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Engineered surfaces with nanoscale features of gold on silicon
or glass have recently been used to improve the understand-
ing of adhesion-mediated environmental sensing of cells.
Often such surfaces present a cell-binding ligand, such as
arginine—glycine—aspartic acid (RGD) peptide motifs, at
controlled intramolecular distances on an inert background
surface such as polyethylene glycol (PEG).!! The adhesion
mechanism of macromolecular ligands in which direct inter-
action with cells is nonspecific is not known and the cell
response is dictated by the type and the concentration of
proteins adsorbed from solution.” Dendrimers may increase
the availability and multivalency of cell-interacting ligands as
a consequence of their branched shape and inherently high
concentration of end groups.”! It is therefore interesting to
examine the eventual effect of the macromolecular architec-
ture on the cell viability by the controlled reduction of ligands
on a surface. Herein, we demonstrate the fabrication of self-
assembled macromolecular hybrid arrays in which the relative
position of two anionic macromolecules of different archi-
tectures—a carboxy-functionalized dendrimer and a linear
polymer—is straightforwardly controlled on a PEG surface.
We also show how the interaction of primary human
endothelial cells with these surfaces is modulated by the
molecular spacing and how protein binding to the macro-
molecular arrays can be evaluated by using a standard surface
plasmon resonance (SPR) technique.

Self-assembled, short-range-ordered Au nanoparticle
(NP) arrays were used as a versatile template to arrange
polymeric entities at the nanometer scale (Figure 1a). This
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Figure 1. a) The self-assembly protocol in which formation of the
octanedithiol (1) monolayer is followed by immobilization of NPs 2 of
a=>5 nm radius and reaction with malemide-functionalized PEG 3. The
fabrication of the polymer hybrid array ends with modification of the
NP template with cysteamine (4) and immobilization of the synthe-
sized G4-COOH dendrimer 5. b) The interparticle distance as deter-
mined by SEM under two deposition conditions, xa=1.84 and
Ka=0.48, together with the radial distributions (scale bars =500 nm).
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experimentally simple approach, based on sequential steps of
chemical self-assembly, offers a straightforward, nonlitho-
graphic method to modify large flat or curved substrates and
it may, therefore, be used for the realization of functional
nanopatterned devices.

Charge-stabilized gold nanoparticles [radius a=(5+
0.5) nm] were synthesized by reduction of a gold salt™ with
citrate and tannic acid and subsequent adsorption under
electrostatic control to gold substrates premodified with a
self-assembled monolayer of octanedithiol (1) as described
earlier.’! By keeping a constant NP concentration of 5 x
107%m, but altering the ionic strength of the gold sol, NPs
will bind on the surface at a distance corresponding to
approximately two times the double layer thickness x ' from
each other. In our experience, this strategy can be used to
position particles with a 5 nm radius at distances ranging from
5 to 80 nm. For the fabrication of polymer arrays, NPs were
adsorbed under two different conditions, 10 mm and 0.625 mm
citric buffer at a pH 4, which correspond to xa =1.84 and xa =
0.48, respectively. The mean center-to-center interparticle
distances were determined by scanning electron microscopy
(SEM) to be 17 and 28 nm, respectively, by calculation of
radial distributions g(R), where R is the distance between two
particle centers (Figure 1b). These values correspond to a
nanoparticle coverage 6 of approximately 30 and 10%,
respectively.

The thiolated area between the NPs was pegylated with
malemide-functionalized polyethylene glycol (M-PEG, aver-
age molecular mass 5000 gmol ') 3 to generate protein and
cell-repellent properties. The double bond of the malemide
group undergoes an alkylation reaction with the free sulf-
hydryl group to yield a stable thioether bond. The chemical
reaction was verified with a quartz crystal microbalance with
dissipation (QCM-D; see the Supporting Information) and
tapping mode (TM) AFM (Figure 2). The NPs were made
positively charged by using cysteamine (4) prior to immobi-
lization of two carboxy-functionalized macromolecules with
similar charge but with distinctly different architectures.
Polyacrylic acid (PA-COOH) with an average molecular
weight of 5100 gmol ' and 54 carboxy groups was chosen as a
linear polymer with a random coil conformation. In contrast,
the nontoxic, water-soluble, and commercially available
fourth generation bis(methylol)propionic acid (bis-MPA)
dendrimer (PFD-TMP-G4-OH, Figure 3)/ was identified as
a second polymer scaffold.”” This dendrimer is highly
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Figure 2. TM-AFM height image prior to and after reaction with M-
PEG.
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branched, globular at higher generations, and exposes 48
peripherial hydroxy end groups. The development of a facile
and robust synthetic route that results in complete carbox-
ylation of all 48 OH groups was required to introduce the
negative charge. While a simple ring-opening reaction of
succinic anhydride was utilized in earlier reports to obtain
carboxylated polymers,! the monodisperse structure of the
dendrimers requires unprecedented control over the reaction
conditions. The synthesis of the anhydride-activated 4-(ben-
zyloxy)-4-oxobutanoic acid 8 was therefore targeted since the
benzyloxy-protected carboxylic group can efficiently react
with the dendritic moiety through typical anhydride reactions
(Scheme 1).! The anhydride was produced on a 200 g scale,

o o
Q/\OHLQ/\OJWOH 2) (QOWO
6 89% 7 0 64% 8 0’2

Scheme 1. Synthesis of 4-(benzyloxy)-4-oxobutanoic acid 8. 1) Succinic
anhydride and 4-dimethylaminopyridine (DMAP) in dichloromethane.
2) Dicyclohexylcarbodiimide (DCC) in CH,Cl, at 0°C.

and successfully reacted with PFD-TMP-G4-OH. The iso-
lated benzyloxy-protected dendrimer intermediate was fur-
ther deprotected using a Pd/C-catalyzed hydrogenolysis
reaction. The progress of the reaction was monitored
continually by NMR spectroscopy and MALDI-TOF analysis,
and the final carboxylated product—the fourth generation
bis-MPA dendrimer PFD-TMP-G4-COOH,; 5 (M=
10163 gmol ™, also denoted G4-COOH)—was isolated in a
high total yield of 93 % (Figure 3a).

The electrostatic immobilization of the dendrimer as a
function of NP coverage was monitored using QCM-D
(Figure 3b). The adsorbed mass, around 60 ngcm > for 30 %
NP coverage, corresponds adequately to a 1:1 stoichiometric
ratio between the NPs and immobilized dendrimer. No
adsorption of the dendrimer could be observed on the
negative control surface (M-PEG) or on NPs not treated
with cysteamine 4. The presence of the dendrimer was further
verified by monitoring the concentration of a molecular mass
fragment at m/z = 117—which could be assumed to be rather
specific because of the molecular structure of the dendrimer
(Figure 3¢)—by chemical mapping using time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS).

Primary human saphenous vascular endothelial cells
(PHSVEC) were employed to evaluate the effect of anionic
nanodomains expressed by two inherently different polymer
architectures. This cell type lines the inside of blood vessels
and when viable expands laterally, thereby acquiring a
cobblestone-like appearance. After 24 h of incubation, the
cells were fixed with formaldehyde and stained with 4,6-
diamidino-2-phenylindole (DAPI), Vinculin, and Alexa 488
conjugated phalloidin. Representative fields of view as
observed by confocal laser scanning microscopy (CLSM)
are shown in Figure 4a—f. A trend of decreasing numbers of
cells and decreasing size of cells with larger interparticle
separation was observed (Figure 4g,h). Similar trends have
been observed with RGD-presenting arrays, but morpholog-
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Figure 3. a) Synthesis of the carboxy-terminated G4-dendrimer 5. 1) 8, DMAP, and pyridine in CH,Cl,.
2) Deprotection using Pd/C-catalyzed hydrogenolysis in EEOAc/MeOH. b) The immobilization of the

dendrimer, which starts at t=17 min, adequately corresponds to the nanoparticle coverage determined by

QCM-D. c) The presence of the dendrimer was verified by chemical mapping using TOF-SIMS.
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ical changes then occurred at
larger ligand separations.'*#!
Interestingly, a distinct differ-
ence between the dendrimer
and the linear counterpart
was displayed at 30 % surface
coverage. The dendrimer
attracted 100% more cells
which were twice as large as
cells on PA-COOH. These
results suggest that the den-
drimer-functionalized surface
adsorbs and makes bioavail-
able a larger number of cell-
interacting ligands than the
linear counterpart when
applied at similar surface cov-
erage ratios. This subtle dif-
ference in the cell response
would be unnoticed without
the use of a macromolecular
array that gives precise con-
trol over the ligand concen-
tration. Very few cells (<5
per mm?) were found on the
fully pegylated (negative con-
trol) surface.

Since little direct interac-
tion between the negatively
charged polymers and the
negatively charged cells is
anticipated, interactions will
be mediated by proteins in the
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Figure 4. Representative confocal laser scanning microscopy (CLSM) images of cells attached to G4-COOH (a—c) and PA-COOH (d—f)
functionalized surfaces. The number of cells and the average projected area are shown in (g) and (h), respectively.
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cell media which bind to the surface-immobilized macro-
molecules. As an example of such proteins we chose to
characterize the binding of endothelial cell growth factor
(ECGF, also referred to as aFGF or FGF-1) and albumin
directly on macromolecular arrays prepared on commercial
gold substrates for SPR analysis. In this way, protein binding
can be directly related to the number of macromolecules on
the surface.

Recombinant human ECGF (MW 17 kDa) was injected at
concentrations ranging from 5 to 200 nM onto the array
surfaces by using a Biacore system. The injection of 200 nm
(3.4 ugmL™") ECGF gave rise to large binding both on the
dendrimer- and the PA-COOH-modified arrays, but no
proteins bound to the control surface (M-PEG; Figure 5). It
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Figure 5. Representative SPR sensorgrams for ECGF binding to NPs
modified with the G4-COOH dendrimer (solid green line) and PA-
COOH (dashed blue line). Low levels of albumin binding were
observed on the G4-COOH-modified NPs (dashed red line). The
majority of the ECGF binding is mediated via the NP macromolecular
hybrid complex as deduced by the low amounts of ECGF found on the
M-PEG control surface (dotted black line).

is also clear that the binding of ECGF to PA-COOH arrays is
saturated and dissociates more quickly than the dendrimer-
loaded arrays. Repeated injections allowed a higher loading
capacity to be reached with dendrimer-coated particles (see
the Supporting Information). We expect the high charge
density and the branched shape of the dendrimer to be
responsible for the differences in the ECGF binding. Albumin
only weakly adsorbed when injected onto the dendrimer-
coated array in a higher concentration (10 um/170 pgmL™").

In conclusion, we have demonstrated a nonlithographic,
chemical self-assembly method to form nanopatterns of
macromolecules with defined separation versus that on an
inert PEG background. The technique can be applied to flat
or curved surfaces, and also to sensor surfaces, thereby

Angewandte

allowing straightforward quantification of protein binding
with a macromolecular array. It was seen by investigating the
number and morphology of primary human endothelial cells
grown on arrays of dendrimers and linear macromolecules of
similar size and charge that the dendrimer potentiated the cell
growth to a larger extent than the linear counterpart. We also
demonstrated that the macromolecular arrays bind proteins
from cell media and that protein binding is dependent on the
type of protein and the macromolecular architecture.
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