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Abstract We report in this paper two simple and effe-
ctive methods to decorate glass surfaces that enable
protein micropatterning and subsequent spatially
controlled adhesion of cells. The first method combines
simultaneously the potentialities of two existing tech-
niques, namely microcontact printing (pCP) and
microfluidic networks (LFN) to achieve dual protein
patterning in a single step. The second method is mainly
based on the well-known property of poly(ethylene
glycol) (PEG) to resist against protein adsorption. Both
approaches were used to produce heterogeneous sur-
faces on which micron-size or submicronic streptavidin-
coated lines alternate with cell-repellent areas. We first
describe the implementation of the two methods and
discuss the main pitfalls to avoid. Then, using these
templates, we have monitored the kinetics of attachment
of individual biotinylated (i.e. “‘attractant” towards
streptavidin) red blood cells by directly measuring the
propagation velocity of the adhesion front. Depending
on the surface density of biotin, we found two distinct
regimes, in agreement with existing theoretical models.
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Introduction

The capability to finely control the placement and
adhesion of cells on micropatterned substrates is funda-
mental for the development of cellular biosensors and
diagnostic high-throughput assays (Mrksich and White-
sides 1995; Kane et al. 1999; Morhard et al. 2000).
Attempts to design biomimetic substrates for spatially
directing cellular interactions usually face two major
problems: (1) the difficulty to eliminate all non-specific
attractions which lead only to partial specific recogni-
tion; (2) the undesired adsorption of proteins from the
culture media, which can blur the cell adhesion signals
from patterned regions. Spatially localized attachment of
cells therefore requires: (1) to perform a micrometer-scale
patterning of the proteins of interest, (2) to properly
passivate the rest of the surface against non-specific cell
adhesion, (3) to ensure that adhesion of cells to func-
tionalized patterned areas is neither enhanced by
long-range generic attraction nor made ineffective
by non-specific adsorption of other proteins.
Microcontact printing (LCP) represents a compelling
approach to fulfilling the above-mentioned requirements.
This technique has been shown to be very convenient and
effective to pattern proteins by either adsorption or
covalent grafting on self-assembled monolayers of al-
kanethiols deposited onto gold substrates (Xia and
Whitesides 1998; Lahiri et al. 1999; Yan et al. 1999).
Whitesides and Mrksich have also extensively studied the
possibilities of guiding in situ cultured cells along defined
patterns (Mrksich et al. 1996, 1997; Chen et al. 1997;
Mrksich 1998). However, direct application of uCP to
glass (or silica) substrates is more delicate to implement
and usually leads to lower spatial resolution (Xia et al.
1995; Wang et al. 1997). A related method, namely
microfluidic networks (uFN), offers an alternative



approach, which has for example found applications in
the fabrication of high-resolution mosaic immunoassays
on glass surfaces (Bernard et al. 2001a).

Here, we present two strategies based on uFN or the
simultaneous combination of uCP and pFN to pattern
“cell attractant/repellent” glass substrates. In this paper,
we focus on the interaction of biotinylated red blood cells
with streptavidin-patterned substrates, as a model system
for cells interacting with a substrate via receptor—ligand
interactions. The choice of the streptavidin—biotin com-
plex as a receptor—ligand pair was guided by the fact that
streptavidin patterned surfaces can serve as ““universal”
templates for further immobilization of biotinylated
proteins (Wilchek and Bayer 1988). We selected red
blood cells for the sake of convenience: human red blood
cells are devoid of a nucleus and their composition in
lipids and proteins is well known. Also, they are not
motile cells [i.e. they are not actively responsive to
(bio)chemical modifications of the surface]. The two
methods will be first described in detail and protein
patterned surfaces will be characterized. In particular, we
will discuss key issues that must be addressed for
achieving a proper surface passivation around bioactive
patterns and inhibiting any attraction between cell and
substrate other than specific ligand-receptor recognition.
Finally, we will show how these biomimetic heteroge-
neous templates have been used to investigate the kinetics
of specific attachment and spreading of individual red
blood cells mediated by receptor-ligand interactions.

Materials and methods

Chemicals, proteins and cells

All buffers (phosphate buffered saline solution, PBS; carbonate-
bicarbonate buffer, CB) were made up with deionized water
(Millipore, 18 MQ cm). All solvents (methanol and acetic acid)

Fig. 1 Molecular structures of
the amino-silane (EDA) and the
three crosslinkers: NHS-
PEG*®_biotin, EZ-link-LC-
LC-biotin, and NHS-PEG***-
methoxy

A

H
A\
NH,

N

o]
L »
/.\2
NH
(c/nz)5 R
Do 4

CH,

P
<

o,

NHS-PEG-biotin

343

were high-performance liquid chromatography (HPLC) grade and
purchased from SDS. All reagents were obtained commercially and
used without further purification. We selected a silane molecule,
namely N-[3-(trimethoxysilyl)propyl]ethylenediamine (EDA, from
Sigma-Aldrich) to activate glass cover slides.

As a model receptor—ligand pair, we chose the biotin—strepta-
vidin complex, which is known to be highly stable, easy to handle
and can serve to produce universal templates for further immobi-
lization of any kind of biotinylated adhesion molecule. Two bio-
tinylated crosslinkers were used. In both cases, the reactive group is
a N-hydroxysuccinimidyl (NHS) group, but the nature and length
of the spacer arm are different. EZ-link-LC-LC-biotin (Pierce) is
made of an Il-carbon alkyl chain, while NHS-PEG**-biotin
(Shearwater Polymers) has a spacer length of about 78 poly(eth-
ylene glycol) monomers (polydispersity index 1.02). Streptavidin
was obtained from Jackson ImmunoResearch Laboratories. Pass-
ivation of non-biotinylated areas against non-specific interaction
was achieved by using two blocking agents: methoxy-PEG>*-
NHS (kindly provided by Europa Bioproducts, UK) or bovine
serum albumin (BSA, from Sigma-Aldrich). Fluorescent analogues
of streptavidin and BSA, namely Cy3-Extravidin and fluorescein-
BSA (Sigma-Aldrich), were used to visualize the patterned surfaces
by fluorescence microscopy. Figure 1 depicts the different chemical
reagents.

Fresh red blood cells were obtained from donors, washed once
with PBS 290 mosmol, and three times with 0.1 M CB buffer
(pH 8.5). Then, the cells were biotinylated by incubation in a
0.5 mM NHS-PEG***-biotin solution made from CB buffer for
30 min. After three washes with PBS 290 mosmol, the biotinylated
cells were osmotically swollen in PBS 140 mosmol.

Fabrication of elastomeric moulds

Our strategy to design patterned surfaces was inspired from the soft
lithography technique developed by Whitesides (Xia and White-
sides 1998). The first step was to fabricate soft moulds with the
desired micrometer-size relief features. They were made from cur-
ing poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning) at
60 °C for 4 h against photoresist masters that had the negative
relief structure. Masters were prepared photolithographically by
exposing and developing a photoresist pattern on customized soda-
lime masks (Compugraphics, UK). The elastomeric moulds were
cut from the replica, peeled off and rinsed repeatedly with ethanol
and deionized water in order to wash off free polymer chains.
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Following drying under argon, the moulds were placed onto a clean
glass. The channels were transversally cut at both ends to open a
path for incoming liquids. Typical patterns used in this study were
straight or curved lines. The dimensions were as follows: width
0.5-8 pum, depth 0.5-2 pm, and length 5-10 mm. They can be re-
used up to five times after plasma treatment and extensive rinsing
with ethanol.

Preparation of micropatterned surfaces

We developed two different procedures to produce glass surfaces
with alternatively streptavidin-coated (i.e. attractive towards bio-
tin) areas and inert areas ( against protein adsorption and cell
attachment). The first one (method 1) consists of a simultaneous
dual patterning which combines the microcontact printing (LCP)
and microfluidic networks (utFN) technologies: while the biotiny-
lated crosslinker was injected into the microchannels by capillarity
and was allowed to covalently bind to the pre-silanized glass slide, a
blocking agent such as BSA was physisorbed on the areas in con-
tact with a PDMS stamp previously inked with BSA. The second
approach (method 2) is a two-step procedure: after initial grafting
of biotin in the channels of the moulds, the rest of the surface was
passivated by covalently grafting PEG.

Activation of glass surfaces with a functional silanizing agent
was a preliminary requirement to implement these methods. Our
silanization protocol has been described and characterized else-
where (Merkel et al. 1999). Briefly, coverslips were first washed in a
piranha solution (H,O2/H,SO4, 30/70), rinsed extensively with
ultra-pure water, and finally with methanol. Then, silanization
occurred by incubation of the glass slides in 94% acidic methanol
(0.15 M acetic acid) +4% water+2% EDA silane. After washing
with methanol and curing at 100 °C for 20 min, the resulting
amino-functionalized slides were ready to use or could be stored in
a desiccator for several months.

In method 1, a drop of BSA (or fluorescein-BSA) solution was
applied on top of the PDMS pad for 1 h at room temperature in
order to allow capture of BSA by the PDMS surface. After rinsing

Fig. 2 Schematic
representation of the two
streptavidin patterning routes.
Both methods use amino-
silanized slides as templates and
a structured PDMS pad for
micropatterning. The
biotinylated cross linkers are
grafted to the surface by
capillary reactive printing inside
the microchannels moulded in
the PDMS pad. In method 1,
passivation of the surface is
performed by simultaneous
microcontact printing with the
PDMS stamp inked with BSA.
In method 2, the surfaces are
passivated afterwards by
methoxy-PEG grafting.
Streptavidin is finally spatially
immobilized on the biotin-
derivatized lines
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with water and blow-drying under argon, the pad was placed in
conformal contact with a silanized coverslip. In method 2, the
“naked” PDMS pad was directly put in contact with the amino-
silanized slide. For both methods, the arrays of channels were
backfilled by capillarity with a drop of solution of the biotinylated
crosslinker (2 mg/mL in CB). Reaction of the NHS-terminated
biotin crosslinker with the amino surface proceeded in the micro-
channel for 1 h. After removing quickly the PDMS pad from the
surface and rinsing with ultra-pure water, the substrates were dried
under a stream of argon. At this stage, substrates that were pre-
pared following method 1 were ready to use for optical charac-
terization and adhesion assays. In contrast, the substrates prepared
following method 2 needed subsequent passivation. To do so,
partially biotinylated slides were incubated in a solution of meth-
oxy-PEG-NHS (2 mg/L in CB) for 2 h. Finally, all slides were in-
cubated in a streptavidin solution (1 mg/mL in PBS) for 30 min by
sandwiching a 200 pL drop of solution between the derivatized
coverslips and soft plastic slides (Parafilm). Both routes are sche-
matically depicted in Fig. 2.

Characterization by fluorescence microscopy

Optical characterization of the samples was carried out with an
inverted microscope (Zeiss, Axiovert 200) equipped with a 100 W
mercury lamp, optical filters, a 100x Plan-Achromat immersion oil
objective (numerical aperture NA 1.4) and a digital monochrome
camera cooled to 30 °C (Coolsnap HQ, Roper Scientific). Fluo-
rescence images (1392x1040 pixels) were captured and analyzed
with commercial software provided with the camera (MetaVue,
Universal Imaging).

Adhesion assay for biotinylated red blood cells

Optical inspection of red blood cells coming in contact with the
substrate was performed by reflection interference contrast mi-
croscopy (RICM) using the second camera output (1/3x CCD,
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Pulnix PE2013) of the same microscope equipped with a narrow
interferential filter (1= 546+ 5 nm) and an image processor (Argus-
20, Hamamatsu). Images were recorded in real time with a S-VHS
tape recorder (SV0-9500MDP, Sony). After capturing the
sequences of interest (Matrox Meteor-II/digital frame grabber),
the stacks of images were analyzed with home-made software
(kindly provided by J. Pécréaux). The contact area and profile of
cells in the vicinity of the surface were derived from the interference
pattern (“Newton rings”’) according to the image analysis described
by others (Rddler and Sackmann 1993) (Fig. 3).

Results and discussion

The specificity of cell-cell or cell-matrix recognition,
compared with traditional adhesive materials, lies in the
interplay between electrostatic plus undulation repul-
sions and receptor—ligand attractions (Bruinsma et al.
1999; Weickl et al. 2002). One of the key issues in the
design of biomimetic systems consists of inhibiting all
kinds of generic long-range attractions (van der Waals,
electrostatic, etc.). Here, we have fabricated heteroge-
neous surfaces that offer the following features:
cell-repellent areas alternate with micrometer-scale cell-
adherent areas for which attachment of cells is solely
mediated by specific receptor-ligand interactions. Al-
though many procedures are available to print ligands
on solid surfaces, it is often not clear whether cell at-
tachment is primarily mediated by long-range non-spe-
cific attractions or only by short-range specific key—lock
interactions. The aim of the present work was to design
biomimetic substrates for specific cell adhesion while
ensuring that no long-range attraction force could in-
terfere with the biologically relevant key—lock attraction.
Careful description and characterization of the deriv-
atized templates are presented below. Validation of our

Fig. 3a—c Cell adhesion and the
RICM method. (a) Schematic
view of RICM image formation
by interference of light reflected a
from the cell and substrate
surface, respectively. (b)
Interferogram of a red blood
cell adhering to a solid
substrate. The tight adhesion
zone is defined by the dark spot.
The bar length is 5 pm. (c)
Intensity distribution along a
radial section marked by the red
bar in (b)

membrane
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approaches was gained by using these templates to study
the spreading kinetics of individual biotinylated red
blood cells onto streptavidin micropatterned slides.

Non-specific adhesion of red blood cells
onto unpassivated substrates may be fast and strong

Figure 4 shows RICM snapshots of an osmotically
swollen erythrocyte coming in contact with an amino-
silanized coverslip. In Fig. 4a, the cell was at an elevation
relative to the surface higher than 200 nm. Within two
video frames (80 ms), the red blood cell appeared as a
large black spot, meaning that it was fully spread and in
tight contact with the surface (Fig. 4b). Then, upon ten-
sion induced by adhesion, the erythrocyte burst (Fig. 4c)
and was deflating, as revealed by the interference pattern
corresponding to the top membrane collapsing (Fig. 4d).
We observed similar ultra-fast sprea-ding of washed red
blood cells when the amino-silanized slide was replaced
by mercapto-, quaternary ammonium-, methyl-func-
tionnalized slides or by naked glass. Two obvious ques-
tions then arose. (1) How may non-specific adhesion of
red blood cells be inhibited? (2) Is grafting of ligands to
glass enough to ensure that specific interactions become
dominant over generic adhesion?

BSA or PEG coating of glass effectively prevents
non-specific adhesion of red blood cells

Figure 5 displays RICM micrographs of swollen red
blood cells lying on a PEG-coated surface (Fig. 5a)
(obtained by covalently linking methoxy-PEG-NHS to
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Fig. 4a—d RICM snapshots of a red blood cell on an amino-
silanized coverslip. (a) The cell is approaching the surface. (b)
Within two video frames, the cell is completely spread on the
surface, as revealed by the large dark disc. (¢) White and black
interference rings correspond to the top membrane falling down
after bursting of the red blood cell. (d) Final stage of the deflated
red blood cell. The bar length is 5 pm

Fig. 5 RICM video micrographs of red blood cells on (a) PEG-
passivated coverslips and (b) on amino-silanized coverslips. The bar
length is 10 pm

an amino slide) and on an amino-silanized surface
(Fig. 5b). On the unpassivated silanized slide, all red
blood cells were fully spread, as revealed by contact
area diameters of the order of the erythrocyte size
(~8 um). By contrast, areas of tight contact between
cells and PEG-ylated substrates were much smaller
than the projected area of the cell, typically limited to a
fraction of a pm? up to few pm?. These observations
are consistent with many other reports which describe
PEG as an effective agent against cell spreading (Lahiri
et al. 1999; Papra et al. 2001; Ryan et al. 2001). Sim-
ilarly, red blood cell adhesion was also very limited
when the amino-functionalized substrate was first
incubated in BSA solution or if BSA was added to the
cell suspension. BSA is indeed known to be able to
inhibit non-specific cell adhesion (Nishizawa et al.
2002). Both BSA and PEG were utilized to produce the
passive areas of the micropatterned surfaces used in
this work.

Immobilization of streptavidin on surfaces does not
ensure specific adhesion of biotin-derivatized cells

Many chemical methods are available to print biotin on
a glass surface (Hermanson et al. 1992) and the most
common way to characterize the efficiency of immobi-
lization is to test the capability of the substrate to cap-
ture streptavidin (e.g. by fluorescence microscopy or

AFM) (Patel et al. 1999). Successful immobilization of
streptavidin on a biotinylated surface means that specific
recognition has been achieved at the molecular scale.
The first difficulty that we encountered at the outset of
this work was that molecular specific recognition might
not be a sufficient condition for cellular specific recog-
nition. We therefore performed adhesion assays of
biotinylated red blood cells onto streptavidin-coated
substrates. Different parameters were varied: (1) the
nature of the biotinylated crosslinker; we either used
EZ-link-LC-LC-biotin Scomposed of an 11-carbon alkyl
spacer), or NHS-PEG>**-biotin (containing a 78 ethyl-
ene glycol spacer); (2) the presence or absence of BSA in
the red blood cells suspension. Native (i.e. non-biotiny-
lated erythrocytes) were taken as a control. Adhesion
tests were carried out on 300-500 red blood cells for
each condition. As a clear-cut criterion for adhesion, we
decided that adhesion occurred when the contact area
(i.e. size of the black spot visualized by RICM) was
larger than 0.5X(nR,p.>) =25 pm>. Table 1 summarizes
the main outcomes. Significant differences were noticed
between the two biotinylated crosslinkers. Adhesion of
red blood cells on EZ-link-LC-LC-biotin slides was not
specific since native and biotinylated cells almost equally
adhered. Besides, when BSA was added, adhesion was
almost completely inhibited for the biotinylated or the
non-biotinylated erythrocyte, indicating that this bio-
chemical treatment of the glass surface did not prevent
non-specific adsorption of BSA on top of the streptavi-
din layer. In contrast, when NHS-PEG-biotin was used,
streptavidin-grafted slides were only an “attractant” to
biotinylated cells, and the presence of BSA in solution
did not alter adhesion. The presence of a PEG spacer
terminated by a biotin group is clearly crucial for
obtaining specific adhesion while avoiding physisorption
of other proteins by screening hydrophobic or van der
Waals interactions due to the silanization treatment. In
the rest of this study, all cell ““attractant™ patterns will be
obtained using NHS-PEG-biotin as a crosslinker.

Dual patterning method

We have implemented two strategies to prepare pat-
terned substrates made of micron-size lines which are
bioactive towards biotinylated red blood cells and sur-
rounded by areas which are inert towards cell attach-
ment and protein adsorption. Both methods have been
described in the Materials and methods section and
schematized in Fig. 2.
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Table 1 Influence of the nature of the biotinylated crosslinker and of the presence of BSA on the specificity of red blood cell adhesion. The
percentage of adhesion represents the number of red blood cells which are in close contact with the surface over more than 25 pm?

Chemical treatment of the glasscover slide Percentage of adhesion Percentage of adhesion of non-
of biotinylated red blood cells biotinylated red blood cells

EZ-link-LC-LC-biotin + streptavidin 98% 88%

NHS-PEG-biotin + streptavidin 97% 11%

EZ-link-LC-LC-biotin + streptavidin + BSA in solution 15% 9%

NHS-PEG-biotin + streptavidin + BSA in solution 94% 7%

Briefly, method 1 combines in one step the basics of
two existing techniques, namely uCP and pFN. On the
one hand, the ligand of interest (here, biotin) was printed
onto glass by performing a microreaction inside the
channels (molded by soft lithography) of an amino-re-
active PEG-biotin to the amino-silanized surface. This
approach is very similar to the pFN technique, which
has been widely exploited by the group in Ziirich
(Delamarche et al. 1997; Bernard et al. 2001a). On the
other hand, areas which were in contact with the PDMS
pad could be passivated by transfer of BSA from the
stamp to the slide by the usual pCP technique, which
was developed by Whitesides’ group (Mrksich and
Whitesides 1995; Xia and Whitesides 1998). Figure 6a
shows a two-color fluorescence video-micrograph of a
patterned glass slide with lines of “‘red” (Cy3-labeled)
streptavidin surrounded by “green” (fluorescein-labeled)
BSA. This photograph qualitatively indicates that BSA
and streptavidin were mainly detected at the desired
location with a good spatial definition. Sometimes,
possible defects were revealed. They were due to bad
alignment of the mask during the lithographic fabrica-
tion of the photoresist master or to the presence of dust
on the surface of the PDMS pad.

Method 2 consists of first performing capillary reac-
tive printing of PEG-biotin using the pFN technique. In
a second step, prior to streptavidin coating, the rest of the
surface was passivated by grafting methoxy-PEG-NHS.
Figure 6b displays a fluorescence video-micrograph of
“red” streptavidin patterned slides when methoxy-PEG
was used for passivation. For comparison, Fig. 6¢ shows
a fluorescence micrograph of streptavidin patterned
slides when the amino slide was not passivated. In both
cases, biotin-modified lines were clearly detected. How-
ever, the difference in signal/noise ratios was significant.
When the passivation step using PEG was included in the
protocol, we found that the S/N ratio increased from
2.5+ 1 toaround 8 £ 1. A similar quantitative analysis of
the contrast level for slides prepared following method 1
yielded S/N=7+1. Also interesting, we note that the
fluorescence intensity was very homogeneous along one
line and between different lines, as long as the width of
the lines was larger than 2 um. Figure 6d shows “‘red”
strepatvidin patterns made of straight lines of 500 nm in
width and prepared according to method 2. In this case,
significant variations of the fluorescent intensity across
the surface and reduced S/N ratios were observed. An
increase of the PEG-biotin concentration (up to 10 mg/
mL) did not lead to any marked improvement. We

suggest that the enhanced heterogeneity in streptavidin
density might result from decreased reactivity of the
biotinylated crosslinker in conditions of sub-micronic
confinement.

Before evaluating our “‘repellent/bioactive” patterned
slides versus specific cell attachment, we wish to point
out several important aspects about the novelty of these
approaches. First, both methods were designed to be
applied to glass substrates. To our knowledge, most
protein patterning strategies have been successfully
developed on gold or polymeric substrates (Xia and
Whitesides 1998; Hyun et al. 2002; Tan et al. 2002). A
few remarkable exceptions, where silicon wafers or oxi-
dized PDMS were used as templates, come from the
group in Ziirich (Bernard et al. 2001b) and more recently
from others (Chen et al. 2002). Yet glass is not widely
utilized because of the difficulty in printing silanes by
pCP with high spatial resolution (Xia et al. 1995; Wang
et al. 1997). We were able to overcome this problem by
activating the whole glass slide with a silanized agent
prior to the patterning step. Here, the key point lies in
the fact that contact between the PDMS stamp and the
substrate did not need to be very tight, as is required for
the classical pCP technique. Although hydrophobized
silane-modified slides are less adhesive to PDMS than
plasma-treated slides, microfluidic channels could be
gently backfilled by capillarity while avoiding any leak
of fluid.

Second, concerning method 2, we combined the ex-
isting pFN technology to graft biotin with the remark-
able capability of PEG to inhibit protein adsorption and
cell attachment. Here, the choice of the biotinylated
crosslinker was crucial. As discussed previously, the use
of a PEG spacer terminated with a biotin group enabled
us to avoid any non-specific cell adhesion and to render
the derivatized pattern solely adherent via specific
receptor—ligand interaction.

Third, we believe that method 1 offers a new, simple
and rapid approach to perform dual patterning of glass
substrates in one step. We have shown that pCP and
uFEN could be advantageously used simultaneously to
adsorb a protein by transfer from the PDMS stamp and
to graft another protein inside the channel arrays of the
PDMS mould.

From the viewpoint of hereafter-mentioned cell
adhesion assays, no difference was noted between the
two methods. All the results reported below were
obtained using slides prepared according to both
approaches.
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Fig. 6a—d Fluorescence micrographs of streptavidin patterned
surfaces. (a) “Red” streptavidin lines (3 um in width) surrounded
by “green” BSA passivated areas (method 1). (b) “Red” strepta-
vidin lines (3 um in width) surrounded by methoxy-PEG passivated
areas (method 2). (¢) Biotin lines (6 pum in width) surrounded by
amino-silanized (i.e. unpassivated) areas and detected by “‘red”
streptavidin. (d) Sub-micronic “‘red” streptavidin lines (500 nm in
width) separated by 500-nm wide PEG-ylated lines. The insets are
linescans of the fluorescence intensity distribution

Interaction of biotinylated red blood cells
with streptavidin micropatterned substrates

Adhesion tests consisted of depositing a suspension of
biotinylated red blood cells onto streptavidin/BSA (or
streptavidin/PEG) patterned slides modified following
method 1 (or method 2). No flow is applied and the cells
come in contact with the substrate due to gravity.
Figure 7a shows the superposition of a fluorescence
micrograph and a RICM micrograph of the same region
of the patterned slide once the biotinylated red blood
cells were sedimented. Here, streptavidin lines, which
were detected by fluorescence using Cy3-Extravidin,
were 4 um in width, i.e. slightly smaller than the diam-
eter of a red blood cell. RICM allowed visualization of
the contact area of the erythrocytes with the coverslip.
As shown in Fig. 7a, we observe that large contact areas
(meaning that red blood cells are spread and strongly
adhere to the substrate) are co-localized with streptavidin
patterns. In contrast, blood cells were weakly adhered (if

not sit only) on the passivated areas. This differential
adhesion was confirmed by increasing the density of red
blood cells on the surface and dipping the coverslip in
fresh PBS. Figure 7b displays a RICM video-micro-
graph after washing. All remaining red blood cells are
only found along streptavidin lines. Cellular “wires’ are
thus formed. More interesting, we also observe that red
blood cells are slightly deformed, since the contact area
is often found to deviate from round shape. The mag-
nification in Fig. 7c shows biotinylated red blood cells
which overlap a streptavidin line and a passivated area.
Within one cell, the contact area clearly stops at the
border. In a last experiment, when the width of strep-
tavidin lines is decreased down to sub-micronic dimen-
sions, the morphology of adhering red blood cells is
strikingly different. Figure 7d shows a RICM mirco-
graph obtained on 500-nm wide streptavidin lines sep-
arated by 500 nm PEG areas. Tight contact is observed
on streptavidin lines while the cell membrane is sus-
pended between two adhesive lines. Besides, red blood
cells become deformed by a digitation process. Mem-
brane “fingers’ can grow along adherent lines. When all
these adhesion assays are taken together, we can con-
clude that cell attachment is highly localized and spe-
cific.

At this stage, note that the present work is somehow
different from other works which reported possible cell
guidance along patterned surfaces (Mrksich et al. 1996,
1997; Mrksich 1998; Kane et al. 1999; Takayama et al.



Fig. 7a—d Video micrographs
of biotinylated red blood cells
on streptavidin patterned
surfaces. (a) Superposition of
two images taken in the
fluorescence and RICM modes.
Patterned lines are 8 um in
width. (b) RICM image after
removing all weakly adhering
red blood cells by washing.
Cellular “wires” are co-
localized with streptavidin
patterns. (¢) Magnification of a
RICM image at the border
between a streptavidin line and
a passivated area. Red blood
cells overlap the two regions but
only adhere specifically to the
streptavidin-coated zone. (d)
RICM image of red blood cells
adhering onto sub-micronic
patterned substrates (width

500 nm). Each bar is 10 um in
length

1999; Nishizawa et al. 2002). In the latter case, surfaces
were designed so that a differential adhesivity was cre-
ated between patterned areas. After seeding cells on one
side of the surface, moving cells (like fibroblasts) grow
and prefer to spread onto one type of chemically mod-
ified pattern instead of covering “‘unfavorable” areas.
Yet, in many cases, there is no clear evidence that cells
would not stick in a non-specific manner to the
supposedly passivated regions. In the present study,
red blood cells (which are incapable of any active
movement) were ‘“‘seeded” everywhere on the patterned
substrate, but their attachment was found to be
restricted to the desired regions.

Spreading kinetics of individual red blood cells
on micropatterned substrates

In the previous section, we have given a static descrip-
tion of biotinylated red blood cells in contact with pat-
terned ‘‘attractant/repellent” surfaces. However, we
have also examined the spreading kinetics of individual
red blood cells on the same surfaces in order to obtain
additional hints about the nature of cell-substrate in-
teractions. Our results on red blood cells have eventually
been compared to the theoretical model proposed by
Boulbitch and co-workers for modeling the specific
adhesion of decorated vesicles (Boulbitch et al. 2001).
Figure 8 shows snapshots of the spreading process of
a biotinylated red blood cell on a strepatvidin line that is
wider than Ry.. Initially, the red blood cell was not in
contact with the substrate (Fig. 8a). In Fig. 8b, the nu-
cleation of a small domain of tight adhesion occurs.
Then, the contact area increases gradually (Fig. 8c),
expanding until the whole contact zone is tightly adhered

Fig. 8a—d Time sequence of the spreading of a biotinylated red
blood cell on a streptavidin-coated surface as seen by RICM. The
bar represents 5 pum. (a) The red blood cell is not in contact with the
surface. (b) Nucleation of the state of the tight adhesion. (c, d)
Different stages of the expansion of the tight adhesion state

(Fig. 8d). This process is therefore strongly reminiscent
of a first-order transition as observed in wetting phe-
nomena (Bruinsma and Sackmann 2001) or phase sepa-
ration (Komura and Andelman 2000). The time from
contact initiation until complete spreading depends upon
the surface density of biotin groups on the red blood cells
and varies from ~10 s to 1 min. The growth process of
the area of adhesion has been monitored by image pro-
cessing. In the time sequence shown in Fig. 8, the zone of
tight adhesion has approximately a circular shape,
although not perfectly regular. Yet, many other scenarios
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Fig. 9a—d Time sequence of the spreading of a biotinylated red
blood cell on a streptavidin-coated surface as seen by RICM. The
bar represents 5 pm. (a) Two nucleation centers are formed. (b, c,
d) Different stages of the expansion of the tight adhesion zones. A
blister of non-adhering membrane is trapped close to the center of
the cell (d)

were also observed. As shown in Fig. 9a—d, two or more
adhesion patches can be formed and grow simulta-
neously until they merge while leaving some trapped
blisters (white spots) of unadhered membranes. This kind
of growth process was discarded from our analyses.
More subtle, if a single adhesion nucleus was created
close to the centre of the cell, it was found to grow most
often isotropically (Fig. 8a—d), while if the nucleus was
created close to the edge of the cell or at a border between
a streptavidin line and a passive area, the adhesion patch
was pinched on one side and could only propagate in the
opposite direction. Finally, we also observed hybrid
processes for which the adhesion nucleus started to grow
in an isotropic way before being directed. Consequently,
derivation of the time evolution of the adhesion front
from the measure of the contact area following
E(t)=[A(t)/n]"* was likely to induce some bias in the
estimate of the propagation velocity of the front. For
comparison of our experimental results with the one-di-
mensional model developed by Boulbitch et al. (2001), we
had to check the influence of these different modes of
propagation of the adhesion front. To do so, in one series
of experiments we performed systematic monitoring of
the displacement of the adhesion patch centre. Figure 10
displays two different scenarios. In Fig. 10a, growth is
almost isotropic with no overall significant displacement
of the centre of the adhesion zone. In this case, the
propagation front was indeed obtained from the relation
E(t)=[A(t)/n]"?. In contrast, Fig. 10b is an example
where the very beginning of the growth is roughly
isotropic until about 5 s. Afterwards, propagation was
basically unidirectional. Front propagation could then
be either derived from the position of the adhesion patch
centre or from &(f)=A(f)/w, where w is the constant
width of the growing adhesion patch. This approach al-
lowed us to eliminate all artefacts that would be resulting
of a global “blind” image analysis. However, in order to
gain sufficient statistics for the spreading kinetics of red
blood cells, in a second series of experiments we finally
bypassed this tedious manual analysis by taking benefit
of the preparation of sub-micronic patterns described
above. Figure 11 shows a typical scenario of biotinylated
red blood cell adhesion on 500-nm wide streptavidin lines
separated by 500 nm PEG areas. The pattern width being
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Fig. 10a, b Displacement of the adhesion front, & (solid lines), and

of the center of the adhesion zone, (x.2+ yci)”2 (dashed lines),

versus time for two different scenarios. (a) Isotropic growth of the
adhesion nucleus. The centre of the adhesion zone is not moving.
(b) Directional growth of the adhesion nucleus. This is revealed by
the overall displacement of the center of the adhesion zone. Spatial
units are in pixels. Photographs which are displayed in inset show
the state of the adhering red blood cells

far below the size of a red blood cell, adhesion front
propagation occurred almost ideally along one direction.
The snapshots were taken when one adhesion “stripe”
was already formed. The initial time was chosen when the
adhesion zone jumped to the closest line and started to
propagate. Direct measure of the adhesion zone length
with time gives £(7).

With all experiments on both wide and narrow lines
are taken together, the kinetics of red blood cells adhe-



Fig. 11a-d RICM snapshots of a biotinylated red blood cell in
contact with a streptavidin patterned surface. Patterns are 500 nm
wide lines. At time =0, the red blood cell has already adhered to
one streptavidin-decorated stripe. Photographs a—-d show the
propagation of the front along the second adhesive stripe. Two
successive images are separated by one second. The scale bar
represents 5 pm

sion mediated by biotin-streptavidin interaction was
investigated on 50-70 cells for two conditions of biotin
density on the erythrocytes: low biotinylation level
(corresponding to a 2 min incubation of the cell sus-
pension in NHS-PEG-biotin) and high biotinylation
level (corresponding to a 20 min incubation of the cell
suspension in NHS-PEG-biotin). The time evolution of
the adhesion front position (normalized by the maximal
adhesion length) for low and high biotinylation levels is
displayed in Fig. 12. Complete spreading of red blood
cells was faster at high biotin concentrations. More
importantly, two regimes corresponding to the two
concentrations in biotin could be distinguished. At low
biotin concentration, the front motion is found to vary
as 1'%, In the regime of high biotin concentration, the
front initially moves at constant velocity (Ee<f). At longer
times, when & approaches 2xR.,, its motion is slowed
down and stops within about 10 s.

Quantitative and detailed description of the curves in
Fig. 12 can be achieved by analyzing our experiments in
the framework of Boulbitch’s theory (Boulbitch et al.
2001). We begin by briefly reviewing the pertinent fea-
tures of the theoretical models.

1. At a low concentration of ligands (i.e. biotin
groups on the red blood cells), the front motion is
dominated by diffusion. Propagation of the adhesion
zone results from the diffusion of the biotinylated pro-
teins from the free membrane to the front and from the
binding-unbinding reaction between mobile biotinylated
proteins (L) and immobilized streptavidin (R). This
gives:
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Fig. 12 Typical displacement curve of the front of adhesion versus
time for low (red circles) and high (blue squares) level of
biotinylation of the red blood cells. The motion of the front was
determined by measuring the length of adhesion stripes by the
image processing. For high biotin concentration the displacement
increases linearly with 7 almost up to the end of the adhesion zone.
For the lower biotin concentration the front displacement exhibits
a square-root regime (fecs'/?). The dashed lines show the corre-
sponding fits

&= avi (1)
and the prefactor o is defined by:

io — K
o m 12032 (o —Ka) 2)

VD

where k2P (expressed in m? s™') is the forward reaction
rate for L+R — LR, b is the width of the reaction zone,
Cpio (expressed in m™?) is the surface number density of
mobile biotin groups at the surface of the red blood cells,
K4 (in m™2) is the dissociation constant of the reaction
L+R — LR, and D is the coefficient diffusion of the
biotinylated proteins.

2. At a high concentration of ligands (i.e. biotin groups
on the red blood cells), the front motion is dominated by
reaction between ligands and receptors. Diffusion is
negligible. Yet the association rate of the reaction is
limited by the expulsion of lipopolymers (glycocalix) out
of the adhesion zone. k2P is therefore weighted by a
Boltzmann factor, exp(=ITAyep/kgT), where IT is the
lateral osmotic pressure difference of the lipopolymers
and 1/ Agqep 1s the surface density of streptavidin mol-
ecules on the substrate. In the perfect gas approxima-
tion, IT=CylycocalixkBT. The velocity of the adhesion
front then becomes:

d¢

dar = bcstrepkiD €Xp (*CglycocalixAstrep) (3)

and is found to be independent of the concentration of
biotinylated proteins.
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We have already noticed that our experimental data
are in good qualitative agreement with the theoretical
models. This tends to indicate that attachment and
spreading of biotinylated erythrocytes is indeed solely
due to specific biotin—streptavidin interactions. In order
to push the analysis further, and to determine whether
the spectrin network underlying the red blood cell
membrane has an influence on the spreading kinetics, we
need to give estimates of the different relevant parame-
ters.

The 2D association constant of the streptavidin—

biotin complex can be derived from the knowledge of
KSP =107 M/L=10""2 M/m>=6x10"! molecules/m*
(Green 1975) and from the 2D dissociation rate,
kP =1/44h=6x10"°s~', which has been measured
previously (Merkel et al. 1999). By expressing
KPP =k Pk . *P~KPd, (with d, being the charac-
teristic thickness in which the reaction takes place;
d.~10 nm), we obtain: k,*®=10° m?s™'. The density
of biotin-labeled proteins at the surface of red blood
cells, cpio, can be easily estimated since most abundant
membrane proteins which are likely to be biotinylated
are band 3 proteins. Biochemical studies have shown
that each red blood cell has about 10° copies (Mohandas
and Evans 1994), meaning that the surface number
density is 5x10"> m™2. If one assumes that labeling effi-
ciency is directly proportional to the incubation time of
red blood cells in the solution of biotinylated crosslin-
ker, and that saturation is obtained for 20 min incuba-
tion time, one may take cp;o=>5x10" m~? at high
biotinylation levels, and cp;, = 5%10'"* m™2 at low bioti-
nylation levels. As a consequence, for both regimes,
Chio > > K422 =6x107> m™2. Equation (1) is then reduced
to:
Chbio
Ney @
Also, the coeflicient diffusion of band 3 proteins has been
measured by single-particle tracking and fluorescence
recovery after photobleaching and was found equal to
107" m? s™' (Golan and Veatch 1980). The surface
density of streptavidin molecules on glass surfaces was
kept constant and was measured by fluorescence-assisted
cell sorting (data not shown): cstrep:3><10]6 m~2. The
projected area of a streptavidin molecule is 25 nm?>. More
difficult is the evaluation of cgjycocaiix- For red blood cells,
the glycocalix is mainly composed of glycolipids (about
5x107 per cell, i.e. 2.5x10'” molecules m™?). The only
remaining unknown parameter is b, the width of the
reaction zone, which might be expected to be in the
1-10 nm range (Boulbitch et al. 2001).

Experimentally, in the diffusion-dominated regime,
the coefficient « is found equal to 0.6+0.2 pm s '/,
which fits with the theoretical value provided that we set
b=2.5 nm. Note that, incidentally or not, 2.5 nm is the
size of one streptavidin binding pocket. In the reaction-
dominated regime, the velocity of adhesion front is
found to be equal to 0.55+0.18 um s~'. This value is in
good agreement with the theoretical prediction provided

o 12D2
kb

that ¢gycocatiy =35.6 & 10" m™2, while we proposed Cgiyc-
ocalix—2.5+ 100 M2 as a coarse approximation.

More important than the absolute values of these
parameters, the main outcome lies in the fact that our
experimental observations with erythrocytes can be ra-
tionalized by theoretical models which describe cell
spreading as only mediated by specific ligand-receptor
interactions. In other words, although indirect, this is a
clear piece of evidence that the biomimetic substrates
prepared as described above are well passivated against
generic cell adhesion. Besides, the design of nearly one-
dimensional patterns (relative to the size of the ery-
throcytes) provides a straightforward and convenient
way to monitor the attachment kinetics of cells on dec-
orated substrates. Our approach was validated for the
biotin—straptavidin complex but could be extended to
many other ligand-receptor pairs by simply immobiliz-
ing biotinylated proteins on these strepatvidin-coated
templates.

Furthermore, our results on red blood cells can be
compared with those obtained by Boulbitch et al. (2001)
for the adhesion of a model biomimetic system, namely
RGD vesicles on integrin-covered substrates. Both dif-
fusion- and reaction-dominated regimes were also ob-
served. Values for o were found in the 0.15-0.35 um
s™'/2 range, depending upon RGD concentration. At the
first sight, we may note a good agreement in terms of
order of magnitude between their values and ours. Yet,
quite surprisingly, the diffusion-limited motion of the
adhesion front is faster for biotinylated red blood cells
on streptavidin-coated substrates. Naively, we could
expect an opposite trend, since membrane proteins on
red blood cells are not completely free to diffuse. Single-
particle tracking experiments have shown that the lateral
diffusion of band 3 proteins is restricted because of
confinement in membrane skeletal “corrals” (Golan,
unpublished results). However, we believe that this
confinement effect is irrelevant here. Indeed, the typical
size of confinement areas is on the order of 100 nm,
which is much larger than the characteristic length of the
zone over which the receptor-ligand reaction occurs
(b=2.5nm). Close to the adhesion front, everything
happens as if proteins were freely diffusing. Moreover,
the biotin—streptavidin complex has the peculiarity of
being very stable. This explains why we could neglect
any dissociation process within the course of front
propagation. In contrast, the assumption K4 < < Cjigand
is not valid for the more labile RGD-integrin pair, which
may account for a lower value of the o prefactor. Con-
cerning the reaction-dominated regime, we have found a
propagation velocity of the adhesion front of
0.55 pm s~ ', which is in the 0-3 pm s~' range reported
by the German group (Boulbitch et al. 2001) over a large
variation of concentration in lipopolymers and ligands.

In summary, we have described two methods for
creating cell ‘‘attractant/repellent” patterns on glass
surfaces, from a few microns scale down to 500 nm. Our
approaches involve pCP and/or pFN techniques in a
relatively unusual manner and extend the patterning to



glass substrates that are widely used in biology and
biophysics related fields. The ligand of interest (biotin)
was grafted at controlled locations on activated glass by
reaction in the channels of a structured PDMS mould
placed in contact with this substrate. Passivation of the
surface against cell non-specific adhesion was obtained
either by uCP of BSA or by subsequent PEG grafting.
We have also demonstrated that the choice of the bio-
tinylated crosslinker is crucial for effective specific cell
adhesion. We especially pointed out the need (and dif-
ficulty) to suppress any kind of long-range generic at-
traction forces. Our patterned substrates exhibit a high
contrast for specific adhesion and non-specific adhesion
is mostly inhibited. We believe that this further im-
provement in surface patterning using glass coverslips as
substrates is very promising for biotechnological appli-
cations.

Finally, after optimization of our patterned tem-
plates, we have studied the dynamics of the adhesion
and spreading of erythrocytes labeled with biotin groups
on localized strepatvidin-covered regions of glass cover
slides. We have shown that the growth of the adhesion
zone exhibits two distinct regimes depending upon the
concentration of ligands on the cell surface, in good
agreement with the theoretical model of Boulbitch at al
(Boulbitch et al. 2001). Our results are the first experi-
mental confirmation using real cells and not decorated
vesicles of this model. It is in fact a first step for un-
derstanding the recruitment of adhesive molecules
independently of any interaction with the cellular cyto-
skeleton and any reorganization. For more complex
cells, the role of the cytoskeleton and of the internal
signaling will have to be incorporated.
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