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Generation of Live-Cell Microarrays by Means of DNA-Directed
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Christof M. Niemeyer*

Microarray technology has become one of the principal
platform technologies for the high-throughput analysis of
biological systems.!! Starting with the evolution of DNA
microarrays in the 1990s, the developments of peptide and
protein microarrays to elucidate interaction partners, modi-
fication sites, and enzyme substrates,™ this technology is
nowadays moving towards the construction of microarrays of
fixed-tissue samples™! and live cells.l”) The latter are expected
to help unravel complex cellular traits in both healthy and
diseased states because cell microarrays provide the ability to
molecularly delineate the characteristics of individual cells
from complex mixtures. By immobilizing different cell-
capture and analysis reagents on a solid support, mixtures
of cells can be rapidly interrogated for their composition and
phenotype, thus helping to identify and quantitate distinct cell
types based on the expression of particular cell-surface
molecules. Furthermore, this immobilization helps to analyze
the response of different cell types to defined signals through
the secretion of specific factors or other measurable cellular
activities.”!

To immobilize cell-capture moieties on suitable solid
supports, proteins, peptides, or other ligands are usually
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attached to surfaces by using covalent coupling, chemisorp-
tion, or physisorption processes in combination with robotic
spotting procedures.">¢) Motivated by the extraordinary
performance of the DNA-directed immobilization (DDI) of
proteins and other molecular and colloidal components,[l we
herein describe that micropatterns of cell-surface ligands can
be generated on DNA microarrays by the DDI method and
that the resulting surfaces are suitable substrates for the
growth of fibroblast cells (Figure 1). This approach should
have significant advantages over conventional spotting pro-
cedures because it would enable the implementation of the
power of DNA microarrays as decoding tools in combinato-
rial synthesis and screening of ligands®® into cellular biology
research. To experimentally investigate this hypothesis, we
chose the well-studied recognition of RGD peptide ligands by
integrin surface receptors of fibroblast cells as the model
system.[ 1!

As depicted in Figure 1, covalent conjugates of streptavi-
din (STV) and single-stranded DNA (ssDNA), were used as
molecular adaptors in the DNA-directed immobilization of
biotinylated peptides. To this end, three different DNA-STV
conjugates (F1, F5, F10, shown schematically in Figure 1)
containing the 22-mer oligonucleotides tF1, tFS, and tF10,
respectively, were prepared as previously described.>"! In
separate reaction tubes, conjugates F1 and F5 were then
coupled with one molar equivalent of the biotinylated peptide
bRGDF (biotin-Glys-Arg-Gly-Asp-Phe-COOH),[' and, as a
control, bG5 (biotin-Glys;-COOH), thus leading to conjugates
F1-bRGDF and F5-bGS5, respectively. To allow for visual-
ization of the immobilized conjugates by fluorescence anal-
ysis, five molar equivalents of biotinylated fluorescent dye
Cy5 were added to the F1 and F5 conjugates subsequent to
the coupling of the peptide. To estimate specificity of the
proposed cell attachment, another control conjugate was
prepared from F10 by coupling of six molar equivalents of
biotinylated Cy5 (conjugate F10-Cy5) and subsequent satu-
ration of the remaining biotin binding sites with free D-
biotin."! The conjugates were immobilized by hybridization
on a DNA microarray containing three complementary
capture oligonucleotides, ¢F1, cF5, cF10. The capture oligo-
nucleotides were immobilized on commercially available H”
slides (Chimera Biotec, Dortmund) containing a poly(amido-
amine) (PAMAM) dendrimer coating!" modified with poly-
ethylene glycol spacers and reactive epoxide end groups.
Furthermore, the DNA array contained a fourth oligonucle-
otide (cF9) that is not complementary to any of the conjugates
(Figure 2a) to allow for estimation of nonspecific hybrid-
ization and cell attachment. Figure 2b shows a typical
fluorescence image of such an array, obtained after hybrid-
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Figure 1. Schematic representation of the generation of live-cell arrays by DNA-directed immobilization of cell-specific ligands. The biotinylated
ligands bRGDF, bG5, and bCy5 are coupled to covalent conjugates of streptavidin and single-stranded DNA (DNA-STV F1, F5, and F10,
respectively), hybridized with a DNA microarray containing complementary capture oligonucleotides, and the resulting array is then used for the

adherence of NIH-3T3 fibroblasts.
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Figure 2. Typical microarrays obtained in the course of experiments
described in Figure 1. a) Allocation of capture oligonucleotides cF1,
cF5, cF9, cF10 at the DNA microarray. b) Fluorescence image of the
DNA microarray hybridized with a mixture of the DNA-STV conjugates
F1-bRGDF, F5-bG5, F10-Cy5. Note that conjugates F1-bRGDF and
F5-bG5 contain less Cy5 labels and therefore yield lower fluorescent
signals than F10-Cy5. The observed ringlike structures are due to the
so-called doughnut effect, occurring during the drying of the spotted
capture oligomers. The spot size of the shown arrays is 250 pm.

c) Two-color overlay image of the array subsequent to adhesion of
fibroblast cells. The grown cells are stained with the TRITC-conjugated
phalloidin and are therefore visible as green objects. d) Reconfigured
array containing four different peptide ligands after adhesion of
fibroblast cells. For clarity, only the green fluorescence signals are
shown.

ization of the labeled DNA-STV conjugates. Cy5 signals of
high intensity were observed in the spots where complemen-
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tary capture oligomers were bound (cF1, cF5, c¢F10, in
Figure 2a), whereas in spots containing noncomplementary
cF9, the low fluorescent signals corresponded to about 7% of
the signal intensity observed for F10-CyS5, which was entirely
labeled with biotinylated CyS5. This indicated that the various
DNA-STV conjugates hybridized with their complements
with high specificity, a result that is in full agreement with
previous studies concerning the specific immobilization of
these STV-DNA conjugates by the DDI method.['*16]

The protein/peptide DNA array containing slides were
then used as substrates for the adhesion of NIH-3T3
fibroblasts. To this end, cells at passage 5-25 were trypsinized
and plated on the array at a density of 2x 10* cellsmL™" in
Dulbecco’s modified eagle’s medium (DMEM). After 12—
24 h, cells were washed with buffer, fixed with formaldehyde
and stained with tetramethylrhodamine isothiocyanate
(TRITC)-conjugated phalloidin. The latter reagent is a
high-affinity probe for F-actin prepared from the mushroom
toxin phalloidin conjugated to fluorescent TRITC dye.
Analysis of the slides with a microarray scanner allowed for
the direct visualization of cell adhesion by taking advantage
of the green (TRITC) and red (Cy5) detection channels. As
shown in Figure 2¢, cell adhesion preferentially occurred at
spots containing either the F1-bRGDF or no DNA-protein
conjugate (i.e., spots containing only capture oligomer cF9).
In fact, counting the cells for a large number of spots (n =384)
revealed a ratio of about 1:2:5:14 for the spots with F10-Cy5/
F5-bG5/F1-bRGDF/cF9. Notably, the number of cells
adhered to the F10-Cy5 modified spots of the slide was
similar or even smaller than in the background regions, which
contained only the polyethylene glycol passivated areas.

The comparison of spots containing F10-CyS or cF9
indicated that the tendency of the NIH-3T3 fibroblasts to
adhere to ssDNA-containing spots can be effectively sup-
pressed by hybridization of the complementary DNA-STV
conjugate (e.g. F10-Cy5) and thus the “capping” of the ¢F9
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single-stranded capture oligomers. Quantitative assessment of
the spots carrying different oligonucleotide—peptide conju-
gates revealed that the preference of the cells for spots
containing the RGD motif as compared with those containing
the bGS peptide in the majority of the cases varied between
10:1 and 10:4. Careful adjustment of the culture and washing
procedures was identified as the main reason for the observed
variation.!™

To further demonstrate that our approach is suitable for
the screening of diverse ligands, we took advantage of the
modular chip design and reconfigured the above DNA
capture array with different DNA-peptide conjugates (Fig-
ure 2d). To this end, a second control peptide, the nonapep-
tide Dbiotin-Gly5-Ala-Gly-Glu-Phe-COOH  denoted as
bAGEF and containing two point mutations with respect to
the RGDF motif, was coupled to the DNA-STV conjugate
F10 (F10-bAGEF). Also, a pentapeptide containing the
cyclized RGDfK motif'” denoted as b-cyclRGDfK (see
Figure S1 in the Supporting Information) was coupled with
the DNA-STV conjugate F5 (F5-cycIRGDfK). In addition,
the conjugates F9-bGS and F1-bRGDF were also immobi-
lized on the chip. Only very low numbers of cells were
adhered on the bAGEF-containing spots, which is approx-
imately similar in quantity to that observed for bGS spots. In
contrast, the number of cells adhered to the b-cycIRGDfK-
modified spots was comparable with that observed for the
bRGDF spots (Figure 2d). These results clearly confirm that
the effects observed for adhesion result from the RGD motif
rather than from a variation of peptide lengths or DNA
sequence.

Closer analysis of the cells by fluorescence microscopy
revealed significant differences in the morphology of the
adhered cells (Figure 3). In spots containing F1-bRGDF or
cF9, the fibroblasts showed the normal spindle or pyramidal
morphology with a well-defined cytoskeleton visible through
the stress fibres within the cytoplasm (Figure 3a,b). More-
over, extended periods of growth of the cells adhered to spots
containing F1-bRGDF showed that the entire spot is
populated after about 40 h (see Figure S7 in the Supporting
Information).'"”? This indicates that the cells are capable of
propagation. Thus, they can be cultured on the microarray
and they behave similar to classical tissue culture. The
observed preference of the NIH-3T3 fibroblasts to adhere
to the ssDNA-containing spots was surprising and the reason
for this phenomenon is presently unclear.'s! It is known that
the cell surface carries a net negative charge and, thus, one
should expect Coulomb repulsion to occur between the DNA
polyanion and the cell. Therefore, possible explanations
include electrostatic attraction owing to the shielding of the
DNA'’s negative charges by increased concentrations of
divalent cations or positively charged membrane proteins,
or the existence of receptor moieties at the cell’s surface. A
detailed analysis of this phenomenon by using immunostain-
ing and live-cell microscopy is under way.

In contrast with the above-described morphologies, cells
adhered to either the spots containing F5-bGS5, F10-CyS5,
F10-bAGEF, or the glass surface (Figure 3¢,d,e and Figure S6
in the Supporting Information, respectively), revealed a
round morphology, and showed increased outgrowth of
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Figure 3. Representative fluorescence microscopy images (64-fold
magnification) of cells grown on individual spots of the array shown in
Figure 1 and 2. e) Representative image of a cell on spots with F10-
bAGEF conjugate shown in Figure 2d.

filopodia, the radial thin extensions of the cell that are
needed for attachment at substrate surfaces. This morphology
is typical for cell growth on substrates lacking suitable
attachment points that are needed for the development of a
normal phenotype. Because integrin-mediated cell spreading
and focal-adhesion formation trigger survival and prolifera-
tion of anchorage dependent cells, the absence of attachment
causes the formation of round cell shapes and often apopto-
sis.'”! Therefore, our observation of round-shaped cells
adhered to surface sites containing F10-Cy5, F5-bGS, F10-
bAGEF, or the surrounding passivated glass surface are in
agreement with the expectation that the fibroblasts can not
form proper focal contacts with these surfaces. In contrast, the
regular cell morphology observed on spots containing either
the RGD motif and, surprisingly, ssDNA suggest that the
NIH-3T3 cell line studied herein is indeed capable of forming
the focal contacts necessary to develop the normal phenotype.

In conclusion, we herein demonstrated that DNA micro-
array technology can be adopted to the generation of live cell
arrays. By using DNA microarrays for the controlled immo-
bilization of combinatorial libraries of cell-specific ligands,
positionally encoded cell arrays can be generated that contain
individual spots colonized by small populations of live cells
which are affected by the presence of the immobilized ligands.
Given the unprecedented affinity of cells to adhere to DNA
surfaces, the employment of DNA arrays might also open up

Angew. Chem. Int. Ed. 2007, 46, 41804183


http://www.angewandte.org

new possibilities for the design of cell arrays by taking
advantage of self-assembled DNA nanoarchitecture to imple-
ment additional functionality, such as switchable release and
mechanical properties to the surfaces.'””) We therefore
anticipate that the approach described herein should be
useful not only for fundamental research in molecular cell
biology but also, for instance, as a screening platform for
applications in the area of drug development.
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