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Single-step methods for the generation of patterned surfaces on hydrogels are presented.
Poly(vinyl alcohol) films covalently bonded on glass cover slips and commercially available
hydrogel-coated polystyrene plates were used as cell-repellent surfaces. Cell-adhesive domains
were created by spotting dilute solutions of sodium hypochlorite onto the surfaces. Alternatively,
domains supporting cell attachment were created by exposure to UV light from a xenon excimer
lamp, employing a contact mask. Rat skeletal myoblast cells, HEK 293 human embryonic kidney
cells and Caco-2 colon carcinoma cells adhered and spread exclusively on modified areas. The
surfaces are durable for weeks under cell culture conditions and re-usable after removal of the
cells by trypsin treatment. Arrays of adhesive spots seeded with cells at a low density permitted
dynamic monitoring of cell proliferation. Selected colonies can be harvested from the surfaces by
means of local trypsination. Thus, these techniques may provide useful tools for the isolation of
clonal cell populations. Additionally, we demonstrate the possibility of surface-mediated gene
delivery from the micro patterns. We show that DNA, complexed with a lipid reagent, can be
adsorbed on modified poly(vinyl alcohol) coatings, resulting in spatially controlled adhesion and

reverse transfection of HEK 293 cells.

Introduction

Engineering surfaces to create micro patterns of areas that
either promote or impede attachment of mammalian cells is
important for the study of factors that affect cell adhesion,
shape and migration of cells.! Cell-matrix interactions and
changes in cell geometry in turn affect differentiation® and
even apoptosis.® In addition, patterned surfaces are valuable
tools for the miniaturisation of techniques, including the
development of microfluidic platforms and cell-based arrays
for high-throughput analysis of cellular functions.*>

Microcontact printing of cell-adhesive alkanethiols on gold
surfaces is one of the most popular techniques to pattern cells.®
Regions between the cell-adhesive areas are filled with ethylene
glycol-terminated alkanethiols to prevent attachment. Various
alternative strategies have been proposed, including spatially
controlled deposition of proteins, peptides or extracellular
matrix components to create adhesive domains on cell-
repellent surfaces™” or, vice versadeposition of poly(ethylene
glycol) or poly(ethylene oxide) based polymers to prevent
adhesion on bioactive surfaces.>” Areas promoting cell
attachment have also been created by ablation of anti-adhesive
polymers'® or by functionalization of cell-repellent polymeric
materials by plasma'! or UV light.'?
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In this report, we present simple and versatile strategies to
create micro patterns on hydrogels. We utilize poly(vinyl
alcohol) (PVA) coatings on glass and a commercially available
hydrogel covalently bonded onto polystyrene as cell-repellent
surfaces. These hydrophilic polymers effectively prevent attach-
ment of anchorage-dependent mammalian cells because adsorp-
tion of cell adhesion proteins such as fibronectin and vitronectin
is minimal.'® Cell-adhesive areas can be created by oxidation of
the surfaces using dilute sodium hypochlorite. The described
method is unique due to the simplicity of the process, which is
inexpensive and can be realized without any specialized
equipment. Alternatively, the repellent surfaces can be photo-
patterned using UV light, allowing the creation of patterns of
adhesive areas in combination with photo masks. We demon-
strate that seeding cells at a very low density on a high density
array of adhesive spots permits monitoring of the proliferation
of single cells. Since methods for harvesting of cells from small
areas by local trypsination are available, this strategy may
provide a useful tool for the isolation of clonal cell populations.

In addition, we show that the patterned surfaces are
compatible with substrate-mediated gene delivery (‘“‘reverse
transfection”). This technique, originally developed by
Ziauddin and Sabatini,'* enables high-throughput analysis of
gene function in live mammalian cells. It uses sets of cDNAs in
expression vectors printed on defined areas of glass slides.
Upon addition of transfection reagents and cells, clusters of
cells expressing the gene products are formed. However, the
actual area where transfection occurs is poorly defined,
because cells may move in and out of the area imprinted with
DNA during the time required until a phenotype can be
observed. This obstacle may be overcome by combining
reverse transfection with micro patterning.
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is connected via a tube to a 50 pL syringe with a motorised
plunger. The entire unit is housed in a laminar flow hood
providing a sterile atmosphere and is controlled by a personal
computer. For a harvesting cycle, a 20 uL pipette tip is taken
up by the robotic arm and filled with 10 pL of pre-warmed
trypsin solution. Then, the tip is inserted in a Clonetip® (a
miniaturized, disposable cloning cylinder with an inner
diameter of 1 or 2 mm; Brand, Wertheim, Germany). A
schematic representation of the tip assembly is shown in Fig. 6.
The assembly is moved over a cell colony and lowered onto the
surface, thereby enclosing the cell colony. The chamber is
sealed by a silicon ring attached to the bottom of the Clonetip.
The trypsin solution is dispensed within the Clonetip by several
plunger strokes. After detachment of the cells from the surface,
the cells are dispensed by plunger strokes, aspirated into the
pipette tip and delivered into a multiwell plate pre-filled with
nutrient medium. Finally, the tip assembly is disposed into a
waste station. The system can be used to scan an entire dish, to
identify cell colonies by automated image analysis and to store
the positions of cell colonies for subsequent harvests, or can be
programmed to harvest colonies from pre-defined positions.

Results and discussion
Preparation and properties of cell-repellent surfaces

PVA was covalently bonded on aminosilane-derived, glutar-
aldehyde-activated glass cover slips, followed by thermal
immobilization of the PVA film."” PVA can be immobilized
on glass by heat-annealing alone.'> However, in our hands
non-covalently bonded films were less durable and required
careful handling, because small scratches occurring during
routine manipulations frequently resulted in detachment of the
entire coating. As an alternative to glass as the support

material, we used polystyrene plates coated with a neutrally
charged hydrogel (ULAs), which are commercially available in
a range of formats (the chemical structure of the hydrogel is
not disclosed by the manufacturer). When rat skeletal
myoblasts, HEK 293 or Caco-2 cells were seeded onto the
surfaces, virtually no attachment and spreading of cells was
observed. The cells remained round, occasionally forming
aggregates after a few hours of incubation. With the exception
of Caco-2 cells, which tended to stick to the surface, the cells
and aggregates could be removed by gentle washing with
medium or PBS. Similar observations have been reported for
NIH3T3 fibroblasts,® embryonic rat cerebral cortical stem
cells,?! HT29 human colon adenocarcinoma cells'® and ARPE-
19 human retinal pigment epithelial cells®* seeded on PVA gels,
and for HT?29 cells,'> monocytes and macrophages> seeded on
ULAs. Taken together, these results indicate that both surfaces
resist the attachment of a wide range of mammalian cells.

Micro patterning

For chemical surface patterning, NaOCl solutions were
spotted onto the surfaces and allowed to dry. Before seeding
cells onto the surface, residual NaOCI and caustic soda were
removed by washing the entire surface with acid and PBS. Rat
skeletal myoblasts, HEK 293 and Caco-2 cells adhered and
spread exclusively on treated areas (Fig. 1). The only
exceptions were Caco-2 cells growing on modified PVA films
(Fig. 1f). A high proportion of these cells remained roundish,
indicating insufficient attachment.

Solutions containing as little as 0.1% NaOCI were sufficient
to generate adhesive islands (Fig. 2). We routinely use 0.5%
NaOCl on PVA coatings as well as on ULAs. Since the
creation of adhesive areas requires nothing more than spotting
of a single solution, it should be possible to employ various

Fig. 1 Phase contrast images of mammalian cells growing for 3 days on ULAs (a—c) and PVA films covalently bonded on glass cover slips (d—f)
chemically modified with 0.5% NaOCI. (a, d) Rat skeletal myoblasts. (b, ¢) HEK 293 cells. (c, f) Caco-2 colon carcinoma cells. Scale bar: 200 um.

This journal is © The Royal Society of Chemistry 2006

Lab Chip, 2006, 6, 857-863 | 859



©
N
T
1

o
w
T
1

2
Area covered by cells (mm®)
o o
N N
T T
1 1

It
o

0.00 0.01 0.05 0.10 0.50 1.00 5.00 10.00
NaOCI (%)

Fig. 2 Effect of the NaOCI concentration on attachment of rat
skeletal myoblasts on chemically modified ULAs. NaOCI spots with a
diameter of approximately 0.75 mm (0.44 mm?) were generated using a
stainless steel pin. The area covered by cells was estimated after 3 days
by digital image analysis of phase contrast microscopic images. Weakly
attached and floating cells were removed by washing the plate before
image acquisition. The data represent the mean + SD (n = 5).

technical options, including a standard microarray spotter,
microcontact printing, ink jet printers®® or precision spray-
ing.?® The effective NaOCI concentration and reaction time on
a spot depends on the rate of evaporation of the solute during
transfer onto the surface, spot size and relative humidity
during the spotting process. Hence, other spotting techniques
may require optimization of the NaOCl concentration.
Applications are not restricted to circular spots; using
borosilicate glass pipettes connected to a motorised micro-
manipulator, we created line patterns. When rat skeletal
myoblasts were seeded on these patterns, the cells aligned
(Fig. 3) and upon serum deprivation, they fused into multi-
nucleate myotubes (data not shown). Time-lapse video
microscopic analysis revealed that the myoblasts spread on
the treated areas, but lamellipodia extended only up to the
limiting boundary (see Supplemental M1+).
Occasionally, cell processes extended beyond the adhesive
area, but were quickly retracted. Time-lapse microscopy also
revealed that dividing cells were only weakly attached,
displaying a roundish appearance. However, these cells
flattened and attached firmly immediately after cell division.

Since fairly mild conditions were sufficient for chemical
surface modification, we investigated whether the surfaces are

movie

Fig. 3 Growth of rat skeletal myoblasts on a line pattern. Cell-
adhesive lines were generated on a ULA with 0.5% NaOCI. Phase
contrast images were taken (a) 1 day and (b) 7 days after seeding the
cells. Scale bar: 200 um.

amenable to photopatterning. We used vacuum UV light with
a wavelength of 172 nm, which is able to induce bond-
breakage and radical formation on polymer surfaces.'>?
Additionally, irradiation in air (under reduced pressure) results
in effective production of ozone.?” The ozone reacts with
excited groups in the polymer, leading to the formation of
polar oxidic groups and etching. These effects may be similar
to those caused by exposure of the polymer surfaces to the
bleaching agent NaOCI. Localized modification was achieved
through irradiation of the samples through a contact mask.
Upon seeding onto ULA surfaces modified by irradiation, cells
attached almost exclusively on the exposed areas, yielding
islands of cells with a very similar microscopic appearance to
those created by NaOCl treatment (Fig. 4). With our
experimental setup, an irradiation time of 15 min was
necessary to create cell-adhesive domains. When samples were
irradiated for 5 min, only a few, roundish cells attached to the
exposed areas (data not shown).

The patterned surfaces were remarkably stable. They could
be re-used after the removal of cells by trypsin treatment and
sterilization with 70% ethanol (20 min) without apparent loss
in pattern fidelity. PVA-based surfaces could be maintained
for at least 3 weeks under cell culture conditions, and ULAs
for at least 9 weeks, exceeding the shelf life of many other
micropatterned surfaces reported in the literature.?® Although
UV light can be utilised for patterning, we found no indication
that room light or illumination during routine fluorescence
microscopy negatively affects pattern fidelity. Pure PVA shows
no absorption of light with wavelengths above 250 nm.?* We
verified this spectral characteristic for PVA immobilized on
glass by spectroscopic ellipsometry (unpublished observation).

Since PVA coatings have been shown to exhibit excellent
long-term performance in devices for capillary and chip
electrophoresis,'®*° the techniques outlined here could be
particularly useful for the creation of cell-adhesive areas in re-
usable microfluidic cell culture devices. Apart from glass as the
support material, PVA may be grafted onto a variety of
polymers, provided that the material is able to withstand the
heat annealing step. Surface patterning by chemical modifica-
tion is exceptionally simple and rapid, but the spatial
resolution achievable is limited by the technologies available
to deposit a liquid. For the creation of complex patterns on the
micrometre scale, treatment of the surfaces by UV projection
patterning may be the method of choice.

Cell proliferation and harvesting of cell colonies

To compare the proliferation of rat skeletal myoblasts on
chemically modified ULAs with that of myoblasts growing on
tissue culture grade polystyrene (TCPS), the entire surface of
ULAs was treated with 0.5% NaOCI. Cells were seeded onto
the surfaces and population doubling times were estimated
after 3 days by counting the cells harvested by trypsin
treatment. Doubling times of cultures on modified ULAs
(29.7 + 4.7 h, n = 4) were not significantly different from those
of cultures on TCPS (28.5 + 2.2 h). To assess proliferation
rates of cells growing on spots, cells were seeded at a very low
density (approximately 50 cells cm ) on a ULA containing an
array of 100 NaOCI spots with a diameter of approximately
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Fig. 4 Photopatterning of a hydrogel. Circular adhesive areas were created by exposure of ULAs to UV light emitted by a Xe,*-excimer lamp
through contact masks. (a) HEK 293 cells. (b) Caco-2 cells. (c) Rat skeletal myoblasts. (d) Higher magnification image of rat skeletal myoblasts
growing at the border of an irradiated spot. Scale bar (a—c): 200 um; (d): 20 pm.

0.75 mm and a center-to-center distance of 1 mm. One day
after seeding, a total of 90 cells were detected on 39 spots, each
containing 1 (8 spots) to 9 (1 spot) cells. Their proliferation
was monitored over a period of 4 days using a motorised,
programmable microscopic stage in combination with auto-
mated image acquisition (Fig. 5). The entire population had a
doubling time of 27.4 h. These results suggest that the growth
characteristics of the cells on spots are not different from those
cultured on TCPS.

We successfully harvested cell colonies from chemically
patterned surfaces using an automated device (CellCelector,
Aviso). By means of a robotic arm, a miniaturized cloning
cylinder (Clonetip) fitted onto a pipette tip prefilled with
trypsin solution was placed over a colony. The encircled area
(with a diameter of 1 or 2 mm, depending on the type of
Clonetip used) was perfused with the trypsin solution.
Dissociated cells were aspirated and delivered into a multiwell
plate (Fig. 6). Since the tip assembly was placed over cells
submerged in medium, a more concentrated trypsin solution
(0.1-0.2% trypsin and 0.04% EDTA, prewarmed to 39 °C) was
used to compensate for the dilution of trypsin within the
chamber. Before harvests, the nutrient medium in the culture
dishes (containing serum, which would inactivate trypsin)
was replaced by PBS. The time required to harvest a colony
and harvest efficiencies varied, depending on cell type and
density. In the case of rather weakly attaching cells such as

HEK 293, 70-90% of the cells of a colony could be harvested
within 2-3 min.

The experimental design outlined above could potentially
provide a new tool for cell cloning. Since migration of cells is
restricted, seeding cells at a low density on a high-density array
of spots increases the likelihood that a colony originates from

100

Log cells/spot

Fig. 5 Dynamic monitoring of the proliferation of cells on a
chemically modified ULA. Rat skeletal myoblasts were seeded at a
low density on an array of 100 spots. Cell number per spot was
monitored by automated image acquistion. The data from 25 spots
with cells proliferating throughout the experiment are shown.
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Fig. 6 Harvesting of a rat skeletal muscle cell colony growing on a
chemically modified ULA. (a) Schematic representation of the
harvesting process. Prior to a harvest, a robotic arm takes up a
pipette tip. The pipette tip is filled with trypsin solution by means of
the syringe attached to the robotic arm. The arm then inserts the
pipette tip into a cylindrical Clonetip. The assembly is placed over a
cell colony and trypsin is delivered into the perfusion chamber formed
by the Clonetip. After detachment, the cells are aspirated into the
pipette tip. Phase contrast images of the harvesting process (b—¢). (b)
Colony before harvesting. (c) During harvest, the Clonetip is in place
over the colony; light entering the enclosed chamber through the
pipette tip allows monitoring of the detachment of cells. (d) Area of the
colony after harvest of the cells. (¢) Harvested cells after delivery into a
12-well plate and attachment. Scale bar: 200 pm.

a single cell. Combined with automated image acquisition, the
platform allows the monitoring of cell number per spot, the
proliferation rates of the cells and other properties (such as

fluorescence). Based on these data, candidate colonies can be
pre-selected for harvesting.

Patterned reverse transfection

Chemically patterned PVA films were evaluated for their
ability to support substrate-mediated gene delivery. As a
model system, we used a plasmid encoding GFP and HEK
293 cells, following the original protocol for reverse transfec-
tion'* as modified by Baghdoyan et al.! Mixtures of DNA
with transfection reagents were spotted onto areas which had
previously been made cell-adhesive by treatment with NaOCL.
After seeding the cells onto the array, expression of GFP was
only detected over spots loaded with DNA, but not on
adjacent control spots carrying transfection mixtures without
DNA (Fig. 7). Transfection efficiencies for this system were
comparable to those reported elsewhere.®! This and other
studies® demonstrate that it is possible to combine micro
patterning of cells with local transfection. The combined
system facilitates the use of light microscopy for spot
identification and permits quantification of cell number,
transfection efficiency and detection of cytotoxic effects of
the expressed protein (or of any of the transfection reagents),
undisturbed from cells invading the spotted area.

Conclusions

This study demonstrates simple and inexpensive techniques for
micro patterning of cell-repellent hydrogels. Patterns can be
created by single-step procedures, either by spotting dilute
solutions of NaOCI or by exposure to UV light. Selective cell
adhesion and growth was demonstrated for three types of
mammalian cells. The surfaces are exceptionally durable under
cell culture conditions. Since no proteins are required to render
domains cell-adhesive, the patterned surfaces can be re-used
after the removal of cells by protease treatment. We show that
micro patterning can be combined with reverse transfection,
extending the capabilities of live cell microarrays.
Furthermore, we envisage patterned surfaces as a new tool
for the isolation of individual cell clones, combined with the
possibility of tracking individual cell fates (or phenotypes)
prior to harvesting.

Fig. 7 Patterned reverse transfection of HEK 293 cells with a plasmid encoding GFP. DNA was printed onto NaOCI spots on a PVA film
covalently bonded on to glass. (a) Fluorescence image of a field covering four spots. Transfection was confined to the spots imprinted with plasmid.
Scale bar: 200 um. (b) Merged fluorescence and phase contrast images. (c) Higher magnification image of a single spot loaded with DNA. Scale bar:

100 pm.
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