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Abstract
The combination of the recently introduced soft lithographic technique of
inverted microcontact printing (i-CP) and spin-coated films of polystyrene-blockpoly(tert-butyl acrylate) (PS690-b-PtBA1210) as a reactive platform is shown to yield a
versatile approach for the facile fabrication of topographically structured and
chemically patterned biointerfaces with characteristic spacings and distances that cross
many orders of magnitude. The shortcomings of conventional CP in printing of small
features with large spacings, due to the collapse of small or high aspect ratio stamp
structures, are circumvented in i-CP by printing reactants using a featureless
elastomeric stamp onto a topographically structured reactive polymer film. Prior to
molecular transfer, the substrate-supported PS690-b-PtBA1210 films were structured by
imprint lithography resulting in lateral and vertical feature sizes between > 50 m - 150
nm and > 1.0 m - 18 nm, respectively. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) and water contact angle measurements provided evidence for
the absence of surface chemical transformations during the imprinting step. Following
the previously established hydrolysis and activation protocol with trifluoroacetic acid
and

N-hydroxy-succinimide,

amino

end-functionalized

poly(ethylene

glycol)

(PEGNH2), as well as bovine serum albumin and fibronectin as model proteins, were
successfully transferred by i-CP and coupled covalently. As shown, i-CP yields
increased PEG coverages and thus improved performance in suppressing non-specific
adsorption of proteins by exploiting the high local concentrations in the micro- and
nanocontacts during molecular transfer. The i-CP strategy provides access to versatile
biointerface platforms patterned across the length scales, as shown for guided cancer
cell adhesion, which opens the pathway for systematic cell – surface interaction studies.
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Introduction
For the design and fabrication of advanced biosensors1,2 and for the study of
cell-surface interactions3,4,5 biochemical patterning and topographical structuring on a
broad range of length scales are required. These length scales are defined by the size of
individual sensing elements in array-based sensor formats and the size of biological
entities, such as cells and bacteria on the one hand,5 and important biomacromolecules,
including proteins and protein clusters, 6 , 7 , 8 , 9 on the other hand. As micro- and
nanopatterns also play an important role in many other areas, their fabrication, in
particular in a massively parallel manner, has attracted a great deal of attention in the
past decade.10
In the context of functional biointerfaces, 11 suitable patterning methods must
enable one to pattern larger surface areas in a parallel manner and to achieve control
over surface (bio)chemical composition down to the sub-100 nm size regime together
with control over topographical features and substrate modulus.[3] In addition to
established optical lithographic techniques,

12

the desired patterns for functional

biointerfaces can be obtained using so-called soft lithographic methods,13,14 as well as
imprinting approaches.15
The transfer of low molar mass molecules13 or the direct transfer of
biomolecules14a from a micropatterned elastomer to suitable substrates has been
introduced under the terminus microcontact printing (CP). 16 This technique has
provided access to micrometer and sub-micrometer sized patterns of self-assembled
monolayers, as well as biomolecules. Patterns composed of up to 16 different proteins
were reported.14a,17 Despite this success, a number of factors, such as the deformation
(or collapse) of the soft elastomeric stamps18,19 or the diffusion of ink molecules, 20,21
limit the general applicability of this approach for obtaining patterns on the 100 nm size
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range. Thus new approaches must be developed or existing approaches must be refined.
Featureless stamps have been reported, among others, by the groups of Textor22 and
Huskens23 as a means to improve conventional CP approaches. The methodology of
'inverted microcontact printing' (i-CP) was first applied by the group of Textor to
microfabricate micrometer-sized wells of defined chemical character for single cell
studies.22 However, the authors noted that repeated stamping of the well-known poly(Llysine)-poly(ethylene glycol) (PLL-PEG) graft copolymers 24 was required to achieve
acceptable passivation. A very similar strategy was also very recently utilized by
Charest et al. in a combined nanoimprint / CP approach using a complex multistep
fabrication involving the evaporation of a metal film and printing of thiols. However, as
noted, low molar mass thiols are prone to infidelity of the pattern transfer on the
mentioned length scales due to surface diffusion.25
Huskens and co-workers employed chemically patterned flat stamps among others
to improve the mechanical stability of the stamp pattern and to eliminate diffusion of
ink molecules via the gas phase.23 The application of featureless stamps was also
recently reported by Soolaman and Yu.26
We have recently introduced reactive microcontact printing as a versatile (soft)
lithographic technique for the fabrication of patterned bio-functional interfacial
architectures based on polymers for applications, such as biosensors or cell-surface
interaction studies.27 The internal structure of the block copolymer films of PS690-bPtBA1210 with microphase separated PS cylinders and a skin layer of reactive PtBA
exposed at the film surface can be exploited to obtain very robust biointerfaces. This
process comprises the localized acid-catalyzed deprotection of the tBA groups, Nhydroxy-succinimide

(NHS)

activation

and

covalent

grafting

of

various

functionalities.28 Thereby patterns down to the 300 nm size range were fabricated. 29
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Owing to the glassy nature of PS and the covalent amide linkages, the derivatized films
showed excellent stability under a broad range of processing conditions. The
combination of these polymer platforms with i-CP would provide access to
topographic structures by imprinting approaches, as well as controllable surface
chemistry and high coverages of passivating (e.g. PEG) and active species (e.g.,
proteins and DNA) via established wet chemical conjugation strategies.30
As shown in this paper, i-CP on the block copolymer-based reactive thin film
platforms introduced above (Scheme 1) was developed as a methodology for the
fabrication of tailored patterned biointerfaces. Owing to the absence of topographical
structures in the elastomeric stamp, as well as the glassy nature of the pre-structured
polymer films comprising PS microdomains, this combined approach represents a
versatile method to obtain robust patterned substrates with > 10 m down to submicrometer pattern sizes. In addition, the covalent amide linkages formed between the
acrylate moieties of the block copolymer film and transferred molecular species in the
conformal stamp-film contact result in surface modification with improved efficiency
and functionality for advanced biointerface platforms.
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Imprint
lithography

Scheme 1.

Schematic of the imprint lithography (left) and reactive microcontact

printing steps (middle) of the i-CP process. The PtBA skin layer exposed at the
topographically structured block copolymer film surface is hydrolyzed using TFA and
subsequently activated with N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC)
/ NHS. A hydrated protein can be transferred in the micro- or nanocontact between the
oxidized elastomeric PDMS stamp and the structured film resulting in covalent
attachment. In a subsequent step the non-contacted areas are passivated by covalently
coupling PEG-NH2 from buffered solution.
6
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Experimental Section
Materials. PS690-b-PtBA1210 diblock copolymers (Mw = 202.4 kg/mol, polydispersity
index (PDI) 1.03) were purchased from Polymer Source Company (Dorval, Canada)
and were used as received. Amino functionalized-labeled PEG (denoted as PEGn-NH2)
was purchased from Nektar UK Company (Mn = 500, 2000 or 5000 g/mol, PDI = 1.1).
Bovine serum albumin (BSA) with Alexa Fluor-594 conjugate was bought from
Molecular Probes Inc. (Breda, The Netherlands), fibronectin was purchased from
Roche Diagnostics GmbH (Penzberg, Germany). Trifluoro acetic acid (TFA) and Nhydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (Steinheim, Germany,
purity ≥ 98 %). N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC) was purchased from Fluka (Steinheim, Germany, purity ≥ 98 %). EDC and NHS
were stored at – 20 oC. Phosphate buffer saline tablets (Sigma-Aldrich, Steinheim,
Germany) were used to prepare phosphate buffered saline (pH 7.4, ionic strength =
0.1397 M). Silicon (111) wafers (Okmetric N/P (100) wafers, thickness 381  15 m)
or glass cover slides (Menzel-Glaser, Braunschweig, Germany) were used as substrates.
These substrates were cleaned prior to use by an oxygen plasma treatment (pressure of
O2: 0.5 Bar; current: 30 mA) using an Elektrotech twin system PF 340 apparatus or a
SPI Plasma Prep™ Plasma Cleaner (Structure Probe Inc, West Chester, USA).
Alternatively, the substrates were cleaned in piranha solution (solution of 1:3 (v/v) 30%
H2O2 and concentrated H2SO4) for 15 min and then rinsed with copious amounts of
high-purity water (Millipore Milli-Q water). Caution: Piranha solution should be
handled with extreme caution; it has been reported to detonate unexpectedly.
Film Preparation. Thin films were prepared by spin coating polymer solutions in
toluene (conc. between 14 and 100 mg/mL) onto oxygen plasma or piranha-cleaned
silicon wafers or glass substrates. The samples were spun at 1000 rpm for 1 s, followed
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by spinning at 3000 rpm for 29 s using a P6700 spin coater (Specialty Coating Systems
Inc). All spin-coated samples were annealed for 24 hours at 135C in vacuum before
analysis. Film thicknesses of 90  5 nm to 1000  50 nm were determined by
ellipsometry (see below).
Mould fabrication.31 Moulds for nanoimprint lithography were produced on thermally
oxidized silicon wafers coated by chemical vapor-deposited silicon nitride (Si3N4).32
An anti-adhesion monolayer of trichloro(tridecafluoro octyl)silane rendered the surface
hydrophobic, as assessed by measurements of the advancing water contact angle (H2O,
3 l). The pristine Si3N4 produced an advancing contact angle of 73°; with the
alkylsilane monolayer deposited, the surface became more hydrophobic with a contact
angle of 112°.
Imprint lithography.31 Polymer films were imprinted using PDMS stamps according
to literature procedures.22 Nanoimprinting of the polymer films was performed in a
commercially available 2.5 inch nanoimprinter (Obducat AB, Sweden). In order to
determine the faithfulness of the replication process, both the moulds and the
nanoimprinted polymeric samples were characterized using optical microscopy (Eclipse
L150, Nikon Instruments, Japan), interferometric microscopy (WYKO NT1100, Veeco,
USA), scanning electron microscopy (SEM, Strata DB235; FEI Co., Netherlands), as
well as AFM (see below).
Hydrolysis. The structured polymer films were hydrolyzed at room temperature in neat
TFA for 15 min. All hydrolyzed films were rinsed three times thoroughly using Milli-Q
water and were finally dried in a stream of nitrogen.
Activation of Hydrolyzed Polymer Films. The hydrolyzed polymer films were
activated by immersion in an aqueous solution of EDC (1 M) and NHS (0.2 M) for 30
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min. The samples were then rinsed with Milli-Q water, dried in a stream of nitrogen,
and used immediately thereafter.
Immobilization of (Bio)Molecules on Activated Polymer Films by i-CP. For the
subsequent patterning of proteins an UV-ozone oxidized stamp33 was immersed in BSA
or fibronectin solution (1.0  10-4 M in PBS) for 1 hour. The stamp was then thoroughly
rinsed and dried in a stream of nitrogen. Subsequently the stamp was applied to the
functionalized polymer film for 30 minutes and carefully removed. Finally, the sample
was rinsed with PB buffer and Milli-Q water followed by drying in a stream of
nitrogen. Patterning of PEG was performed using the same procedure as mentioned
above (1.0  10-4 M PEG-NH2 in PBS), employing a typical stamp-substrate contact
time of 3 hours unless mentioned in the text. An enhanced loading of the stamp with
PEG was achieved by repeated application of drops of 1.0  10-4 M PEG solution in
PBS followed by partial drying.
Ellipsometry. The measurements were performed with a Plasmos SD2002 instrument
(rotating analyzer method) with a wavelength λ = 632.8 nm and an incidence angle
equal to 70°. Film thicknesses were determined before and during sample processing on
the corresponding samples that were placed in a vacuum oven for 2 hours at room
temperature before the experiments were performed (to prevent water uptake by the
PEG from the environment). Layer thicknesses were determined using a 2-layer model.
The first layer consists of the substrate, the second layer consists of PS-b-PtBA or, after
treatment, PS-b-PtBA with PEG. For the Si substrate layer a refractive index of 3.865
and an absorption coefficient of k = -0.019 were used and depending on the top layer
the refractive index of PS-b-PtBA or PEG (PS-b-PtBA: 1.513, PEG: 1.463834). A mean
squared error (MSE) method was employed to quantify the difference between
experimental and calculated model data. The Marquardt-Levenberg algorithm 35 was
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applied to determine the best fit. Mean layer thicknesses and errors were determined by
averaging the data from measurements performed at ten different spots on the surface.
AFM.31 The moulds were characterized by AFM measurements using an Asylum
Research MFP-3D with MikroMasch NSC18-F tips. Force – volume (FV)
measurements were performed with silicon nitrides probes (Model NP, Veeco Nano
Probe, Santa Barbara, CA) in air on a NanoScope Шa multimode and a NanoScope
PicoForce AFM (Digital Instruments / Veeco, Santa Barbara, CA) using cantilevers
with nominal spring constant of 0.06 N/m. Height, width and period of the features
observed in AFM images of the moulds were determined by analyzing cross-sectional
plots. The arithmetic mean of the corresponding distance of multiple features and data
points, respectively, were calculated in the following manner; height and width of the
mould: average over 12 data points (6 in x and 6 in y direction); period of the mould:
average period for 10 repeats (5 in x and 5 in y direction) for each array of structures.
The same procedure was used to analyze AFM images of the imprinted polymer
structures, however, instead of the width, the width at half height was used to determine
the corresponding averages.
SIMS.31 A time-of-flight secondary-ion mass (ToF-SIMS) spectrometer (ToF-SIMS
IV, ION-TOF GmbH, Münster, Germany) equipped with a double stage reflection
time-of-flight analyzer and a Bismuth cluster liquid-metal ion source was used. Spectra
were recorded at a pressure of less than 5  10-9 mbar using the 25 keV Bismuth ion
beam.
Contact Angle Measurements. The contact angles were measured on a contact angle
microscope (Data Physis, OCA 15Plus or OCA 20) with Milli-Q water as the probe
liquid. Advancing and receding contact angles were measured at room temperature.
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Fluorescence and Optical Microscopy. Fluorescence microscopy images of dry
samples on glass cover slips were recorded at room temperature on an Olympus IX 71
fluorescence microscope equipped with a U-MWG-2 fluorescent filter and a BA590
filterblock. Optical microscopy was performed using an Olympus BX 60.
Cell Work. Cell culture media and trypsin solution for cell dissociation were obtained
from Lonza (Verviers, Belgium). Cell culture sera were bought from PAA Laboratories
GmbH (Cölbe, Germany). All other reagents for cell culture work and cell fixation
were from Sigma Aldrich GmbH (Taufkirchen, Germany) and the cell culture plastic
material from Greiner (Frickenhausen, Germany). The human pancreatic carcinoma
cell line PaTu8988S

36

was obtained from the Deutsche Sammlung von

Mikroorganismen und Zellkulturen (DSMZ; Braunschweig, Germany). Cells were
maintained under standard culture conditions in Dulbecco`s Modified Eagle`s Medium
(DMEM), high glucose (4,5 g/l) and with L-glutamine (Lonza, Verviers, Belgium)
supplemented with 5% Fetal Bovine Serum and 5% heat inactivated Horse Serum,
(Invitrogen, Karlsruhe, Germany). For analysis of adherence cells were trypsinized,
seeded sub confluent on manufactured substrates, cultured for 24 hrs and fixated with
1 % glutaraldehyde in PBS.37 After PBS washing cell adherence was studied using light
microscopy and AFM.
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Results and Discussion
The patterning of PS690-b-PtBA1210 block copolymer films on glass by sequential
nanoimprinting and i-CP was investigated in detail to establish (i) an appropriate
imprinting protocol to ensure faithful pattern transfer from the master to the films, (ii)
full control of surface chemistry, (iii) optimized contact printing conditions to achieve
maximized coverages of the transferred molecular species and (iv) to extend i-CP to
sub-micrometer pattern dimensions, which are difficult to achieve by CP with
conventional PDMS stamps.38 Finally, (v) the functionality of the chemically patterned
platforms as versatile biointerfaces was investigated.
The structure of the silicon / silicon nitride masters, which were fabricated using
focused ion beam milling, could be successfully transferred to the PS690-b-PtBA1210
block copolymer films. Interferometric microscopy images (Figure 1a), as well as
tapping mode atomic force microscopy images (Figure 1b), show the dimensions of the
structures. These and different structures, also obtained by imprinting using
conventional PDMS stamps as masters,22 span feature sizes between >50 m and 150
nm laterally and 1.50 m and 18 nm vertically, respectively. Scanning electron
microscopy images of other structures used are shown in the Supporting Information
(Figure S-1).
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(a) Interferometer microscopy image of parts of the Si master (the

numbers denote features with different dimensions). (b) AFM height image of a PS-bPtBA film after imprinting with the master shown in panel (a). Feature sizes of the
mould vary from 1.01 m  1.01 m with an average height of 110 nm and a period of
2.0 m (Figure 1a, structure 1) to 125 nm  125 nm with an average height of 100 nm
and a period of 250 nm (Figure 1a, structure 9). Feature sizes of the polymer replica
vary from 1.07 m  1.07 m with an average height of 102 nm and a period of 2.0 m
(Figure 1b, structure 1) to 153 nm  153 nm with an average height of 80 nm and a
period 250 nm (Figure 1b, structure 9).

Detailed analyses of the width, height and period of the mould and the imprinted
block copolymer films were performed using tapping mode AFM. In Figure 2 typical
data, as well as the analysis of all structures fabricated using the master shown in Figure
1a, are displayed (see also Figure S-2, Supporting Information). As can also be seen
from the results plotted in Figures 2c and 2d, the heights and widths of the structures of
the mould and the structured films are identical to within the experimental error. The
polymer structures display slightly broader features, which can be attributed to AFM tip
convolution effects.
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Figure 2. (a) AFM height images (z-scale: 200 nm (structure 7) and 100 nm (structure 8))
and (b) cross-sectional analyses comparing resulting polymer structures and moulds used.
(c) and (d): Summary of

heights and widths of the structures compared to the

corresponding features in the mould, respectively.

14

Published in: Langmuir 24:16 (2008) 8841-8849
The smallest structures present in the master (width: 125 nm; height: 100 nm with
a period of 2.00 micrometers) did not reproduce as well as the larger features. Possibly
the polymer adhered to the mould on the smaller samples, causing it to pull off.
The surface chemical composition of the imprinted films was found to be
unaltered compared to the as-prepared films. Dynamic contact angle measurements,
with water as a probe liquid, and ToF-SIMS showed, to within the experimental error,
identical contact angles (advancing CA of 90 º and receding CA 79 º) and ToF-SIMS
data, respectively (Tables S-1, S-2 and Figure S-3, Supporting Information). In
particular, the mass fragments detected and identified for the negative polarity mode
show evidence for the presence of the polymer backbone and t-butyl ester groups in the
analyzed surface region. The absence of peaks that can be unequivocally attributed to
the aromatic ring in PS and the absence of other PS-specific fragments thus lead to the
conclusion that the surface is poor in PS in the sampled depth of < 5 nm. These
observations confirm the previously reported finding of an ~ 8 nm thick PtBA skin
layer on these films as determined by angle-dependent X-ray photoelectron
spectroscopy.28a
In addition, these results are in agreement with the literature on the thermal
stability of PS and PtBA. The block copolymer stays intact as the temperatures used for
imprinting (100°C) are well below the reported threshold for thermal degradation of PS
(~ 400°C) and for the elimination of isobutylene and the concomitant formation of
poly(acrylic acid) and subsequently poly(acrylic acid anhydride) observed at T > 200°C,
respectively.39 Independent thermal gravimetric analysis (TGA) and Fourier transform
infrared spectroscopy experiments on the PS690-b-PtBA1210 material used in this study
confirmed an on-set temperature for the mentioned chemical transformation of the
PtBA block of ~ 220°C. 40 In addition to the absence of chemical reactions in the
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topmost region of the structured films, we can also exclude the presence of organic
contaminations that may hinder subsequent derivatization reactions according to
previously published procedures. However, traces of sodium and calcium-containing
contaminations were found in depth-resolved ToF-SIMS spectra (see Supporting
Information, Figure S-4).
The CA and SIMS data thus indicate that the PtBA skin layer is not affected by
the topographic patterning. Therefore, the previously applied hydrolysis under acidic
conditions and the activation with EDC / NHS, for the subsequent covalent attachment
of primary amines can be successfully carried out on the imprinted films as well.28,29
However, before discussing patterns of proteins and PEG fabricated by i-CP, the
optimized transfer of molecules using an oxidized PDMS stamp is presented.
For the i-CP approach reported by the Textor group, utilizing the PLL-PEG
adsorbate system,24 repeated printing steps were required to achieve acceptable
coverages of the adsorbate to suppress undesired non-specific protein adsorption.22 The
PLL-PEG coatings are typically applied to oxide surfaces by dip-coating from solution,
while the CP processes occur in the absence of liquid in the conformal contact formed
between the elastomeric stamp and the sample surface. Since the functionalization of
the PS690-b-PtBA1210 platform used here relies on covalent attachment and not multi-site
physisorption, one may expect differences regarding the printing time due to the
different kinetics of the relevant processes.
In Figure 3, the thickness of grafted PEG-NH2 layers determined by ellipsometry
is shown for different molar masses of PEG-NH2 and different printing times (Figure
3a), as well as for PEG5000-NH2 for different printing methods (Figures 3b and 3c).
Here shorter stamp-film contact times and a subsequent post-printing cure period were
applied before rinsing (T = 25 ± 3 oC, t = 180 s, 300 s and 3 hours respectively, cure
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period 3 hours). In addition, the deposition of an excess of PEG on the oxidized stamp
surface was investigated (Figure 3c). For these latter experiments featureless stamps
were used on non-structured block copolymer films to simulate the reaction conditions
for the reaction that was later carried out in micro- and nanocontacts (see below).
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Figure 3. (a) Values of dry ellipsometric thickness of grafted PEG layers for different
stamp-film contact time and molar masses. (b) Comparison of values of transferred and
grafted film thickness of PEG5000 for the specified conditions. (c) Comparison of values
of grafted film thickness for different stamp loading conditions: 1. Immersion of the
PDMS stamp in PEG solution for 1 hour; 2. Same procedure but with excess of PEG on
top of the stamp after 1 hour immersion (ellipsometry was performed after waiting
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for > 180 minutes before rinsing with PBS and drying) for PEG5000. In both cases
stamps were loaded by a 1.0 x 10-4 M solution of PEG in PB buffer either by only
immersion (1), or by immersion and subsequent application of excess solution (2). The
lines represent exponential fits and serve as a guide for the eye.

The highest grafting densities in conventional printing were observed for stampfilm contact times in excess of 3 - 4 hours (Figure 3a). These long printing times are
certainly not economical and are orders of magnitude longer than the ones used in CP
of thiols on gold13 or PLL-PEG onto structured PS.22 This observation may be in part
attributed to the fact that PEG is a telechelic polymer and is covalently attached via its
chain terminus. Hence the diffusion of the chain end to reactive NHS ester sites on the
activated film surface may be responsible for the observed slow kinetics. Similarly, the
coverage of PEG on the oxidized stamp may be too low to ensure a steep enough
concentration gradient.
A comparison of Figure 3a and Figure 3b shows that the thickness of the
transferred (but not immobilized) film increased exponentially with stamp-film contact
time. In addition, the transferred layer is significantly thicker than the grafted, i.e.
covalently attached PEG (the data for PEG500-NH2 and PEG2000-NH2 are shown in
Figure S-5 in the Supporting Information). Furthermore, the value of the thickness of
the grafted PEG5000 after 10 minutes printing followed by a 180 minute post-printing
cure period before rinsing is comparable to the thickness value obtained by 180 to 240
minute stamp-film contact time followed immediately by rinsing. These observations
are fully in line with a post-contact grafting reaction that goes to completion over the
mentioned time scale.
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Since the value of the thickness of the transferred film (prior to rinsing, see
Figure 3b) depends on the printing time under these conditions, its value may be
increased by increasing the loading of PEG on the stamp. Enhanced stamp loading may
consequently lead to the formation of thicker non-bound PEG film that serves as a
reservoir for diffusion of chains from the film surface into the near-surface region of
the film.28 Indeed, as shown in Figure 3c, if an excess of PEG5000-NH2 is deposited on
the stamp (as compared to soaking the stamp in a dilute PEG solution for 1 hour), an
increased thickness of the grafted PEG layer can be achieved.29 This thickness is
significantly larger than that obtained by wet chemical grafting methods and indicates
that the high local concentration (and pressure) under solvent-less conditions of CP
improve the coupling efficiency. 41 The thus obtained higher grafting densities are
linked to improved performance in the suppression of non-specific protein adsorption.42
With the optimized printing protocol at hand, the topographically structured
block copolymer films were activated and functionalized in an identical manner. Using
optical microscopy, it was ensured that the featureless stamp and the structured
polymer film were indeed in conformal contact (Figure 4a). Dye-labeled BSA
transferred to and covalently immobilized on the NHS activated PS690-b-PtBA1210 film
was visualized in fluorescence microscopy images (Figure 4b). Faithful transfer to the
contacting top part of the structures and the absence of cross-contamination were
observed.
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Figure 4. (a) Optical microscopy image of PDMS stamp in contact with PS690-bPtBA1210 film on glass taken in transmission mode. (b) Corresponding fluorescence
microscopy image, acquired after the stamp was removed, showing the fluorescence
emission of dye-labeled BSA that has been transferred from the stamp to the structured
polymer film in the areas of conformal contact. (c) Cross-sectional plot of data shown
in panel (b).

This process worked efficiently for different pattern geometries and sizes to
below 1.0 micrometer (Figures 5 and 6).
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Figure 5. Fluorescence microscopy images (top) and fluorescence intensity cross
sectional plots (bottom) of micropatterns of BSA on PS690-b-PtBA1210 block copolymer
thin films.

The fluorescence microscopy images in Figure 5 show that BSA was transferred
selectively to the top part of the imprinted features of the block copolymer films. The
coverages of the protein on neighboring spot-like features is homogeneous as judged
from the only small variations in the corresponding fluorescence emission intensity.
Missing features in Figure 5c are attributed to defects in the underlying polymer film as
a consequence of defects in the master or an incomplete pattern transfer in the
imprinting step. The scalability of the process on length scales covering the 15 to 2.5
m range is thus clearly demonstrated.
These length scales for chemical patterning are in principle accessible by
conventional CP13,14 on various supports and reactive CP27 on similar polymer
platforms. However, using suitable topographically structured films the approach can
be extended to the sub-micrometer range combining topographic and chemical
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patterning. In the AFM force-volume images shown in Figure 6, 43,44 the successful
modification of the imprinted film (500 nm wide lines) with BSA is evident. Compared
to the surrounding matrix of unmodified NHS ester terminated polymer, the BSAfunctionalized elevated ridges show reduced adhesive forces (corresponding to bright
contrast in the FV image). For more narrowly spaced features the position-resolved
analysis becomes challenging even with AFM. The adhesive forces may show side wall
effects (tip imaging), thus no precise mapping near elevated structures (lines or posts) is
possible.

a

Figure 6.

b

c

(a) Force volume height and (b) corresponding force image of BSA

transferred to the polymer structure by i-CP. In panel (c) two representative force
displacement curves are displayed that clearly show the different pull-off forces
between BSA covered mesas (~ 9 nN) and NHS-functionalized flat areas of the film (~
32 nN).44
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We can conclude at this point that i-CP is a useful (soft) lithographic technique
that can be applied in conjunction with optimized robust polymer platforms to fabricate
topographically structured and (bio)-chemically patterned functional interfacial
architectures.45 One can control pattern size and spacing over a large range and some of
the restrictions of conventional CP using soft elastomeric stamps, such as stamp
feature deformation and collapse, are overcome. The aspect ratio of the topographic
structures can be increased relative to PDMS, we note however, that the so-called roof
collapse is not eliminated at extreme stamp feature separations.
The functionality of the topographically structured and chemically patterned
biointerfaces was confirmed in studies with pancreatic cancer cells. Functionality refers
to (i) the implementation of anti-biofouling functionality and (ii) the immobilization of
proteins (e.g. fibronectin) and other relevant biomolecules in their functional form.
Pancreatic adenocarcinomas are highly invasive tumors forming metastases
early in tumor development. Tumor growth and invasion is promoted by a tumor
microenvironment mainly composed of host epithelial cells, stromal fibroblast and
extracellular matrix proteins. 46 Fibronectin is known to be upregulated in pancreatic
tumors, to increase tumor cell survival, and to promote tumor proliferation and
metastasis by cytokine mediated pathways. 47 The here used PaTu8988S cells are
characterized by a nonpolar organization of the cell cytoplasma and tumor growth in a
nude mouse model.36 PaTu8988S cells express fibronectin binding integrin subunits
and bind to fibronectin coated surfaces.48
By imprint lithography and subsequent i-CP substrates were fabricated that
exposed fibronectin on top of 5 m wide (850 nm high) lines that were separated by
PEG5000-passivated flat areas (spacing: 15 m). Using optical microscopy and TMAFM, cells were observed to attach preferentially at and spread out along the 5 m
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wide, fibronectin-covered mesas of the structure (Figure 8). The PEG-ylated areas in
between the lines were avoided. Similar observations were made on BSA - PEG5000
functionalized

substrates

with

identical

dimensions,

while

on

exclusively

topographically structured, non-functionalized samples cells attached without
preference on top and between the structures (no data shown). These data thus provide
convincing evidence for the functionality of the simultaneously topographically and
chemically micro- and nanostructured and -patterned platforms and validate the entire
approach.
a

Figure 8.

b

(a) Optical microscopy and (b) TM-AFM phase images of fixated

PaTu8988S cells on topographically structured and chemically patterned substrate
reveal the preferential attachment on the 5 m wide fibronectin-functionalized mesas
(line spacing for all images: 15 m).
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Conclusions
In this paper we have shown that inverted microcontact printing on spin-coated
films of polystyrene-block-poly(tert-butyl acrylate) provides a versatile approach for
the fabrication of patterned biointerfaces across the length scales, from tens of
micrometers down to 150 nanometers. In particular, the fabrication of patterns
comprising small spot sizes with large spacings is feasible by printing reactants using a
featureless elastomeric stamp onto a topographically structured reactive polymer film.
Due to the glassy PS blocks and the robust covalent amide linkages, the derivatized
films showed excellent stability under a broad range of processing conditions. This iCP strategy hence provides access to versatile biointerfaces and platforms, as shown
for the interaction of PaTu8988S cells with topographically and chemically structured
surfaces.
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