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ABSTRACT

Cell adhesion process is governed by the nanoscale arrangement of the extracellular
matrix (ECM), being more affected from local than from global concentration of cell
adhesive ligands. Dendrimers grafted on surfaces showed the benefits of the local increase
in concentration provided by the dendritic configuration, in many cell-based studies;
although the lack of any surface characterization has limited a direct correlation with
dendrimer disposition and cell response. In order to establish a proper correlation, some
control in dendrimer surface deposition is desirable. Here, dendrimer nanopatterning is
applied to address arginine-glycine-aspartic acid (RGD) density effects on cell adhesion.
Nanopatterned surfaces were fully characterized by atomic force microscopy (AFM),
scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS),
showing that tunable distributions of cell-adhesive ligands on the surface are obtained as
a function of the initial dendrimer bulk concentration. Cell experiments showed a clear
correlation with dendrimer surface layout: substrates presenting regions of high local
ligand density resulted in a higher percentage of adhered cells and a higher degree of
maturation of focal adhesions (FAs). Therefore, dendrimer nanopatterning is presented
as a suitable and controlled approach to address the effect of local ligand density in cell
response. Moreover, due to the easy modification of dendrimer peripheral groups,
dendrimer nanopatterning can be further extended to other ECM ligands with density

effects on cells.



37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

KEYWORDS
Dendrimer, RGD, AFM, STM, cell adhesion, focal adhesions.

Introduction

For an adherent cell exposed to a surface, the early steps of cell-surface interaction are
mediated mainly by integrins [1,2]. These molecules are heterodimeric transmembrane
proteins that recognize and become activated by certain aminoacid sequences present in
the extracellular matrix (ECM) proteins. Upon integrin activation, cytoplasmic protein
recruitment leads to the formation of transient focal complexes at the cell periphery.
These complexes can disassemble or eventually evolve into mature focal adhesions (FAS)
that link to the cytoskeleton and mediate strong adhesion to the substrate [3]. Like many
cell membrane receptors that aggregate into clusters to produce sustained signaling
effects [4], integrin clustering is required for transient focal complexes to grow into
mature FAS. The clustering of integrins and thus cell adhesion is governed mainly by the
physiological arrangement of the ECM [5-7]. Experimental evidence of ECM
organization at the nanoscale steered the production of synthetic nanopatterned surfaces
directed towards identifying the geometric cues that initiate and guide cell adhesion [8,9].
Nanopatterning of ECM motives for the study of cell-surface interactions at the nanoscale
highlighted the relevance of ECM ligand presentation to cells on receptor clustering, with
cell-adhesion being favored more from local than from global ligand concentrations [10-
12]. In that sense, dendritic molecules presenting a highly branched and easily tunable
size and chemical structure emerged as ideal scaffolds for the construction of surfaces
devoted to the study of ligand density effects on cells. Dendrimers grafted onto surfaces,
and in situ modified through their peripheral groups for specific cell interactions [13-15],
showed the benefits of the local increase in ligand density in cell adhesion [16,17],
morphology [18,19], and migration events [20]. Griffith and co-workers presented the
first systematic study on the effects of ECM ligand clustering on cell adhesion and
migration [21]. They used star polyethylene oxide tethers modified with the adhesion
ligand YGRGD to demonstrate that cell motility can be varied by regulating nanoscale
ligand density, with a clustered presentation enhancing cell migration speeds. The main
drawback in this study is the lack of any surface characterization on ligand disposition.
In order to facilitate the correlation between ligand surface disposition and cell response,
it is desirable to exert some degree of control on the deposition of dendrimers on the

surface. For sufficient low-charged surfaces, dendrimers can be patterned on the
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nanometer scale in a liquid-like order with large and well-defined spacing at low ionic
strengths [22]. Dendrimer adsorption onto surfaces has been extensively studied and
addressed through different surface characterization techniques such as fourier transform
infrared-external reflection spectroscopy (FTIR-ERS) and ellipsometry [23], atomic force
microscopy (AFM) [24,25], and scanning tunneling microscope (STM) [26] among
others. Here, dendrimer nanopatterning is applied for the first time to create uneven
distributions of the cell adhesive motive arginine-glycine-aspartic acid (RGD) to address
nanoscale ligand density effects on cell adhesion. In contrast with other nanopatterning
techniques [8], due to its simplicity, dendrimer nanopatterning can be straightforwardly
scaled up to large surface areas, therefore being fully compatible with cell culture
protocols. Surfaces derived from RGD-tailored dendrimers nanopatterning were fully
characterized by AFM, STM and x-ray photoelectron spectroscopy (XPS). Surface
analysis showed that tunable local ligand densities were obtained as a function of the
initial bulk concentration. Cell experiments showed that dendrimer nanopatterns
sustained cell adhesion and were preferential sites to establish the first cell-substrate
interactions. Results demonstrated that dendrimers can mediate integrin clustering at high
surface local RGD densities, leading to the formation of mature FAs. Dendrimer
nanopatterning is therefore presented as a suitable approach for the study of RGD
presentation on cell adhesion process and, due to the easy modification of the peripheral
chemical groups in dendrimers, it can be further extended to other ECM ligands with
clustering effects on cells.

1. Experimental

1.1 Dendrimer nanopatterning on Au(111) substrates

Deionized water (18 MQ cm-1 Milli-Q, Millipore) was used to prepare all solutions and
for rinsing samples. Surface nano-patterning was conducted as previously described
[22,26] by immersing flame-annealed 1.4x1.1 cm Au(111) on mica substrates (Spi
Supplies) on aqueous solutions of the RGD-tailored dendrimer RGD-Cys-D1 (see
Electronic Supplementary Material (ESM) for RGD-Cys-D1 synthesis details) for 16 h
(pH = 5.6, T = 293K). All solutions were sonicated and filtered (MILLEX RB Filter
Sterile, Millipore) previously. Dendrimer stock solution was used within 6 months of
preparation. RGD-Cys-D1 nanopatterning was followed by copious rinsing with water
and drying with argon.

1.2 Patterning imaging and data analysis
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Nanopatterned substrates were imaged by AFM in a Dimension 3100 AFM instrument
(Veeco Instruments) operated in tapping mode in air. Silicon AFM probes (Budget
Sensors) with a spring constant k = 40 N/m and a resonant frequency v = 300 kHz were
used. Image thresholds were obtained manually from AFM height images and processed
with Image J 1.44p freeware (http://imagej.nih.gov/ij). Particle positions were used to
obtain minimum inter-particle distances (dmin) using a custom-generated MATLAB code
(The MATHWORKS, Inc.; ESM). dmin values were analyzed with OriginPro 8.5.0 SR1
(OriginLab Corp.). Mean minimum inter-particle spacing was obtained from fitting the
resulting dmin distributions to a lognormal model (Figure S2 in ESM). At least four
images were computed per sample in two independent experiments. Probability contour
plots for dmin Were constructed from dmin Values for each particle position and plotted in
zeta using an adapted MATLAB code from
http://www.eng.cam.ac.uk/help/tpl/programs/Matlab/matlabbyexample/  (see ESM).
Threshold images were superimposed for clarity. STM measurements in air were carried
out in a PicoSPM microscope (Molecular Imaging) controlled by Dulcinea electronics
(Nanotec Electronica) using WSxM 4.0 software [27]. Etched Pt0.8:1r0.2 probes with a
diameter of 0.25 mm were used (Agilent Technologies).

1.3 Preparation of control substrates

Homogeneously modified substrates were prepared by immersing flame-annealed
Au(111) substrates in a solution of RGD-PEG-SH and triethylene glycol mono-11-
mercaptoundecyl ether (PEG-SH) from Sigma-Aldrich at a 1:100 molar ratio in 96%
ethanol (Panreac) for 16 h at room temperature. RGD-PEG-SH was kindly supplied by
Prof. F. Albericio’s group at the Institute for Research in Biomedicine (IRB, Barcelona,
Spain) [28]. Polyethylene glycol passivated substrates were prepared by immersion of
flame-annealed Au(111) substrates in a 1 mM solution of PEG-SH in 96% ethanol for 16
h at room temperature. After incubation, substrates were thoroughly washed in ethanol
and dried with argon. All solutions were sonicated and filtered prior to substrate
incubation.

1.4 Cell culture and fluorescent staining

All steps, including work on the cell culture, were performed in a sterile laminar flow
hood, and only sterile materials, solutions and techniques were used. All cell culture
reagents were purchased from Invitrogen S. A. NIH 3T3 mouse embryonic fibroblasts
from passages 8-9 were cultured at 37 °C and 10% CO2 in Dulbecco’s Modified Eagle
Medium (D-MEM) liquid high glucose supplemented with 10% FBS, 1% L-glutamine,
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1% penicillin-streptomycin and 1% sodium pyruvate. The medium was exchanged every
second day. Nanopatterned surfaces were incubated in PBS for 15 min prior to use. After
trypsinization, cells were seeded at a cell density of 4000 cells/cm2 in D-MEM liquid
high glucose supplemented with 1% FBS 1% L-glutamine, 1% penicillin-streptomycin
and 1% sodium pyruvate, and incubated for 4.5 h at 37 °C and 10% CO2. Control
experiments with homogeneously modified, polyethylene glycol-passivated and bare
Au(111) substrates were performed. Post-incubation, non-adherent cells were removed
by a gentle wash with PBS and the attached cells were fixed with a 10% neutral buffered
formalin solution from Sigma-Aldrich for 20 min and then washed with PBS. The
remaining free aldehyde groups were blocked with 50 mM amonium chloride (NH4CI)
from Merk Sharp & Dohme in PBS for 20 min at room temperature. Afterwards, samples
were washed with PBS, and cells were permeabilized with a solution of 0.1% saponin
(Fluka) in 1% BSA from Sigma-Aldrich in PBS for 10 min at room temperature. To
visualize focal adhesions (FAs) and cell cytoskeleton actin fibers, rabbit monoclonal anti-
paxillin [Y113] (Abcam) diluted 1:200 and phalloidin-FITC (0.5 mg/mL) from Sigma-
Aldrich diluted 1:500 in 1% BSA in PBS were added and cells were incubated for 1 h at
room temperature. Cells were washed with PBS and incubated for 1 h at room temperature
with the secondary antibody goat anti-rabbit 1I9G (H+L) ALEXA FLUOR 568 (2 mg/ml)
and Hoechst (10 mg/ml) for cell nuclei staining, both from Invitrogen S. A. and diluted
1:1000 in 1% BSA in PBS. After incubation, cells were washed with PBS, and samples
mounted with FLUOROMOUNT aqueous mounting medium (Sigma-Aldrich).

1.5 Cell imaging and data analysis

Cells were imaged by fluorescence microscopy with an Eclipse E1000 upright
microscope (Nikon) equipped with a CCD camera and working with a green excitation
G-2A long-pass emission filter for paxillin visualization, a FITC filter for actin fibers and
a UV emission filter for cell nuclei. In fluorescent micrographs, the number of adhered
cells was identified by stained nuclei, and paxillin immunostaining was used to determine
the size and number of FAs. ImageJ freeware image analysis was used for quantification.
In cell adhesion experiments, 15 images with the 10X objective were computed per
sample. For FA quantification, images corresponding to paxillin staining were converted
to 8-bit files. The background was removed (rolling bar radius 10), and the resulting
images were converted to binary by setting a threshold. Threshold values were determined
empirically, and FAs were considered from 1 um2. A minimum of 30 cells per sample

were analyzed.
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1.6 Statistics

At least three independent experiments were performed per sample with different cell
batches. Quantitative data are displayed, showing average and standard error of the mean.
Significant differences were judged using Student T-test with a t value of less than 0.05

considered statistically significant.

2. Results and Discussion

2.1 Nanopatterning of RGD-Cys-D1 dendrimers and characterization of surface
disposition

Water-soluble polyamidoamine (PAMAM) G1 dendrimers were chosen to construct
nanoscale cell adhesive clusters. The use of low generation PAMAM dendrimers (less
than Gb5) is preferred since they have proven more biocompatible and less immunogenic
than high generation ones [29]. In order to make dendrimers compatible with cell-based
experiments and trigger cell adhesion, the primary amine surface groups on the outermost
layer of the PAMAM dendrimers were functionalized with the cell adhesive linear RGD
polypeptide (see ESM). PAMAM dendrimer-RGD peptide conjugates were synthesized
as depicted in Scheme 1.

The maleimido-functionalized generation-1 PAMAM dendrimer was reacted
chemoselectively with a single cysteine (Cys) at the C-terminus of RGD, by adapting a
previously described procedure [30,31], to generate RGD-Cys-D1, which assembles eight
copies of the RGD peptide.

RGD-Cys-D1 dendrimers were patterned onto flame annealed Au(111) substrates by
immersion in aqueous solutions of RGD-Cys-D1 of 10-8- 10-2% wi/w concentration for
16 h (pH = 5.6, and T = 293K). The resulting, dendrimer nanopatterns were imaged by
AFM and STM in air. For low bulk concentrations, up to 10-5 % w/w, isolated dendrimers
of 4-5 nm in diameter can be observed (Fig. 1).

Minimum interparticle distances (dmin) obtained from AFM image thresholds (Fig. 2 and
Fig. S2 in the ESM) were used to characterize the local density on the surface. Since
dendrimers are unevenly distributed, individual inter-dendrimer spacing or even the mean
inter-dendrimer spacing values calculated here from dmin distribution fittings (Fig. 2(b))
are not suitable to describe the local density [32]. Therefore, dmin values obtained for
each particle position are plotted in zeta to construct the probability contour plots for dmin
shown in Fig. 2(c) where high density RGD regions are highlighted. As shown in Figure

2(c), slight variations in the mean interligand spacing caused an abrupt increase of denser
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ligand regions. If we consider RGD-Cys-D1 dendrimers separated less than 70 nm, the
percentage of dense areas increase from 7%, for surfaces derived from 10-8% w/w bulk
concentration, to 79%, for surfaces derived from 10-5% w/w bulk concentration.
Patterning from high bulk concentrations, 10-2% w/w for 16 h, resulted in dendrimer
aggregation. AFM images (Fig. 3(a)) showed the presence of elongated structures with
an estimated average size of 650 nm2 (Fig. S3). High magnification images taken by
means of scanning tunneling microscope (STM) revealed that these structures contained
dendrimers assembled in a close-packed configuration (Fig. 3(b)). In order to elucidate
whether aggregation occurred in solution or was a result of a surface-induced
reorganization process, zeta potential was measured in the initial bulk RGD-Cys-D1
dendrimer solutions (Fig. S4 in the ESM). A zeta potential of -3.03 mV was recorded for
the 10-2% w/w bulk concentration, indicating that for such high initial concentration,
solution instability may lead to dendrimer aggregation and the subsequent deposition of
the formed aggregates on the surface. The dmin probability contour plot (Fig. 3(d))
constructed from the threshold image in Fig. 3(c), showed that aggregation not only
caused an increase of the local RGD density as expected but also increased the
heterogeneity of the samples in terms of ligand distribution, if compared with
nanopatterned surfaces from lower bulk concentrations.

2.2 Cell adhesion on dendrimer nanopatterns

Since the diameter of integrins in the cell membrane is around 10 nm [33] each dendrimer
of 4-5 nm in diameter, although providing up to eight copies of the cell-adhesive RGD
ligand, resulted in a single site for integrin binding [35]. Using dendrimer nanopatterning,
a set of substrates of unevenly distributed RGD molecules with tunable local ligand
density was obtained. Cell adhesion experiments were performed with NIH 3T3 mouse
embryonic fibroblasts seeded at 4000 cells/cm2 for 4.5 h. Serum starvation conditions
were maintained at 1% of fetal bovine serum during the experiment in order to highlight
the effect of the substrate [21]. Fluorescent micrographs of adhered cells on the samples
were taken after cell fixation and nuclei staining (Fig. 4a). In this case, ready-to-use
substrates were obtained, with no further passivation step required, as demonstrated by
the percentage of adhered cells obtained for the negative controls (bare Au(111) and
polyethylene glycol (PEG-SH) passivated Au(111) substrates; Fig. 4(b)). The low
percentage of adhered cells observed in Au(111) substrates can be attributed to the well-
known gold-induced protein denaturation effect [35]. Therefore, cell interactions with the

nanopatterned surfaces could be attributed solely to RGD-Cys-D1-cell receptor
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interactions, without any passivation step that can mask the specific influence of the
patterns on cell guidance [36].The percentage of adhered cells obtained from a bulk
concentration of 10-8% w/w, which was lower than of the negative controls, confirm that
dendrimers are preferential sites to establish the first cell-substrate interactions, and
pointed out that RGD clustering effect when provided solely by the dendritic
conformation is in this case, not enough to reach high percentages of cell adhesion. This
Is in agreement with previous reports suggesting that a coverage limit of high density
ligand regions is necessary in order to generate a sufficient cell response [11,21,38]. As
the bulk concentration increased, the percentage of seeded cells adhered to the substrate
after 4.5 h of incubation increased to 80% for a bulk concentration of 10-5% w/w. Similar
adhesion was obtained when dendrimers were presented as high density aggregates on
the surface. In both cases statistical analysis showed that adhesion was significantly
higher than in the homogeneously modified RGD-PEG-SH substrates (Fig. 4(b)). Since
this finding could be attributed to an effect of global ligand density, we measured the
elemental composition of the surface by XPS (see ESM). The atomic percentage of sulfur
directly correlates with the number of RGD molecules, which differed between
dendrimers and homogeneous films. The sulfur/gold ratio was found to be very similar
for substrates derived from 10-5 and 10-2% bulk concentrations, resulting in 0.04+0.02
and 0.03+0.02, respectively; while much higher values were found for homogeneous
surfaces, with a sulfur/gold ratio of 0.20+0.03. These observations indicate that uneven
distributions of RGD obtained through RGD-Cys-D1 dendrimer nanopatterning sustain
cell adhesion more efficiently than the corresponding homogeneous surfaces and
highlight the relevance of local ligand density.

2.3 RGD-Cys-D1 nanopattern influence on FA formation and maturation

Since cell-matrix junctions are strongly influenced by local ligand density [12], we
examined FA formation. The signal transduction adaptor protein paxillin, which is
involved in FA formation from its early stages [38] was fluorescently labeled and
monitored at high magnification (Figure 5a). No mature FAs developed below a bulk
concentration of 2.5 10-8% w/w (Figure 5b). This is in agreement with results reported
by Cavalcanti-Adam et al. [39], who found that FA dynamics is significantly delayed in
overlarge inter-ligand spacing. Here, the absence of high density RGD regions in surfaces
produced from bulk concentrations below 2.5 10-8% w/w. In such surfaces, the weak cell
to surface interaction may favor easy cell detachment which can also contribute to the

low percentage of adhered cells obtained (Fig. 4). Accordingly, an increase of bulk
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concentration to 10-5% w/w, and hence an increase of local RGD density, increased the
number of mature FAs. Substrates derived from 10-2% w/w bulk concentration rendering
high density dendrimer aggregates resulted in a reduced number of FAs per cell compared
to the number achieved from 10-5% wi/w, but much larger FA areas. XPS results
(sulfur/gold ratio of 0.04+0.02, 0.03+£0.02 for 10-5 and 10-2% w/w bulk concentrations,
respectively) showed that samples derived from 10-5 and 10-2% w/w bulk concentrations
presented a similar amount of RGD on their surfaces. However, the area covered with
high surface particle density (d < 70 nm) is very different in both cases. Therefore, the
observed cell behavior should be due to the RGD local distribution in each case. With
fewer cell adhesive anchor points, 10-2% bulk concentration derived surfaces made cells
develop a lower number of FAs than in 10-5% w/w bulk concentration derived ones but,
as predicted by Cavalcanti-Adam et al. [39], the increased local ligand density when
aggregation occurs, caused FA maturation to be favored for 10-2% w/w vs. 10-5% w/w
surfaces for the same period of time. These results are also supported by theoretical
studies on integrin-ligand binding performed by Irvine et al. [40] which revealed that an
increase in local ligand density enhances ligand-receptor affinity of neighboring integrins,
thus favoring receptor clustering and reinforcing cell adhesion. In addition, Comisar et al.
[41], using an integrin binding/clustering model, obtained that integrin cluster size is
increased with increasing RGD distribution heterogeneity.

3. Conclusions

Dendrimer nanopatterning approach is presented to address RGD local density effects on
cell adhesion. To this end, PAMAM G1 dendrimers had been chemically modified with
the cell adhesive RGD peptide, in a way that each dendrimer assembled eight copies of
RGD, and patterned on Au(111) substrates. AFM and STM surface analysis showed that
RGD-tailored dendrimers are unevenly distributed on the surface and that tunable local
RGD densities were obtained as a function of the initial bulk concentration. Probability
contour plots for the minimum interparticle distance (dmin) were constructed from AFM
images to visualize the surface high density RGD regions. Surface imaging also showed
that dendrimer aggregate deposition took place at high initial bulk concentrations (10-2%
w/w) as a result of solution instability. Cell adhesion experiments demonstrate that
dendrimer-based nanopatterns sustained cell adhesion, and provided cell guidance for the
first cell to substrate interactions. Dendrimers assist FA assembly and maturation at high

local RGD surface densities. Our results point out the relevance of surface local ligand
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density particularly in the case of dendrimer aggregates. If compared to 10-5% bulk
concentration, with a similar value of surface ligand density, the higher degree of
segregation in 10-2% derived surfaces, resulted in fewer but more mature FAs.

In conclusion, dendrimer nanopatterning has been successfully applied to the study of
surface RGD presentation on cell adhesion studies, which were supported with an in detail
surface characterization. Moreover, the versatility introduced by dendrimers which
include a facile chemical modification of their peripheral groups and an easy tunable size,
makes dendrimer nanopatterning suitable to be extended to the study of other ECM

ligands with clustering effects on cells.
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Scheme 1 Synthesis of RGD-Cys-D1 from PAMAM G1.
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Figure 1 Surface characterization of RGD-Cys-D1 dendrimer nanopatterns on Au(111) with AFM and STM in
air. (@) 5x5 um representative AFM image obtained when patterning was conducted from a bulk concentration
of 10-5% w/w. (b) zoom-in from the dashed region in (a). (c) STM image obtained on nanopatterns from an
initial bulk concentration of 10-8% w/w (45x45 nm, Bias = 200 mV, Set point = 0.5 nA) and (d) height-distance

profile obtained on the dashed region indicated in (c).



& e
1 $*=0.3

Frequency
S

0 100 200
dmin (nm)

Figure 2 Nanopatterning of RGD-Cys-D1 on Au(111) surfaces. (a) Representative AFM image thresholds
obtained from 10-s, 2.5 10-s, and 10-5 % w/w RGD-Cys-D1 bulk concentrations. Scale bar = 500 nm. (b)
Minimum inter-particle distance (dmin) distributions. 63.1, 55.2 and 43.2 nm are the mean values of the shown
distributions (s* stand for the standard deviation). The calculated minimum inter-particle distances for the
corresponding ordered patterns are 117, 97, and 66 nm, respectively (c) Corresponding dmin probability

contour plots obtained from images in (a) (superimposed). Color scale corresponds to dmin values in

nanometers.
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Figure 3 RGD-Cys-D1 nanopatterning on Au(111) surfaces from 10-2% w/w bulk concentration. (a) AFM tapping
image (scale bar = 250 nm) showing the presence of dendrimer aggregates. The inset corresponds to the
magnified phase image of one of the aggregates (scale bar = 50 nm). (b) High magnification image of
aggregates obtained by STM (scale bar = 50 nm). (c) AFM image threshold, scale bar = 500 nm and (d) the
corresponding dmin probability contour plot. Aggregates are superimposed in dark red pointing out that they
are points of high ligand density. Color scale corresponds to dmin values in nanometers. The calculated

percentage of dense areas with particles (dendrimer aggregates) separated less than 70 nm is 28%.
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Figure 4 Cell adhesion on RGD-Cys-D1 nanopatterned Au(111) substrates after 4.5 h incubation with a range
of bulk concentrations compared with that achieved on Au(111) and homogeneously modified surfaces. (a)
Representative fluorescent microscopy images of cell nuclei stained with Hoechst. Scale bar = 200 um. (b)

Percentage of adhered cells presented as the mean with the standard error.
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Figure 5 (a) Fluorescent micrographs of representative cells after 4.5 h in culture on the corresponding
substrates. Insets show the magnified portion of FAs formed at the cell periphery. Scale bar = 20 pm. (b) Plot
of the number of FAs per cell (black triangles) and FA area (blue squares) obtained from various bulk
concentrations (logarithmic scale) and from the homogeneous surface (FAs were considered from 1 uma. The

error bars correspond to the standard errors of the mean. Dashed lines are eye guides).



