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ABSTRACT: The presentation of biologically active mole-
cules at interfaces has made it possible to investigate the
responses of cells to individual molecules in their matrix at a
given density and spacing. However, more sophisticated
methods are needed to create model surfaces that present
more than one molecule in a controlled manner in order to
mimic at least partially the complexity given in natural
environments. Herein, we present dual-functionalized surfaces
combining quasi-hexagonally arranged gold nanoparticles with
defined spacings and a newly developed PEG-alkyne coating to
functionalize the glass in the intermediate space. The PEG-
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alkyne coating provides an inert background for cell interactions but can be modified orthogonally to the gold nanoparticles with
numerous azides, including spectroscopically active molecules, peptides, and biotin at controlled densities by the copper(I)-
catalyzed azide alkyne click reaction. The simultaneous presentation of cRGD on the gold nanoparticles with 100 nm spacing and
synergy peptide PHSRN in the space between has a striking effect on REF cell adhesion; cells adhere, spread, and form mature
focal adhesions on the dual-functionalized surfaces, whereas cells cannot adhere on either monofunctional surface. Combining
these orthogonal functionalization methods creates a new platform to study precisely the crosstalk and synergy between different
signaling molecules and clustering effects in ligand—receptor interactions.

1. INTRODUCTION

The specific functionalization of substrates with bioactive
molecules such as adhesion peptides, growth factors, and other
signaling molecules is important in understanding cell—material
interactions and can make it possible to control the response of
a cell to its surroundings. The complex interactions of the cell
with the extracellular matrix (ECM) and the crosstalk between
different signaling molecules highlight the need to develop well-
defined substrates that can be specifically functionalized with
multiple ligands at defined densities and geometric arrange-
ments." Recently, materials that can be functionalized
orthogonally with two different bioactive molecules including
polymer-based hydrogels,” thin polymer films,® supported lipid
bilayers,* self-assembled monolayers (SAMs) of thiols on
gold,s’6 and SAMs of silanes on silicon or glass7 have been the
focus, and some were used to investigate the crosstalk between
signaling events in cells.*’

Cell-adhesion tripeptide motif RGD (arginine-glycine-
aspartic acid), present in many ECM proteins as a ligand for
integrins, is one of the most frequently used ligands to promote
cell attachment to artificial materials.'®"'* The binding of
integrins to RGD motifs results in the clustering of integrins
and the recruitment of intracellular proteins to form stable focal
contacts and also influences other signaling events.'> RGD-
mediated adhesion can be further promoted by using a cyclic
form of RGD, cRGD,"® and adding other peptides derived from
ECM proteins such as synergy peptide PHSRN (proline-

-4 ACS Publications  © 2014 American Chemical Society

6897

histidine-serine-arginine-asparagine) from the ninth type III
domain in fibronectin."’ ™" Correspondingly, various materials
dual-functionalized with the RGD motif and the synergy
peptide have been used to study cell adhesion.****!

In addition to the composition and specific immobilization of
bioactive molecules, the spacing and density of the ligands
influence the cell’s response. Previously, we established block
copolymer micellar nanolithography (BCML)**** as a powerful
and versatile method of preparing quasi-hexagonally arranged
gold nanoparticles on glass substrates to control the spacing
between ligands immobilized on the gold nanoparticles with
thiol chemistry. The functionalized gold particles with a
diameter of <8 nm are so small that only a single integrin
can bind to one particle. In addition, covalent or electrostatic
coatings of poly(ethylene glycols) (PEGs) were used
successfully to minimize nonspecific interactions between
cells and the glass.>**** Previous studies on cell adhesion to
cRGD-functionalized quasi-hexagonally arranged gold nano-
particles on glass surfaces with a nonspecific-adhesion-
preventing PEGyq, layer in the intermediate space reveal that
a spacing of the nanoparticles, and therefore of the integrin
ligands, of <58 nm is needed for cell rat embryonic fibroblast
(REF) adhesion and spreading.**>*
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In this work, we introduce a route to functionalize the above-
described gold nanostructured glass surfaces with a second
molecule through a new PEG-alkyne coating for the space
between the gold nanoparticles. The PEG-alkyne contains a
terminal alkyne functional group that can be modified with the
copper(I)-catalyzed azide alkyne cycloaddition (CuAAC), also
known as the click reaction, orthogonal to the gold nano-
particles. Click reactions are used for the biofunctionalization of
various materials due to their mild reaction conditions, bio-
orthogonality, and high conversion efliciency and stereo-
selectivity.”® ' Here, we show that the PEG-alkyne coating
passivates the surface against nonspecific interactions and that
peptides as well as small molecules with an azide functional
group can be conveniently attached. The density of the
biomolecule introduced at the PEG-alkyne can be easily
adjusted by forming mixed SAMs with an inert PEG,y, and
we examine REF cell adhesion on cRGD-modified PEG-alkyne
layers at different densities. Cell adhesion studies on bifunc-
tional nanopatterns, where the PEG-alkyne is modified with
synergy peptide PHSRN and the gold nanoparticles are
modified with c¢RGD, reveal a striking effect of dual
functionalization on integrin clustering in cell adhesion. The
dual-functionalized surfaces presented here offer a new platform
for studying the role of ligand and receptor spacing in systems
where there is crosstalk between two different signaling
molecules.

2. MATERIALS AND METHODS

Synthesis of (CH3;CH,0);Si-PEG;g0-alkyne. (CH,CH,0),Si-
PEG;ggp-alkyne (PEG-alkyne in the following) is synthesized
analogously to (CH3CH7_O)381 -PEG,40-OCHH; (PEGyq) as de-
scribed previously.”® To a suspension of 1 equiv of amino-terminated
PEG (0.30 mmol H,N-PEG;y-alkyne, Iris Biotech, Marktredwitz,
Germany) in 4 to S mL of DMF under an argon atmosphere, 1.1 equiv
of of 3-(triethoxysilyl)-propylisocyanate is added, and after stirring for
24 h at room temperature, the solution is cooled to 0 °C. An excess of
diethyl ether is added, and the suspension is stirred for 1 h at 0 °C
before filtering off the precipitate, washing it with cold diethyl ether,
and drying under vacuum yields PEG-alkyne as a white powder. 'H
NMR [300 MHz, CDCL] § 6.33 (s, 1H, CH,—C(=0)—NH), 5.60
(br s, 2H, NH-C(=0)—NH), 3.89—3.28 (m, 298H; O—CH, and
N—CH,), 3.15 (br s, 2H, Si—CH,—CH,—CH,), 2.51 (m, 2H, C(=
0)—CH,—CH,), 2.39 (m, 2H, C(=0)—CH,—CH,), 2.01 (t, ] = 2.6
Hz, 1H, CH), 1.63 (br s, 2H, Si—CH,—CH,), 1.22 (t, *] = 7.0 Hz, 9H,
CH,), 0.65 (br s, 2H, Si—CH,).

PEGylation of SiO, Surfaces. All glass coverslips are cleaned for 1
h in freshly prepared piranha solution (3:1 H,SO,/H,0, (30%)),
rinsed thoroughly with water, sonicated three times for 3 min in fresh
water, and dried in a stream of nitrogen. The silicon dioxide-coated
QCM sensors are cleaned by immersing them in an aqueous sodium
dodecyl sulfate solution (3%) for 1 h, rinsing thoroughly with water,
and drying in a stream of nitrogen before treatment with oxygen
plasma (TePla 100-E, 0.4 mbar, 150 W, 45 min). The quasi-hexagonal
gold nanoparticles on glass substrates are prepared as described before
using block polymer micelle nanolithography (BCML),”*** and the
surfaces are activated with oxygen plasma (TePla 100-E, 0.4 mbar, 150
W, 10 min). For the PEGylation reaction, substrates are immersed in a
solution of 0.25 mM PEG (with the appropriate PEG-alkyne to
PEG, ratio) and 25 yM dry triethylamine in dry toluene (dried over
molecular sieves (3 A)) and held at 80 °C overnight under a nitrogen
atmosphere. The substrates are rinsed with ethyl acetate, sonicated for
S min in ethyl acetate, rinsed with methanol, sonicated for S min in
methanol, rinsed again with methanol, and dried in a stream of
nitrogen.

General Protocol for CUAAC on Surfaces. For the click reaction
with different azide-containing molecules, substrates are incubated
with 150—250 pL of a freshly prepared aqueous reaction solution with
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100 mM L-ascorbic acid, 100 mM Tris HCI (pH 8.5), 150 uM azide-R,
and 1 mM CuSO, for 2 h in a moisture chamber. Samples are washed
with water or buffer solution and dried in a stream of nitrogen. Azides
used in this study include S5/6-carboxyrhodamine 110-PEG;-azide
(fluorophore-azide) for the measurements of surface fluorescence, 3-
azidomethyl-S-iodopyridine for XPS measurements, K(N;) GGNGEP-
RGDTYRAYK (fluorescein)GG for the a-chymotrypsin assay, azide-
PEG;-biotin (biotin-azide) for functionalization with streptavidin,
N,,N,-bis(carboxymethyl)-L-azido-lysine hydrochloride (azide-NTA)
for Cu XPS measurements, and cyc(RGDfE)K(Nj,) (azide-cRGD) and
K(N;)PHSRN for cell adhesion studies.

Fluorescence Microscopy. Fluorescence imaging is carried out
with an Olympus IX inverted microscope (Olympus, Hamburg,
Germany) using a Delta Vision RT system (Applied Precision Inc.,
Issaquah, WA, USA) equipped with a cooled CCD camera
(Photometrics, Kew, Australia), and processing is controlled by
Resolve3D (Applied Precision Inc., Issaquah, WA, USA). Images are
acquired using either a 10X (Neofluor 10X/0.3 phase contrast, Carl
Zeiss, Jena, Germany) air lens or a 60X (PlanApo 60x/1.4 Olympus,
Hamburg, Germany) oil-immersion lens. Fluorescence imaging of dual
fluorescently labeled surfaces is carried out with a Leica DM6000B
microscope (Leica Microsystems, Wetzlar, Germany) and a Leica DFC
365 FX camera. Image acquisition is performed with a 10x (HC PL
APO 10%/0.40 Leica, Wetzlar, Germany) air lens, and processing is
controlled by an LAS AF 3.1.0.

Chymotrypsin Assay. The ligand density on PEG-alkyne-
modified surfaces is quantified by adopting a method established by
Barber et. al.** Briefly, glass substrates coated with varying mol % of
PEG-alkyne are modified by the click reaction with a fluorescently
labeled peptide, K(N;)GGNGEPRGDTYRAYK (fluorescein)GG,
which contains a chymotrypsin digestion site. The coating on the
surfaces is enzymatically digested with a-chymotrypsin by treating the
substrate with 1.25 ug/mL a-chymotrypsin in 30 mM Tris HCl (pH
8.00), S0 mM CaCl,, and 10 uM HCI for 16 h at 30 °C. The surfaces
that have been enzymatically digested and the untreated samples are
mounted with Mowiol, and the fluorescence intensity on the surfaces
is measured. The fluorescence intensity of the solution above the
digested surface is measured with a microplate reader (Infinite M2000
microplate reader, TECAN, Minnedorf, Switzerland), and the peptide
concentration in solution is calculated by using solutions of the
fluorescently labeled peptide with known concentrations

QCM (Quartz-Crystal Microbalance) Measurements. All
QCM measurements are performed with a Q-Sense E4 System and
sensors from Q-Sense (Vistra Frolunda, Sweden). A flow rate of 10
uL/min and a temperature of 25 °C are used throughout all
experiments.

To investigate nonspecific protein absorption on PEG-alkyne-
modified QCM sensors, they are equilibrated with PBS and then
exposed to increasing concentrations of BSA (0.01, 0.1, 1, and 5% BSA
in PBS) for 1S min each, followed by S min rinsing steps with PBS.

QCM sensors, modified with different mol % of PEG-alkyne and
subsequently clicked with an azide-PEG;-biotin conjugate, are also first
equilibrated with PBS and then incubated with streptavidin in PBS (5
pug/mL) for 1 h. Subsequently, the sensors are rinsed again with PBS
for about 30 min to remove unbound streptavidin.

Dual Functionalization of Gold Nanopatterned Surfaces
with PEG-Alkyne. Gold nanopatterned surfaces are prepared by
BCML**?? as previously described with average particle spacings of 54
+12 nm for the labeling with two different fluorophores and 100 +13
nm for the cell experiments with synergy peptide PHSRN. For the
former, a gold-loaded polymer micelle solution of 4 mg/mL
polystyrene(110 000)-b-poly-2-vinylpyridine(70 500) (Polymer
Source, Quebec, Canada) in o-xylene with a tetrachloroauric acid to
vinylpyridine monomer ratio of 0.3 is used, and for the latter 2 mg/mL
polystyrene(216 000)-b-poly-2-vinylpyridine(60 000) (Polymer
Source, Quebec, Canada) in toluene with a tetrachloroauric acid to
vinylpyridine monomer ratio of 0.3 is used. The surfaces are
PEGylated following the procedure described above.

Labeling of Gold-Nanopatterned PEG-Alkyne Surfaces with Two
Different Fluorophores. Azide-PEG;-biotin is clicked to a pure PEG-
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Figure 1. (A) Schematic illustration of the dual-functionalized surfaces. The quasi-hexagonally arranged gold nanoparticles are functionalized with
gold thiol chemistry (1), and the space between the particles is functionalized with copper(I)-catalyzed azide alkyne cycloaddition (CuAAC), also
known as the click reaction, on PEG-alkyne (2). (B) Immobilization of silane-terminated PEG-alkyne and PEG,, on glass substrates and the
subsequent functionalization of PEG-alkyne with azides by using the click reaction.

alkyne monolayer, and the surface is incubated with 250 L of HS-C,}-
(EG);-NTA (HS-NTA) (250 uM) and NiCl, (250 M) in Tris-NaCl
buffer for 1 h at room temperature in a moisture chamber. After
washing with Tris-NaCl buffer for about 5 min, the surface is
incubated with 250 uL of Atto 56S-streptavidin (S ug/mL in Tris-
NaCl buffer) for 1 h and washed once more. Finally, the surfaces are
incubated with 250 uL of Hisg-eGFP (10 uM) in Tris-NaCl buffer for
1 h, washed with Tris-NaCl buffer, and mounted with Mowiol.

Dual Functionalization of Gold-Nanopatterned PEG-Alkyne
Surfaces with cRGD and PHSRN. Gold nanopatterned surfaces
coated with 10 mol % PEG-alkyne are clicked with the synergy peptide
K(N,;)PHSRN as described above. Subsequently, surfaces are
incubated with c[RGDfK(3-mercaptopropionyl-aminohexanoic acid)]
(cRGD-SH) (25 uM) in water for 2 h and then washed thoroughly
with PBS three times for 10 min each.

Cell Culture and Immunofluorescence Staining. REF WT (rat
embryonic fibroblasts, wild type) and REF YFP-pax (rat embryonic
fibroblasts expressing YFP-paxillin) (kindly provided by B. Geiger, The
Weizmann Institute of Science, Israel) are cultured in DMEM
supplemented with 10% fetal bovine serum, 1% L-glutamine, and 1%
penicillin-streptamycin at 37 °C and 5% CO,. Cells are cultured in
serum-free medium the previous day and during the experiments.
Surfaces used in cell experiments are treated with 70% ethanol for 5
min at room temperature and/or washed three times with sterile PBS.
Cells are seeded onto the samples at a density of ca. 5000 cells/cm?
and incubated for 4 h at 37 °C and 5% CO,. Cells are fixed with 4%
paraformaldehyde (PFA) in PBS (pH 7.4) for 20 min at room
temperature and washed several times with PBS. For permeabilization,
samples are treated with 0.1 vol % Triton X-100 in PBS for S min at
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room temperature, followed by blocking with 1% BSA in PBS for
about 10—30 min. Where appropriate, samples are incubated with
mouse antivinculin IgG (1:200 dilution) and rabbit antipaxillin IgG
(1:200 dilution) in PBS with 1% BSA for 1 h at room temperature.
Following a washing step with PBS, cells are labeled with Alexa Fluor
488 goat antimouse IgG (S pg/mL), Alexa Fluor 647 goat antirabbit
IgG (S pg/mL), and/or TRITC-conjugated phalloidin (2 pg/mL) in
PBS with 1% BSA for 1 h. After a further washing step with PBS,
samples are mounted in Mowiol containing DAPI (1 pg/mL).

All images are analyzed with Image] 1.45s (http://imagej.nih.gov/
ij). The number of cells per mm? is based on the number of nuclei in
the DAPI channel, and the cell area is quantified from images of the
actin staining. The errors in the number of cells per mm? are given as
the standard deviation of at least three independent experiments. The
cell area is shown as a box plot, where each box is defined by the first
and third quartiles of the data, the line in the box represents the
median, x represents the mean, and the whiskers represent the Sth and
95th percentiles with outliers not shown. The statistical significance is
evaluated using a nonparametric Mann—Whitney U test.

3. RESULTS AND DISCUSSION

PEG-Alkyne Film Formation on Nanostructured Glass
Surfaces. For the preparation of the dual-functionalized gold
nanostructured surfaces presented in this study, we take
advantage of the unique and orthogonal chemistries of glass—
silane, gold—thiol, and the click reaction (Figure 1A). The
clickable PEG-alkyne silane is coupled covalently with inert
PEG,q, silane to the glass substrates, forming a self-assembled
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monolayer (SAM) (Figure 1B). In a second step, a molecule of
choice with an azide group can be bound to the PEG-alkyne
molecules via CuAAC, and in a final step, the gold
nanoparticles can be modified with thiol-group-containing
ligands. The newly developed PEG-alkyne functionalization
offers several advantages: (i) the desired molecule is linked to
the PEG layer in an oriented way, stereoselectively forming a
1,4-disubstituted 1,2,3-triazole; (ii) the PEG itself acts as a
passivating layer between the substrate and the introduced
functionality, preventing nonspecific adsorption; (iii) a large
variety of different azides can be used to modify the layer
depending on the desired application by the click reaction; and
(iv) the density of the clickable PEG-alkyne on the surface can
be adjusted by mixing the clickable PEG-alkyne with an inert
PEG, in different ratios in the PEGylation reaction.
Functionalization of PEG-Alkyne Films by Cooper(l)-
Catalyzed Azide Alkyne Cycloaddition. To first demon-
strate that PEG-alkyne coated surfaces can be efficiently
modified with azides and that the modification density can be
tuned, surfaces with various ratios of PEG-alkyne to PEG,
(mole % PEG-alkyne = 0, 25, 50, 75 and 100) are clicked with
an azide-group-containing small fluorescent molecule, 5/6-
carboxyrhodamine 110-PEG3-azide, and the fluorescence on
the surface is quantified. As seen in the fluorescence
measurements, the number of immobilized fluorophores
correlates directly with the ratio of PEG-alkyne to PEG, in
the PEGylation reaction, and the signal increases with
increasing mol % of PEG-alkyne and shows saturation with
increasing PEG-alkyne content (Supporting Information,
Figure S1). To exclude the possibility that the click reaction
is incomplete at high surface densities under the reaction
conditions, surfaces with pure PEG-alkyne are first reacted with
the nonfluorescent biotin-azide and then reacted again with a
fresh reaction solution containing the small molecule
fluorophore-azide (Supporting Information, Figure S2).
Comparing the fluorescence intensity on this surface with a
surface that is solely modified with the small molecule
fluorophore-azide demonstrates that 99% of the modifiable
surface alkynes are already modified after the first reaction
(assuming a linear relationship between fluorescence intensity
on the surface and immobilized fluorophore). Additionally, the
modification of the PEG monolayer at the surface with the click
reaction is confirmed by XPS using 3-azidomethyl-S-iodopyr-
idine as the coupling reagent in order to use the iodine as an
XPS marker. We observe that the I 5d signal intensity depends
linearly on the PEG-alkyne content of the film and is not
observed on the PEG,,-coated surfaces, while for the C 1s
signal a larger shoulder at lower binding energy is observed
with increasing PEG-alkyne content after the click reaction
(Supporting Information, Figure S3A,B). XPS measurements in
the N 1s region on a pure PEG-alkyne surface that is modified
with the small molecule 3-azidomethyl-S-iodopyridine shows a
shoulder at higher binding energy indicating the formation of
the triazole ring”® on the surface compared to unmodified
surfaces (Supporting Information, Figure S3C). The N 1s
signal is fitted for four different nitrogen species (398.9, 399.7,
401.4, and 402.5 eV) and from the relative areas of the peaks
the conversion percentage of the surface alkynes is calculated to
be about 74%. At the same time, the Si 2p signals for surfaces of
diverse PEG compositions show approximately the same
intensity (Supporting Information, Figure S3D), demonstrating
that the thickness of the PEG layer is nearly the same for all
compositions, about 2.15 nm as determined in an earlier study
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for pure PEGiyo films.”® Furthermore, the modification density
for different PEG-alkyne compositions is quantified in more
detail by coupling a peptide with an a-chymotrypsin enzymatic
digestion site between an azide and a fluorescent group,
K(N;)GGNGEPRGDTYRAYK (fluorescein) GG, to the PEG
films. As observed with the azide-containing small fluorescent
molecule (Supporting Information, Figure S1), the fluorescence
intensity on the surface correlates with the mol % of PEG-
alkyne used in the PEGylation reaction, i.e., with the extent of
immobilized fluorescently labeled peptide, and also shows
saturation with increasing PEG-alkyne (Figure 2). Subse-
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Figure 2. Click reactions on PEG-alkyne modified surfaces with
various PEG-alkyne mol % fractions. Determination of the coupled
peptide density with different ratios of PEG-alkyne and PEG,y, by
enzymatic digestion through a-chymotrypsin. The peptide density is
quantified by fluorescence intensity measurements in solution after the
release of a formerly surface-bound fluorophore-bearing part of the
peptide (filled circles, left y axis, blue). In addition, fluorescence
intensities versus the mol % of PEG-alkyne on the surfaces before
(filled squares, right y axis, red) and after enzymatic digestion (empty
squares, right y axis, red) are illustrated. The error bars are the
standard deviations of at least three independent experiments.

quently, these surfaces are treated with a-chymotrypsin,
thereby releasing the fluorophore-bearing part of the peptide
into the reaction solution. The fluorescence in solution is
measured, and the concentration is quantified using digested
fluorescently labeled peptide solutions of known concentrations
to calculate the peptide density on the surface before the
digestion with chymotrypsin. Additionally, after the enzymatic
digestion, the fluorescence signal on the surfaces is at
background level for different mol % of PEG-alkyne, showing
that the peptide digestion is quantitative. These results show
that we can adjust the modification density from O to 38.4
pmol/cm? by increasing the relative PEG-alkyne concentration
in the PEGylation reaction. The fluorescence intensity on the
surfaces shows saturation with rising mol % of PEG-alkyne,
which could be due to either steric hindrance at high
functionalization densities or local quenching caused by a
high surface concentration of the dye.

The PEG-alkyne coating allows for the attachment of many
different azides, including spectroscopically active small
molecules and peptides, as shown above. Another frequently
used method for the immobilization of a broad class of
biotinylated molecules is based on the stable interaction
between biotin and streptavidin,'"' and this interactions has
already been used to fabricate dual functionalized nanopaterned
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surfaces similar to the ones described here.*” This interaction
can also be used to further broaden the scope of possible
modifications of the PEG-alkyne surfaces by first clicking a
biotin-azide, which can subsequently react with streptavidin and
further biotinylated molecules. The binding of streptavidin to
PEG-alkyne-coated surfaces modified with biotin-azide is
shown for different PEG compositions (Figure 3). While the

A PBS streptavidin PBS
01 0 mol%

., -104
N
< 25 mol%
£ -204
a 50 mol%

304 75 mol%

404 100 mol%

T J U T T
0 20 40 60 80 100
Time [min]

mol%
(PEG-a|kyne)| 0 25 50 75 100
Af /n [Hz] |0.2 +0.4 -146+3.0 -26.9+3.2 -31.2+3.5 -37.0+6.9

Figure 3. (A) Exemplary QCM curves of the fifth overtone showing
the binding of streptavidin to biotinylated PEG monolayers. QCM
crystals are PEGylated with different mol % of clickable PEG-alkyne
and clicked with biotin-azide prior to the measurements. The QCM
crystals are equilibrated with PBS for 30 min, incubated with S pg/mL
streptavidin in PBS for 1 h, and subsequently rinsed with PBS for 30
min to remove unbound streptavidin. (B) Frequency change for
surfaces of different compositions after streptavidin binding. The
errors are the standard deviation from at least three independent
experiments.

PEG,o-coated QCM sensor, which is subjected to the click
reaction conditions, does not show any streptavidin adsorption,
the biotin-modified PEG-alkyne QCM sensors bind different
amounts of streptavidin depending on the PEG-alkyne mol %.

Passivating Properties of PEG-Alkyne Films. Besides
control over the functionalization density and versatile
modification possibilities of the PEG-alkyne, its protein-
repellent properties and its passivating characteristics against
nonspecific protein adsorption are evaluated. For this,
increasing concentrations of BSA are passed over PEG-
alkyne-modified QCM sensors, and changes in frequency are
monitored on the QCM (Figure 4). While with increasing
concentrations of BSA more distinct frequency changes are
temporarily observed, the immediate return to the initial
frequency with PBS washes clearly shows that the protein is not
adsorbed and that these frequency changes are caused only by
significant changes in the medium’s viscosity due to the high
protein concentrations. The results for PEG-alkyne monolayers
are similar to the QCM curves observed for PEG,,,, which we
reported in an earlier study.”®

To verify that the copper ions utilized catalytically in the click
reaction do not adsorb significantly to the surfaces and cause
cell toxicity, the remaining copper on the surfaces is
investigated by XPS (Supporting Information, Figure S4).
While we are not able to detect any copper signal on PEGylated
surfaces before and after subjecting them to click reaction
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Figure 4. QCM curve illustrating the frequency change upon addition
of different amounts of BSA in PBS for a PEG-alkyne-coated SiO,
sensor surface. The 11th overtone is presented.

conditions without any azide, a very low Cu signal is detected
on surfaces that are modified with cRGD or NTA. A PEG-
alkyne monolayer modified with an NTA/Cu®* complex, for
which a clear Cu XPS signal is observed, is used as a positive
control. From the XPS measurements, we concluded that only
very low concentrations of copper remain on the surfaces after
the click reaction and that these copper ions are of minor
importance for subsequent cell adhesion.

Another type of PEG coating for glass that is commonly used
to prevent nonspecific interactions is PLL-g-PEG (poly-L-
lysine-graft-poly(ethylene glycol)), which physisorbs on glass
based on electrostatic interactions. To date, a number of
variants of PLL-g-PEGs with biotin,® azide,”® or peptide'*
modification to introduce specific interactions have been
reported. The here-presented PEG-alkyne thus provides a
complementary platform for glass functionalization in cases
where a covalent attachment to the glass is desirable and for
cases where the azide is on the molecule to be attached.

Integrin-Mediated Cell Adhesion to cRGD on PEG-
Alkyne Surfaces. The protein-repellent properties of PEG-
alkyne monolayers in combination with the possibility to attach
specific chemical modifications at controlled densities make this
an attractive platform to study specific cell interactions. As a
model system, we investigate the adhesion of fibroblasts to glass
surfaces with varying PEG-alkyne densities before and after
functionalization with cRGD. Surfaces with 0, 0.01, 0.1, 1, 10,
and 100 mol % PEG-alkyne are functionalized with azide-cRGD
in the presence of the copper catalyst. An equal number of rat
embryonic fibroblasts expressing YFP-paxillin (REF YFP-pax)
are seeded on each surface before and after the click reaction.
The number of adherent cells as well as their spreading area
after 4 h is quantified as characteristics of cell-adhesion
behavior. Before the click reaction, almost no cells adhere to
the nonfunctionalized PEG monolayers of different PEG-
alkyne/PEG,y, ratios, indicating good inertness against
nonspecific adhesion (Figure SA). The number of adherent
cells on the cRGD-functionalized PEG-alkyne monolayers
significantly depends on the mol % of PEG-alkyne, ie., on
the cRGD density. Some cells adhere to surfaces with 0.1 mol
% PEG-alkyne, but cells are not able to adhere to surfaces with
even lower PEG-alkyne densities. On the other hand, at a PEG-
alkyne density of 1 mol % or higher the coating provides
sufficient anchor points for cell adhesion and the number of
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Figure 5. (A) Number of cells per mm? and (B) spreading area of REF
YFP-pax on PEG monolayers with different mol % of PEG-alkyne
functionalized with cyclic RGD. Data are evaluated after 4 h of
adhesion by means of fluorescence staining of cell nuclei (DAPI) and
actin (phalloidin-TRITC). *p < 0.003 and **p < 0.0001.

adherent cells increases only slightly with additional PEG-
alkyne content in the film. The spreading area of the cells
shows a similar trend to the number of cells that adhere on the
surfaces; the spreading area of cells on 0.1 mol % PEG-alkyne
surfaces is only half as large as the spreading area of cells on 1
mol %, 10 mol %, and pure PEG-alkyne coatings (Figure SB).
Therefore, we conclude that 1 mol % PEG-alkyne with cRGD
modification is sufficient to ensure stable cell adhesion and
spreading for REF YFP-pax.

There are numerous reports of cell adhesion on various
RGD-modified substrates with varying densities that emphasize
how sensitive the cell behavior is to both the cell type and the
ligand presentation."' ~'***3* Chemically well-defined SAMs
on gold surfaces are used extensively to study cell adhesion as
they can provide an inert background and can be tailored
specifically with a number of signaling molecules. In cell
adhesion studies on SAMs on gold, Hudalla et al. show that 0.1
mol % RGD modification in the SAM is sufficient for human
mesenchymal stem cells (hMSC) to spread and that with
increased RGD concentrations the number of cells that adhere
to the film as well as their spreading area increases.”* Likewise,
in a study looking at the adhesion behavior of HeLa cells on
PLL-g-PEG-RGD-coated glass surfaces, cell adhesion is
observed starting at 52 nm average RGD spacing and maximal
attachment was observed at 10 nm average RGD spacing.'> Our
results with SAMs on glass surfaces show quite parallel behavior
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to these observations; surfaces with 0.1 mol % cRGD
modification are sufficient to provide cell attachment, and
weak spreading and a higher number of adherent cells with a
twice as large spreading area is observed with cRGD densities
above 1 mol %. On the basis of the peptide density on the
surface (as determined with the chymotrypsin digestion assay
using the density for the 25 mol % PEG-alkyne surface), the
average distance between two cRGDs is about 47 and 15 nm at
0.1 and 1 mol % PEG-alkyne, respectively. Results of previous
studies from our group on gold nanopatterned surfaces show
that a cRDG spacing of 58 nm or lower is reguired for the
stable adhesion and spreading of REF cells.***” This slight
difference can be due to the statistical distribution of the
cRGD-functionalized PEG-alkyne molecules in the SAMs and
better control over the spatial cRGD modification on the
nanostructured surfaces.

Orthogonal Fluorophore Labeling of Gold Nanostruc-
tures and PEG-Alkyne Coated Glass Surfaces. To obtain
dual-functionalized surfaces, we prepare quasi-hexagonal gold
nanopatterns by BCML on glass surfaces and coat the glass
between the nanoparticles with the clickable PEG-alkyne. The
gold nanoparticles and the PEG-alkyne can be orthogonally
functionalized by gold—thiol chemistry and the click reaction,
respectively (Figure 6A). To demonstrate this, we couple two
different fluorescently labeled molecules to the PEG-alkyne and
the gold nanoparticles; the PEG-alkyne is clicked with a biotin-
azide following the binding of an Atto 565 fluorescently labeled
streptavidin, and the gold nanoparticles are modified with an
NTA-thiol conjugate, which is subsequently bound to a Hiss-
eGFP using NTA/Ni** chemistry. The orthogonal functional-
ization can be visualized under a fluorescence microscope on a
surface that is partially nanostructured. As can be seen in the
line profiles, the fluorophore coupled to the PEG-alkyne layer,
visualized in the red channel, is distributed homogeneously
over the whole sample, but the fluorescent protein attached to
the gold nanoparticles, visualized in the green channel, is
present only in the nanostructured area (Figure 6B).

Effect of the Synergy Peptide PHSRN on Integrin-
Mediated Cell Adhesion to cRGD. The dual functionaliza-
tion of gold nanoparticles and PEG-alkyne on glass surfaces
allows for the presentation of two different bioactive molecules
to the cell not only with a defined chemical composition but
also with a defined spatial organization. This enables us to study
both the mutual influence that these signaling molecules have
on the cellular response and the role of the spacing of signaling
molecules. The peptide PHSRN derived from the ninth type III
domain in fibronectin is also known as the synergy peptide'”
because it enhances cell spreading in the presence of the RGD
motif.**>*' Here, we investigate how the additional presenta-
tion of synergy peptide PHSRN affects the integrin-mediated
adhesion of REF (rat embryonic fibroblasts) cells through
cRGD motifs. In earlier work from our group, we showed that
REF cells cannot adhere to surfaces when the spacing of the
gold nanoparticles is larger than 85 nm because the integrin
clusters required for focal adhesions cannot form.*® Here, gold
nanopatterned surfaces with 100 nm spacing (Supporting
Information, Figure SS) are functionalized with synergy peptide
K(N;)PHSRN between particles at PEG-alkyne (10 mol %
PEG-alkyne) by the click reaction and with cRGD at the gold
nanoparticles by gold thiol chemistry (Figure 7A). For
comparison, control surfaces with just one of the two
modifications are also used, and an equal number of REF
WT cells are seeded on all three surfaces. After 4 h, the density
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Figure 6. (A) Scheme for the dual functionalization of partially
nanostructured and PEG-alkyne coated surfaces. (B) Fluorescent
images of dual-functionalized gold nanopatterns and PEG-alkyne on
glass surfaces. The PEG-alkyne monolayer is first modified with a
biotin-azide via the click reaction and then coupled to Atto 565-labeled
streptavidin. The gold nanoparticles are modified with an NTA-thiol
conjugate and coupled to a Hiss-tagged eGFP through NTA/Ni**
chemistry. As can be seen in the line profiles from A to B, the PEG-
alkyne coupled fluorophore, visualized in the red channel, is
distributed homogeneously over the sample (right) whereas the
fluorophore linked to gold dots, visualized in the green channel, is
present only in the nanostructured area (left).

of cells that adhered on the surfaces and their spreading area are
quantified, and focal adhesions are looked at by vinculin and
paxilin staining to evaluate the cell adhesion to the surfaces.
Although REF WT cells do not adhere on substrates
functionalized solely with synergy peptide PHSRN and only
very few cells adhere to the surfaces solely functionalized with
the cRGD at these low densities, REF WT cells do adhere well
on substrates presenting both signaling molecules, cRGD and
PHSRN (Figure 7B). Parallel to this observation, cells have a
smaller spreading area on substrates that are functionalized only
with cRGD compared to surfaces functionalized with both
cRGD and PHSRN (Figure 7C). The spreading area observed
for cells on the dual-functionalized surfaces is also similar to the
spreading areas observed on homogeneous ¢cRGD-modified
surfaces at high densities in Figure 5B. Cells on surfaces
presenting both signaling molecules also develop mature focal
adhesions as can be observed by the vinculin and paxilin
staining and the well-developed actin fibers characteristic of
adhered fibroblasts (Figure 7D). On the other hand, such
mature focal contacts cannot be observed in cells on substrates
functionalized only with cRGD. Thus, using the developed
dual-functionalized substrates, it can be demonstrated that the
presence of the synergy peptide influences the focal adhesion
assembly significantly and that each individual signaling
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Figure 7. (A) Scheme for the dual functionalization with adhesion
peptide cRGD and synergy peptide PHSRN. (B) Density of adherent
REF WT cells on substrates with gold nanoparticles and PEG-alkyne
(10 mol %) functionalized with adhesion peptide cRGD and/or
synergy peptide PHSRN. The average distance of the gold
nanoparticles is 100 nm. (C) The spreading area of cells on cRGD-
or cRGD- and PHSRN-functionalized surfaces. (*p < 0.0001) (D)
Fluorescent images of adherent cells on substrates functionalized with
cRGD or cRGD and PHSRN. The nucleus is shown in blue, actin in
magenta, vinculin in green, and paxillin in red. The vinculin and paxilin
stains colocalize. In particular, the inverted paxilin staining (right)
demonstrates the formation of mature focal adhesions on the
bifunctional surfaces. The scale bar is 20 pm.

molecule is not sufficient to mediate cell adhesion at the
given densities.

Synergy peptide PHSRN derived from the ninth type III
domain in fibronectin enhances cell spreading on RGD-
functionalized substrates but rarely supports cell adhesion on
its own and cannot support cell spreading.'®" Tt is still
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controversial if PHSRN and RGD bind synergistically to the
same integrin receptor or if the two peptides bind competitively
to the same binding site. Recent work on dual-functionalized
materials with these two peptides immobilized statistically has
shown that the total density of the peptides and the ratio of the
two peptides determine if a synergistic or a competitive effect is
observed.**° The PHSRN peptide synergistically enhances the
cell adhesion when present at equal concentrations with RGD,
but at high RGD densities, the presence of the synergy peptide
has a negative effect on cell adhesion. While these and other
studies with RGD-/PHSRN-modified surfaces suggest a cross-
talk between these two adhesion peptides, the functionalization
is statistically distributed and the spacing between the RGD
ligands is not controlled. In our study, we show that the synergy
peptide not only allows the adhesion and spreading of cells on
surfaces with low cRGD densities but also changes the spatial
requirements for integrin binding to the cRGD. When using the
gold nanopatterns, the clustering of the integrin is determined
by the spacing of the gold nanoparticles because the size of the
nanoparticle (<8 nm) allows for only one integrin to bind to
one gold nanoparticle. In accordance with observations in
earlier studies, REF cells are not able to adhere to surfaces with
100 nm particle spacing where the gold nanoparticles are
modified with cRGD and the space in between the particles is
passivated with PEG,q,. When we use the same modified
surfaces and click the synergy peptide to a film containing 10
mol % PEG-alkyne, the REF cells adhere well to the surface,
spread, and also form mature focal adhesions. Thus, we
conclude that in the presence of the synergy peptide, cells can
form stable focal contacts even on substrates where the spacing
between integrin ligand cRGD molecules is 100 nm. In future
studies, we intend to study integrin clustering in the presence of
different synergy peptide concentrations and particle spacings
(and corresponding cRGD densities) in greater detail. This
platform is not limited to the study of cell adhesion and can be
used to study the crosstalk between cell-matrix, cell—cell, and
cell—growth factor signaling. The effect of ligand spacing for a
signaling molecule immobilized on the gold nanoparticles can
be investigated while making the space between the particles
adhesive, or the effect of an immobilized signaling molecule on
adhesion receptor clustering can be investigated by placing the
adhesion molecule on the gold nanoparticles.

4. CONCLUSIONS

We establish here a new platform to make dual-functionalized
surfaces with defined spatial arrangements to study cell
adhesion. For this, we develop a surface coating, PEG-alkyne,
for glass substrates that can be conveniently modified with a
large number of azide-containing molecules including spec-
troscopically active small molecules, peptides, and biotin by the
click reaction. The modification density can be tuned from 0 to
38.4 pmol/cm* by forming mixed films with a nonfunctional
analogue, PEG,,. The resulting PEG-alkyne coatings are inert
against nonspecific protein adsorption and nonspecific cell
adhesion. The coating is suited to study specific cell responses
to varying signaling molecule densities, as shown in adhesion
studies with REF YFP-pax cells. These cells start to adhere to
surfaces when the 0.1 mol % PEG film is modified with
adhesion peptide cRGD and the number of adherent cells and
spreading areas reach saturation at modification densities higher
than 1 mol %. The dual-functionalized surfaces are generated
by combining the PEG-alkyne coating with hexagonally
arranged gold nanoparticle arrays on glass. The surfaces can
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be orthogonally functionalized with two molecules: the first
molecule is introduced by the click reaction, and the second
molecule, by gold thiol chemistry. On surfaces presenting
adhesion peptide cRGD attached to the gold nanoparticles with
100 nm spacing and synergy peptide PHSRN bound to 10 mol
% PEG-alkyne, REF cells adhere and spread. In contrast, cells
do not adhere to surfaces where only one of the two
modifications is present. Therefore, we can conclude that the
focal adhesion assembly is altered in the presence of the
synergy peptide. The dual-functionalized surfaces can also be
used to investigate the crosstalk and spatial requirements for
processes with two signaling molecules, which involve adhesion
and another signaling event by either presenting the adhesion
molecule on the nanoparticles and the second signaling
molecule in the space between the nanoparticles or vice versa.
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