combinations very differently. It is known that there is a cross- 
talk between integrin and cadherin mediated adhesions. Integrin and 
cadherin share signaling effector molecules, interact with common 
scaffolding proteins and both connect to the actin cytoskeleton.27 One of 
the suggested mechanisms of this cross-talk is where the (de)activation 
of one adhesion type may influence the activity of the other adhesion 
type, which could explain the cell behavior at different molar ratios of 
both peptides.27,45 

Finally, in order to verify whether Chol-HAVDI recognizes N-Cad-
herin in endothelial cell membranes, a specific antibody to the extra-
cellular domain of N-Cadherin was added to the medium to block N- 
Cadherin interaction of HUVECs.31,46,47 Adhesion and spreading of 
these blocked HUVECs on Chol-HAVDI SLBs were significantly to a 
lower extent and cells were rounder when compared to non-blocked 
HUVECs (Figure S14A-B,Figure S15A-B, Figure S16 and Table S1). 
Furthermore, N-Cadherin profiles of blocked HUVECs on Chol-HAVDI 
SLBs were similar to those observed for non-blocked HUVECs seeded 
on bare SLBs (Fig. 7 and Figure S15). In addition, non-blocked HUVECs 
incubated on SLBs, which were treated with HAVDI ligands that cannot 
insert into SLB by way of an absent cholesterol moiety (Fig. 5D), also 
remained more round (Figure S14C, S15C and Table S1) with N-Cad-
herin profiles similar to those for non-blocked HUVECs seeded on bare 
SLBs (Fig. 7 and Figure S15C). In contrast, when cells adhered and 
started to spread, functional N-Cadherin based adhesions were observed 
when non-blocked HUVECs were seeded on Chol-HAVDI SLBs 
(Figure S15A), indicating the specificity of the interactions.31 

4. Conclusions 

A cell-instructive SLB platform has been fabricated on which integrin 
and cadherin targeting ligands for endothelial cell membranes have 
been incorporated. On integrin ligand-only SLBs, endothelial cell 
adhesion, spreading and vinculin localization was strongly dependent 
on the integrin ligand density. On dual targeting SLBs, larger endothelial 
cells with a more distinct N-Cadherin localization have been observed in 
the case a ratio of 1 to 10 of integrin to N-Cadherin targeting ligands. 

We are currently studying the cross-talk of integrin and N-Cadherin 
signaling in more detail on these types of SLBs, including continuous 
gradients of both ligands using our SLB gradient technology.48,49 

Studying the localization of vascular endothelial (VE)-Cadherin in these 
adhered cells in relation to N-Cadherin localization, is of interest to 
further understand the cell-instructive character of the SLBs and to 
change the biochemical presentation if needed.3,9,50,51 This SLB plat-
form is scalable, amenable for high throughput techniques that enables 
the screening of the effects of multiple biochemical signals on cell 
behavior. 
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