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Covalent Microcontact Printing of Proteins for Cell Patterning
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Introduction

Controlling cell positioning and adhesion on surfaces is of
interest in fundamental cell biology,[1] tissue engineering,[2]

cell-based biosensor development,[3] and bioelectronics.[4]

Various methods have been used to direct the adhesion of
cells to selected areas of a substrate, including micropattern-
ing on polymers,[5] soft lithography,[6] patterning through
pores in elastomeric membranes,[7] patterning by using
three-dimensional microfluidic systems,[8] laminar-flow pat-

terning,[9] and local oxidation by using microelectrodes.[10]

One particularly versatile approach to control cell attach-
ment and patterning is the physical or chemical adsorption
of extracellular matrix (ECM) proteins to selected areas of
a substrate. ECM proteins are cytophilic in the sense that
cells adhere preferentially to any surface coated with these
proteins. ECM proteins have been delivered locally to a sub-
strate by, for example, ink-jet printing[11] and electrospray
deposition.[12] ECM proteins may also be physisorbed to a
substrate patterned with self-assembled monolayers (SAMs)
by microcontact printing (mCP) or other forms of lithogra-
phy.[13] Alternatively, proteins may be microcontact printed
on a suitable substrate.[14]

Recently, Huck and co-workers[15] proposed the applica-
tion of mCP for the in situ synthesis of oligopeptides exclu-
sively in the contact areas between substrate and the poly-
(dimethylsiloxane) (PDMS) stamp. The advantage of cova-
lent mCP of peptides is that a chemical bond is formed be-
tween the protein and the substrate SAM. Hence, there is
no diffusion of the printed pattern on the surface. On the
other hand, it is unlikely that elaborate protein patterns can
be prepared efficiently by multistep peptide synthesis in the
confinement between substrate and stamp.

In this work, we use aldehyde-terminated SAMs on gold
and silicon oxide substrates as a reactive layer for covalent
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mCP of cytophilic, collagen-like proteins. Specific regions of
the SAM were patterned with a cytophilic protein and other
areas were made nonadhesive by immobilization of poly-
ACHTUNGTRENNUNG(ethylene glycol) (PEG) molecules. Various ECM proteins
have been immobilized in patterns on substrates with the
aim of directing cell adhesion. Among these proteins are fi-
bronectin, laminin, and collagen.[11–14] Here, we selected col-
lagen-like proteins produced in microbial cells,[16, 17] which
eliminates the risk of contamination by infectious agents as-
sociated with conventional animal products.[18] Moreover,
these bioengineered collagens are nonfolding proteins be-
cause they lack hydroxyproline. Because these collagens do
not fold into helices, they are highly soluble in water, do not
form gels, and cannot denature through shear heat. As a
result they can be processed easily, also by mCP. Another ad-
vantage of the unfolded collagens is that their cell-binding
epitopes are very accessible to the medium and are exposed
to the cells therein.[18] Furthermore, these molecules are
highly polar, which enhances their water solubility and ex-
posure on the surface. A polar surface also reduces unwant-
ed plaque formation, surface fouling, and nonspecific cell at-
tachment.

In particular, we used the gelatin-like, hydrophilic pro-
teins col3a1 and col1a1–1*, which are nonhydroxylated ge-
latins based on part of the rat type III (col3a1) and mouse
type I (col1a1–1*) collagen sequences and produced as het-
erologous gene products in methylotrophic yeast.[16] The
fraction of polar residues in the selected part of col3a1 is
some 20% higher than in the selected part of col1a1–1*. In
addition to these gelatins, a designer gelatin P4 with a frac-
tion of polar residues 60% higher than that of col1a1–1*
was used.[17] The remaining nonpolar residues in this ex-
tremely polar construct consisted merely of glycine and pro-
line as the defining residues of collagen-like proteins and ge-
latins. In contrast to the other two gelatins, the col3a1 con-
struct contains an Arg-Gly-Asp (RGD) cell binding se-
quence. The RGD sequence is present in many ECM pro-
teins, such as fibronectin, laminin, and collagen. This
tripeptide is a minimal sequence required for recognition by
cell-surface receptors of the integrin family.[19] Because
col3a1 is a random coil protein without any secondary struc-
ture,[16] it is likely that the exposure of the RGD sequence
on the surface is enhanced and RGD is more readily avail-
able for interactions with cell-membrane receptors than in
native ECM proteins.

Our methodology is outlined in Figure 1. In brief, we
modified gold and silicon oxide substrates with amino-termi-
nated SAMs and then converted the amino groups into alde-
hyde groups by reaction with terephthaldialdehyde.[20] Sub-
strates modified in this manner can be patterned directly
with cytophilic proteins by means of mCP using an oxidized
PDMS stamp. Amino residues, such as lysine, in the protein
form imine bonds with the aldehyde SAM. The remaining
areas of the aldehyde SAM can be blocked subsequently
with PEG to form areas resistant to cell adhesion. Human
malignant carcinoma (HeLa) cells were seeded and incubat-
ed on the patterned substrates.

Results and Discussion

Surface modification for protein and cell attachment : The
proteins were immobilized on gold and silicon oxide (glass)
surfaces. An outline of the successive steps of the procedure
is shown in Figure 2. Firstly, the aldehyde-terminated sub-
strates were prepared according to a procedure published
previously.[20] Subsequently, the proteins were attached cova-
lently to aldehyde-terminated substrates 2 and 5 by reaction
from a 1 mm solution in phosphate buffered saline (PBS) at
room temperature to give protein-covered substrates 3 and
6. Alternatively, the proteins were immobilized on substrate
5 by direct mCP to give protein-coated substrate 6*. For ini-
tial mCP experiments, the ink consisted of a 1 mm solution
of col3a1 in PBS buffer and the stamp was a flat, featureless
PDMS stamp that was made hydrophilic by treatment with
UV/ozone plasma for 30 min. Unmodified PDMS provides a
hydrophobic surface that is not suitable for aqueous inks.[14]

All monolayers were rinsed extensively with ethanol and/or
buffer solution after each reaction step to remove all physi-
sorbed material. The monolayers were characterized by
water-contact-angle goniometry, X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared reflection-ad-
sorption spectroscopy (FT-IRRAS), and ellipsometry.

Figure 1. Schematic representation of cell patterning through direct mCP
of collagen-like protein col3a1. a) mCP of col3a1 onto aldehyde-terminat-
ed SAM. b) Reaction between remaining aldehyde groups and amino-
PEG. c) Incubation of HeLa cells.
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Values for the water-contact angle of monolayers 1–6 are
shown in Table 1. After attachment of the hydrophilic pro-
tein col3a1, the water-contact angle decreases dramatically
(SAMs 3, 6, 6*) and ranges beyond the limit of accurate
measurement (<108). The thickness of the monolayers on
the silicon substrates 4–6* was investigated by ellipsometry.
(Table 1) The thickness of the monolayers increases after
each immobilization step and is consistent with the antici-
pated values. Furthermore, the C:N ratios from XPS mea-
ACHTUNGTRENNUNGsurements for amine and aldehyde SAMs 1, 2, 4, and 5 are
in agreement with the molecular composition. The C:N
ratio of the protein monolayers 3, 6, and 6* is in accordance
with the molecular composition of col3a1.[16] The C:N ratios
reported in Table 1 were not corrected for attenuation,

which may explain why the ob-
served ratio is usually signifi-
cantly lower that the calculated
ratio. The nitrogen-rich protein
is exposed on the surface and
shields the underlying carbon-
rich monolayer.

After each immobilization
step, the surface was rinsed
thoroughly with the appropriate
solvent (see Experimental Sec-
tion) and dried under a nitro-
gen stream before FT-IRRAS
spectra were collected
(Figure 3). After exposure of
the amino-terminated SAM 1
(with its characteristic bands
for amino and CH2 vibrations)
to terephthaldialdehyde to give
SAM 2, several changes were
observed in the spectra. The
broad peak of the amino group
disappeared, indicating com-
plete reaction on the surface.
Furthermore, several new
bands appeared: an imine C=N
stretching vibration at
1645 cm�1 and a band at
1705 cm�1assigned to the C=O
stretching vibration of the
second aromatic aldehyde
group. The presence of these
characteristic imine and alde-
hyde bands and the absence of
the bands assigned to the amine
group provide strong evidence
that terephthaldialdehyde was
attached covalently through an
imine bond, leaving reactive al-
dehyde groups on the surface,
consistent with our earlier re-
ports.[20]

After protein immobilization
to monolayer 2 several new peaks appeared in the spectra.

Figure 2. Immobilization of protein col3a1 on gold (1–3) and on silicon oxide (4–6) substrates. 1, 4 : amino-ter-
minated SAMs; 2, 5 : aldehyde-terminated imine SAMs; 3, 6 : substrates with immobilized col3a1 protein;
a) terephthaldialdehyde; b) col3a1.

Table 1. Advancing and receding water-contact angle, C:N atomic ratio,
and thickness of monolayers 1–6*.

SAM qadv

[8]
qrec

[8]
C:N
ACHTUNGTRENNUNG(XPS)

C:N
ACHTUNGTRENNUNG(calcd)

Thickness
(ellipsometry) [nm]

1 62�2 50�2 10.6�0.7 11 n.a.[a]

2 77�2 62�2 13.9�0.4 14 n.a.[a]

3 <10 <10 9�1.8 10 n.a.[a]

4 57�2 45�2 8�0.6 6.5 2.4�0.2
5 65�2 54�2 12�0.4 10.5 3.14�0.2
6 <10 <10 7.2�1.5 10 4.62�0.3
6*[b] <10 <10 8.9�1.2 10 5.3�0.3

[a] Data not available. [b] 6* proteins immobilized on substrate 6 by mCP
with a flat PDMS stamp.

www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6290 – 62976292

B. J. Ravoo, D. N. Reinhoudt et al.

www.chemeurj.org


The broad band at approximately 3350 cm�1 can be assigned
to the N�H stretching vibration of the amino groups and
amides in the protein (Figure 3, spectrum 3). Bands at 2926
and 2854 cm�1 indicate CH2 asymmetrical and symmetrical
stretching vibrations, respectively, of the substrate SAM.
Furthermore, a shoulder at 1645 cm�1 overlapping with the
1678 cm�1 amide I band can be assigned to the C=N stretch-
ing vibration of the imine group, resulting from the reaction
between the protein amine groups and the aldehyde groups
from the SAM. Finally, the band at 1546 cm�1 was assigned
to the amide II stretching vibration. Spectra of microcon-
tact-printed protein monolayers were also obtained
(Figure 3, spectrum 3*). Col3a1 was printed onto aldehyde-
terminated SAM 2 with a flat, oxidized PDMS stamp. The
FT-IRRAS spectra of SAM 3 (obtained by 1 h of chemi-
sorption of col3a1 from solution) and SAM 3* (obtained by
15 min of mCP with a flat, featureless stamp) are virtually
identical, once more confirming the remarkable efficiency of
the immobilization reaction in the confinement between
stamp and substrate.[15, 20] However, the amine band is shift-
ed to higher wavenumbers and also the ratios of amide I to
amide II are not equal for SAM 3 and SAM 3*, which could
indicate differences in hydration and orientation of the pro-
tein layers.

To investigate the structure and distribution of the protein
onto the aldehyde-terminated SAM 2, tapping-mode AFM
images were taken directly after immobilization of protein
col3a1 (Figure 4). The molecules that were not attached co-
valently to the surface were removed by sonication and
thorough rinsing of the surface. Col3a1 forms a homogene-
ous, but relatively low-coverage layer on top of the alde-
hyde-terminated SAM 2. The average height of the col3a1
molecules ranges from 1 to 4 nm, consistent with the data
from ellipsometry (Table 1). Each molecule of protein is at-
tached to the surface and avoids the neighboring protein

molecules as a consequence of electrostatic and steric repul-
sion.

HeLa cell adhesion to protein substrates : We investigated
the adhesion of human malignant carcinoma (HeLa) cells
onto substrates coated with different proteins. Cells were in-
cubated over protein-modified substrates for 24 h at 37 8C at
an initial cell density of 3O104 cells cm�2. We compared the
attachment of HeLa cells onto glass slides that had been
modified from solution with various types of gelatins, differ-
ing in polarity, in folding and in the presence of the cell-
binding sequence RGD (Figure 5). These gelatins were the
gel-forming animal gelatin type B, and three non-gel-form-
ing gelatins produced in yeast cells, namely, col3a1,[16]

col1a1–1*,[16] and the hydrophilic designer gelatin P4.[17] The
highest number of attached cells was found on the col3a1-
modified substrate (980 cells cm�2). Conventional B-type
animal gelatin gives the lowest adhesion of HeLa cells of all
substrates studied (435 cells cm�2). Both col3a1 and B-type
animal gelatin contain RGD, however, col3a1 contains more
RGD per gram of protein and, moreover, col3a1 is com-
pletely unfolded. A significant number of cells was also
found on the P4-modified substrate (790 cells cm�2) and on
the col1a1–1*-modified substrate (500 cells cm�2), which is
surprising as neither of these proteins contains the RGD se-
quence. It is unlikely that P4 induces more unspecific adhe-
sion than col1a1–1*, as P4 is considerably more polar than
col1a1–1*.[16,17] However, it is possible that P4 (and maybe
also col1a1–1*) contains unidentified cell-binding sequences
other than RGD.[19]

Protein and cell patterning : Col3a1 was microcontact print-
ed in 3-mm lines at 5 mm intervals by using a hydrophilic,
oxidized PDMS stamp (spin coated on a silicon master,
cured, treated with UV/ozone plasma for 30 min and stored

Figure 3. FT-IRRAS spectra of functionalized monolayers obtained by
sequential exposure of Au surface to 11-aminoundecylthiol (1), tereph-
thaldialdehyde (2), and protein col3a1 immobilized from solution (3) and
by mCP with a featureless stamp (3*).

Figure 4. Tapping-mode AFM height images of immobilized protein
col3a1 on aldehyde-terminated gold substrate (SAM 3).
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in water) onto aldehyde-terminated SAM 2. The ink (i.e.,
col3a1) concentration was 1 mm in PBS and the contact time
was 15 min. After mCP, the substrate was sonicated in PBS
for 5 min and rinsed thoroughly with PBS and water to
remove all physisorbed material, and finally dried with ni-
trogen. The surface was imaged with tapping-mode AFM
(Figure 6A). The contrast in the height images confirms the
formation of a protein pattern on the surface. The average
height of the printed protein layer is 1.3 nm, which is consis-

tent with ellipsometry (Table 1) and also with the observed
height of chemisorbed col3a1 (see above). Although the
proteins could not be removed at neutral pH by either rins-
ing or sonication, the proteins could be removed efficiently
through acid-catalyzed hydrolysis.[20] Indeed, after hydrolysis
no pattern was observed on the SAM (Figure 6B). This ob-
servation confirms that, most probably, immobilization of
proteins occurs through covalent imine bonds (and not phys-
isorption).

The covalent mCP of proteins was investigated further by
fluorescence microscopy. Firstly, col3a1 was printed in 100-
mm dots onto an aldehyde-terminated glass slide. The sub-
strate was sonicated briefly in PBS and rinsed thoroughly
with PBS and water (Milli-Q). Next, the remaining aldehyde
gaps were reacted with methoxypoly(ethylene glycol) amine.
Immobilized protein col3a1 was then labeled with a fluores-
cent dye, Lissamine rhodamine B, from ethanolic solution
for 1 h at room temperature. It is evident from the fluores-
cence image (Figure 7) that Lissamine-labeled col3a1 is

present exclusively in the contact regions (100-mm dots) and
not in the poly(ethylene glycol)-coated areas in between.

To pattern HeLa cells we used substrates that were pat-
terned with col3a1 proteins obtained by the direct mCP of
protein onto aldehyde-terminated SAM and subsequent
blocking of the remaining aldehyde groups with amino-PEG
(see Figure 1). It is important to select the correct dimension
of the pattern on the surface. Cells are constrained and in-
hibited if they are confined within areas similar to or smaller
than their natural dimensions. If the separation between the
patterned cells is insufficient, cells readily occupy the space
between the patterns. Here, we chose 100-mm dots with 100-
mm spacing between dots. HeLa cells were seeded onto the
substrate patterned with adhesive “islands” and incubated

Figure 5. HeLa cells on glass slides modified with A) B-type animal gela-
tin, B) P4 polar gelatin, C) col3a1, D) col1a1–1*.

Figure 6. Tapping-mode AFM images of microcontact-printed col3a1
onto aldehyde-terminated substrate 2 : A) by using hydrophilic, oxidized
PDMS with 3-mm lines separated by 5 mm, B) after acid-catalyzed hydro-
lytic release of microcontact-printed proteins.

Figure 7. Confocal microscopy image of printed col3a1 patterns (100-mm
dots separated by 100 mm) labeled with the fluorescent dye Lissamine
rhodamine B.
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for 24 h at 37 8C at an initial concentration of 3O
104 cells cm�2. The HeLa cells attach to each island, spread
to the limits of the printed pattern, and stay on the pattern
even after vigorous rinsing of the substrate with PBS
(Figure 8). On average, more than nine out of ten cells

adhere to the islands, whereas less than one out of ten
adhere outside the islands. As a control experiment we used
a glass substrate that was covered homogenously with
col3a1 proteins. Cells were seeded at a concentration of 3O
104 cells cm�2 and, after incubation (24 h at 37 8C), cells at-
tached to the substrate without forming any pattern
(Figure 5).

We also investigated the stability of the cell pattern after
24 h, 48 h, and 72 h (Figure 9). After 24 h of incubation the
pattern was apparent and cells adhered preferentially
(>90%) to the part of the substrate at which col3a1 was im-
mobilized. After 48 h of incubation cells penetrated the re-
gions between the protein islands. After about 72 h the cells
approached confluency and spread onto the entire nonadhe-
sive area, so that the original pattern was no longer visible.
After 48 h of incubation, elongated (>50 mm in length)
membrane protrusions and actin tubules were observed.
HeLa cells migrated onto cell-resistant areas (Figure 10).
This might indicate cell-to-cell communication between cells
on the pattern, as well as the possible secretion of ECM pro-
teins by the HeLa cells that, similarly to col3a1, enhance ad-
hesion of the cells to the substrate. Alternatively, the HeLa

cells may secrete enzymes that can affect the patterned sub-
strate. It was reported previously that cells can also indirect-
ly degrade nonadhesive surfaces by exerting local physical
stresses, such as mechanical strains or pH changes.[21]

Conclusion

Covalent mCP of collagen-type protein col3a1 onto alde-
hyde-terminated substrates is useful to obtain protein pat-
terns that can be applied to direct cell adhesion. Col3a1
shows the highest adhesion upon comparison with other,
similar proteins, such as col1a1–1*, P4, or bovine gelatin.
Direct covalent immobilization of proteins by mCP delivers
protein in well-defined, spatially and geometrically control-
led areas to the substrate. By blocking nonprinted areas on
the substrate, cells can be positioned and separated in con-
fined domains. Cells adhere preferentially on the col3a1 pat-
terns. After long incubation times (72 h) the HeLa cells pro-
liferate and migrate on the pattern and fill in the cell-resis-
tant areas. There are several advantages of covalent mCP of
proteins to direct cell adhesion: it is easy, inexpensive, fast,
and straightforward. The pattern can be tailored according
to the desired application by designing the geometry of the
master for PDMS-stamp fabrication. This method can be
useful in generating large areas of addressable arrays of
cells in a variety of shapes dependent on the stamp. In addi-
tion, this methodology to pattern cells can be useful in un-

Figure 8. Patterns of HeLa cells obtained by mCP of protein col3a1 (100-
mm dots separated by 100 mm).

Figure 9. HeLa cells on the substrate with col3a1 printed in 100-mm dots A) after 24 h incubation, B) after 48 h incubation, C) after 72 h incubation.

Figure 10. Patterned substrates with HeLa cells after 48 h incubation.
Cells show long (>50 mm in length) actin tubules and migrate towards
cell-resistant areas.
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derstanding how spatial or geometric modification of active
surfaces influences cellular behavior, such as cell–cell inter-
action, signaling between cells, and cell motility.

Experimental Section

Materials : The following materials and chemicals were used as received:
11-aminoundecanethiol (Dojindo Laboratories), terephthaldialdehyde
99% (Aldrich), poly(dimethylsiloxane) (PDMS) (Dow Corning), N-(2-
aminoethyl)-11-aminoundecyltrimethoxysilane (AEAUTMS) (Gelest),
Lissamine rhodamine B (Molecular Probes), methoxypoly(ethylene
glycol) amine (Fluka). Proteins col3a1, col1a1–1*, and P4 were biosyn-
thesized at Wageningen UR.[16,17] Gelatin type B from bovine skin was
purchased form Sigma–Aldrich. Serum and materials for cell culture
were purchased from Gibco or Invitrogen. All solvents were of HPLC
grade, and all other reagents were of analytical grade. Other solvents or
reagents were purchased from either Aldrich or Sigma.

Monolayer formation : Monolayers on gold and silicon substrates were
prepared according to procedures published previously.[20] The procedure
for immobilization of proteins is identical for gold and silicon surfaces.
The substrates were immersed for 1 h in protein solution (1 mm in PBS).
Subsequently, the substrates were rinsed copiously with Milli-Q water
and dried under a stream of nitrogen. In the direct mCP method (sub-
strates with full coverage of proteins), a flat, featureless PDMS stamp
(oxidized for 30 min with a UV/ozone plasma and stored under Milli-Q
water) was inked with a 1 mm solution of col3a1 proteins in buffer (PBS),
dried under a stream of nitrogen, and placed on aldehyde-terminated
substrate for 15 min at 35 8C. After reaction time the stamp was lifted off
and the substrate was sonicated in PBS for 5 min, rinsed copiously with
Milli-Q water (to remove all physisorbed material), and dried under the
stream of nitrogen.

Preparation of protein-modified substrates for cell attachment : Alde-
hyde-terminated glass slides were prepared as described.[20] The sub-
strates were immersed for 1 h in protein solution (1 mm col3a1, col1a1–
1*, or P4 in PBS solution, 0.1 mm aqueous gelatin solution). Subsequent-
ly, the substrates were rinsed copiously with Milli-Q water and dried
under a stream of nitrogen. In a control experiment, the imine monolayer
that was formed by the reaction between amino-terminated SAM and
terephthaldialdehyde and col3a1 (SAM 3) was hydrolyzed by immersing
the substrate in aqueous acetic acid solution (pH 3) for 1 h at RT.[20]

Microcontact printing of proteins on aldehyde-terminated substrates : Al-
dehyde-terminated glass slides (or silicon oxide on silicon wafers) and
gold substrates were prepared according to procedures mentioned above.
PDMS stamps (obtained by spin casting on silicon masters and curing)
were oxidized in a commercial UV/ozone plasma reactor (Ultra-Violet
Products, model PR-100) for 30 min at a distance of about 2 cm from the
plasma source. This reactor contains a low-pressure mercury UV light op-
erating with UV emissions at 185 nm (1.5 mWcm�2) and 254 nm
(15 mWcm�2) to generate molecular oxygen. Oxidized stamps were
placed in Milli-Q water to maintain their hydrophilicity. Subsequently,
the stamp was inked with a 1 mm solution of protein in PBS, dried with
N2, and brought into conformal contact with the substrate for 15 min at
35 8C. After this time the stamp was removed and the substrate was soni-
cated in buffer for 5 min and rinsed thoroughly with PBS and Milli-Q
water. The remaining gaps on the substrate (containing aldehyde groups)
were reacted with 1 mm methoxy-PEG amine aqueous solution with trie-
thylamine for 30 min at RT. After reaction time the substrate was rinsed
with water and dried with nitrogen. The reaction of col3a1 with Lissa-
mine rhodamine B was performed by soaking the substrate with immobi-
lized protein into a 1 mm ethanolic solution of the dye for 1 h. Subse-
quently, the surface was rinsed thoroughly with ethanol and water and
dried under nitrogen.

Cell culture and seeding onto the substrates : HeLa cells (human cervix
epithelial cell line) were cultured with IscoveQs modified DulbeccoQs
medium supplemented with 10% fetal calf serum (Gibco 16000), 2 mm

l-glutamine, and 1% antibiotics/antimycotic solution. The cells were

trypsinized in a 0.05% trypsin–EDTA solution and seeded onto the sub-
strate slides at a concentration of 3O104 cells cm�2 in IscoveQs modified
DulbeccoQs medium. Substrates with cells were incubated for 24 h at
37 8C with 5% CO2. Following the incubation substrates were rinsed with
PBS to wash away unattached cells. The same incubation protocol was
used for both homogeneous and patterned protein substrates.

Instrumentation

Contact-angle measurements : Contact angles were measured by using a
KrRss G10 goniometer, equipped with a CCD camera. Advancing and re-
ceding contact angles (qadv and qrec) were determined automatically
during growth and shrinkage of the droplet by a drop-shape analysis.
Milli-Q water (18.4MWcm�1) was used as a probe liquid. Both angles
(advancing and receding) were measured for at least three different loca-
tions on each sample.

Ellipsometry : Ellipsometric-layer thickness was measured by using a
Plasmos Ellipsometer (l=632.8 nm) assuming a refractive index of 1.5
for the monolayers and 1.465 for the underlying native oxide. The thick-
ness of the SiO2 layer was measured separately on an unmodified part of
the same wafer and subtracted from the total layer thickness determined
for the monolayer-covered silicon substrate.

FT-IRRAS spectroscopy : FT-IRRAS spectra in the mid-IR region of 1024
scans at 4 cm�1 resolution, 20 kHz speed, were recorded by using a BIO-
RAD FTS-60A spectrometer with a liquid-nitrogen-cooled cryogenic, ex-
ternal mercury–cadmium–telluride (MCT) detector, with its sample area
modified to accommodate an external reflection-sampling geometry. The
sample area was purged by dry nitrogen. Background spectra consisting
of 1024 averaged scans were taken before collecting each sample spectra.

AFM : AFM measurements were carried out by using a digital multimode
Nanoscope III (Digital Instruments, Santa Barbara, CA, USA) scanning
force microscope in tapping mode, with 512O512 data acquisitions, using
n(+)-silicon AFM pointprobes tips, type NCH-W with nominal spring
constant 37–56 Nm�1 (Nanoprobes, Digital Instruments) and E-scanner.
Typical scan rates of 0.8–1 Hz were used to acquire the data. All imaging
was conducted at RT in air.

Laser scanning confocal microscopy/optical microscopy : Microcontact-
printed substrates with and without cells were imaged by using a Carl
Zeiss LSM 510 scanning confocal microscope with an excitation HeNe
laser beam of wavelength 543 nm and a 10, 40, and 60Oobjective was
used. The emitted fluorescence was collected by using a R6357 spectro-
photometer. All confocal microscopy images were acquired in liquid.

XPS analysis : XPS spectra were obtained by using a Physical Electronics
Quantera Scanning X-ray Multiprobe instrument, equipped with a mono-
chromatic AlKa X-ray source operated at 1486.7 eV and 25 W. Spectra
were referenced to the main C 1s peak set at 284.0 eV. XPS data were
collected from a surface area of 700 mmO300 mm with a pass energy of
224 eV and a step energy of 0.8 eV for survey scans, and 0.4 eV for high-
resolution scans at a 458 takeoff angle, whereas the angle between
sample surface and the X-ray beam was 908. For quantitative analysis,
the sensitivity factors used to correct the number of counts under each
peak were as follows: C 1s, 1.00; N 1s, 1.59. The calculated C:N ratios
(Table 1) are not corrected for attenuation. Charge neutralization was
achieved by low-energy electrons and low-energy argon ions.

Acknowledgements

This work was supported by NanoImpuls/NanoNed, the nanotechnology
program of the Dutch Ministry of Economic Affairs (grants TTF6329
and BMF6464).

[1] a) C. S. Chen, M. Mrksich, S. Huang, G. M. Whitesides, D. E. Ing-
berg, Science 1997, 276, 1425–1429; b) A. Folch, H. Jo, O. Hurtado,
D. J. Beebe, M. Toner, J. Biomed. Mater. Res. 2000, 52, 346–353;
c) S. Raghavan, C. S. Chen, Adv. Mater. 2004, 16, 1303–1313.

[2] R. Langer, J. P. Vacanti, Science 1993, 260, 920–926.

www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6290 – 62976296

B. J. Ravoo, D. N. Reinhoudt et al.

www.chemeurj.org


[3] a) J. J. Pancrazio, J. P. Whelan, D. A. Borkholder, W. Ma, D. A. Sten-
ger, Ann. Biomed. Eng. 1999, 27, 697–711; b) T. H. Park, M. L.
Shuler, Biotechnol. Prog. 2003, 19, 243–253.

[4] a) P. Fromherz, A. Offenhauser, T. Wetter, J. Weis, Science 1991,
252, 1290–1293; b) G. Zeck, P. Fromherz, Proc. Natl. Acad. Sci.
USA 2001, 98, 10457–10462.

[5] R. S. Kane, S. Takayama, E. Ostuni, D. E. Ingber, G. M. Whitesides,
Biomaterials 1999, 20, 2363–2376.

[6] a) P. Ghosh, M. L. Amirpour, W. M. Lackowski, M. V. Pishko, R. M.
Crooks, Angew. Chem. 1999, 111, 1697–1700; Angew. Chem. Int.
Ed. 1999, 38, 1592–1595; b) J. Lahann, M. Balcells, T. Rodon, J.
Lee, J. S. Choi, K. F. Jensen, R. Langer, Langmuir 2002, 18, 3632–
3638; c) D. R. Reyes, E. M. Perruccio, S. P. Becerra, L. E. Locascio,
M Gaitan, Langmuir 2004, 20, 8805–8811; d) H. Ma, J. Hyun, Z.
Zhang, T. P. Beebe, A. Chilkoti, Adv. Funct. Mater. 2005, 15, 529–
540.

[7] E. Ostuni, R. S. Kane, C. S. Chen, D. E. Ingber, G. M. Whitesides,
Langmuir 2000, 16, 7811–7819.

[8] D. T. Chiu, N. L. Jeon, S. Huang, R. S. Kane, C. J. Wargo, I. S. Choi,
D. E. Ingberg, G. M. Whitesides, Proc. Natl. Acad. Sci. USA 2000,
97, 2408–2413.

[9] S. Takayama, J. C. McDonald, E. Ostuni, M. N. Liang, P. J. Kenis,
R. F. Ismagilov, G. M. Whitesides, Proc. Natl. Acad. Sci. USA 1999,
96, 5545–5548.

[10] a) M. Nishizawa, K. Takoh, T. Matsue, Langmuir 2002, 18, 3645–
3649; b) H. Kaji, K. Tsukidate, T. Matsue, M. Nishizawa, J. Am.
Chem. Soc. 2004, 126, 15026–15027.

[11] L. Pardo, W. C. Wilson, T. Boland, Langmuir 2003, 19, 1462–1466.
[12] N. V. Avseenko, T. Y. Morozova, F. I. Ataullakhanov, V. N. Morozov,

Anal. Chem. 2001, 73, 6047–6052.
[13] a) M. Mrksich, C. S. Chen, Y. N. Xia, D. E. Ingberg, G. M. White-

sides, Proc. Natl. Acad. Sci. USA 1996, 93, 10775–10778; b) M.
Mrksich, L. E. Dike, J. Tien, D. E. Ingberg, G. M. Whitesides, Exp.

Cell Res. 1997, 235, 305–313; c) A. A. Oliva, C. D. James, C. E.
Kingman, H. G. Craighead, G. A. Banker, Neurochem. Res. 2003, 28,
1639–1648; d) F. A. Denis, A. Pallandre, B. Nysten, A. M. Jonas,
C. C. Dupont-Gillain, Small 2005, 1, 984–991.

[14] For mCP of proteins, see: a) A. Bernard, E. Delamarche, H. Schmid,
B. Michel, H. R. Bosshard, H. Biebuyck, Langmuir 1998, 14, 2225–
2229; b) A. Bernard, J. P. Renault, B. Michel, H. R. Bosshard, E.
Delamarche, Adv. Mater. 2000, 12, 1067–1070; For mCP of ECM
proteins on glass, see: c) L. Kam, S. G. Boxer, J. Biomed. Mater. Res.
2001, 55, 487–495; d) L. Kam, W. Shain, J. N. Turner, R. Bizios, Bio-
materials 2001, 22, 1049–1054; e) N. Sgarbi, D. Pisignano, F. di Ben-
edetto, G. Gigli, R. Cingolani, R. Rinaldi, Biomaterials 2004, 25,
1349–1353.

[15] T. P. Sullivan, M. L. van Poll, P. Y. W. Dankers, W. T. S. Huck,
Angew. Chem. 2004, 116, 4286–4289; Angew. Chem. Int. Ed. 2004,
43, 4190–4193.

[16] M. W. T. Werten, T. J. van den Bosch, R. D. Wind, H. Mooibroek,
F. A. de Wolf, Yeast 1999, 15, 1087–1096.

[17] M. W. T. Werten, W. H. Wisselink, T. J. Jansen-van den Bosch, E. C.
de Bruin, F. A. de Wolf, Protein Eng. 2001, 14, 447–454.

[18] D. Olsen, C. Yang, M. Bodo, R. Chang, S. Leigh, J. Baez, D. Carmi-
chael, M. Perala, E.-R. Hamalainen, M. Jarvinen, J. Polarek, Adv.
Drug Delivery Rev. 2003, 55, 1547–1567.

[19] E. F. Plow, T. A. Haas, L. Zhang, J. Loftus, J. W. Smith, J. Biol.
Chem. 2000, 275, 21785–21788.

[20] D. I. Rozkiewicz, B. J. Ravoo, D. N. Reinhoudt, Langmuir 2005, 21,
6337–6343.

[21] C. M. Nelson, S. Raghavan, J. L. Tan, C. S. Chen, Langmuir 2003,
19, 1493–1499.

Received: December 13, 2005
Revised: February 20, 2006

Published online: June 1, 2006

Chem. Eur. J. 2006, 12, 6290 – 6297 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6297

FULL PAPERMicrocontact Printing of Proteins

www.chemeurj.org

