
www.afm-journal.de

FU
LL

 P
A
P
ER

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim442

www.MaterialsViews.com

wileyonlinelibrary.com

future applications. To obtain biofunc-
tional surfaces, amongst others the mode 
of immobilization, the distribution of 
the tethered molecules on a micrometer 
scale and the microtopography of the sub-
strate need to be tailored. [  2  ]  So far, in vitro 
studies were mainly carried out on planar 
surfaces. To permit highly miniaturized 
and thus parallelized assays with low 
compound consumption, for instance to 
test the response of cells to effector mol-
ecules, microarrays of protein or ligand-
coated spots ranging from 100-500  μ m in 
diameter can be produced by microcon-
tact printing, spotting or patterning with 
microfl uidic networks. [  3  ]  

 To investigate the role of surface bound 
chemical cues on cell behavior, often 
patterns of biomolecules, particularly 
proteins, such as growth factors or cell 
adhesion proteins, have to be created. 

Biologically active molecules can be immobilized on chemi-
cally modifi ed patterns on the substrate. As in the production 
of microarrays, spatially-defi ned patterns of functional groups 
have been generated by microcontact printing [  4  ]  and microfl u-
idic networks, [  5  ]  but they can also be drawn by dip pen nano-
lithography (DPN) using the tip of a probe controlled by an 
atomic force microscope, [  6  ]  or created by mask-based lithog-
raphy with biocompatible resists. [  7  ]  Another option to obtain 
patterns of functional groups is chemical vapor deposition 
(CVD) polymerization of [2.2]paracyclophane derivatives. [  8  ]  This 
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  1   .  Introduction 

 Microstructured surfaces play an important role in studying 
cellular behavior in response to biochemical and biophysical 
signals. Substrates that facilitate site-specifi c activation of cell 
signaling via controlled immobilization of bioactive molecules 
are necessary for mimicking the intricate extracellular environ-
ment of cells in vitro. [  1  ]  Tailor-made arrangement of biomole-
cules on surfaces can be used to precisely guide cell behavior 
or control (stem) cell fate in defi ned artifi cial environments for 
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 A new process to create patterned 3D structures on the 
micro- and even nanometer scale was developed in the labs 
of Truckenmüller and Giselbrecht, who showed that a pre-
patterning of thin polymer fi lms can be preserved in a solid-
state forming step, referred to as microscale thermoforming or 
microthermoforming. [  21  ]  In this process, the polymer fi lms are 
heated to a softened state and formed to thin-walled microde-
vices by 3D stretching. [  22  ]  As the pre-patterning process is car-
ried out on the initially planar polymer fi lms, polymer modifi -
cation techniques, allowing for a high spatial resolution, can be 
applied. After thermoforming of the fi lm in a softened state, 
which allows maintenance of the modifi cations due to the per-
manent material cohesion of the fi lm, the pre-patterned fi lm-
based devices can be further modifi ed in so-called post-process 
step. The three-step SMART approach (Substrate Modifi cation 
and replication by thermoforming) combines microthermo-
forming with various material modifi cation techniques such 
as nanoimprinting or lithography to create fi lm-based micro-
well arrays with overlaid micro- and nanoscale topographies 
or cell adhesion patterns even on the vertical sidewalls of the 
wells. [  21a   ,   23  ]  However, the creation of patterned biofunctional 3D 
surfaces by a site-specifi c coupling of sensitive bioactive mol-
ecules, such as proteins, within corresponding microstructures 
remains a challenge. [  24  ]  

 In this paper, we present a strategy to overcome this limi-
tation by splitting up the functionalization procedure in a 
pre-patterning process of heat-stable linkers or moieties prior 
to forming and the conjugation of heat-sensitive molecules 
to these pre-defi ned sites after forming in the post-process 
in order to design microdevices with 3D patterned biofunc-
tionalized surfaces. Spatially-defi ned patterns of chemical 
functionalities and small ligand molecules of enhanced thermo-
stability have been created by CVD polymerization and MPL-
PAP, respectively, on planar polymer fi lm substrates, which 
have subsequently been thermoformed and fi nally decorated 
with sensitive molecules, in this case proteins. We focused 
on investigating the combination of CVD and MPL-PAP with 
microthermoforming as a new versatile platform that enables 
fast and convenient generation of biomolecular patterns within 
fi lm-based 3D microstructures.  

  2   .  Results 

  2.1   .  General Routes to Create Biofunctional Surface Patterns on 
Thermoformed Substrates 

 To create functional patterns on thermoformed polymer fi lms, 
we used two different routes: a lithography-based and a CVD-
based approach. To illustrate the overall workfl ow and the dif-
ferences of the patterning strategies, the two routes are depicted 
in  Figure    1  .  

 The initial step is functional patterning of the polymer sub-
strate either with MPL-PAP (Figure  1 , 1–4) or CVD polymeriza-
tion (Figure  1 , 7–10). For MPL patterning a digital-mirror-based 
set-up creates a patterned light beam that is projected onto the 
sample (Figure  1 , 3). The protein coated surface (Figure  1 , 2) 
is immersed in a biotinylated-fl uorophore solution. Upon irra-
diation, a primary pattern of immobilized biotin-fl uorescein is 

solvent-free process enables the fabrication of homogeneous, 
pinhole-free thin polymer coatings on any substrate material. 
Depending on the precursor used for CVD (co)polymerization, 
the desired functional groups are provided by the reactive 
polymer coating. Patterning is possible either during the CVD 
process, for instance by vapor-assisted micropatterning in rep-
lica structures (VAMPIR), [  9  ]  or after CVD polymerization. [  10  ]  
Post-CVD modifi cation of the substrate resembles commonly 
used techniques for protein patterning as described above. 
For instance, microcontact printing is frequently applied to 
create micropatterns of proteins or linkers for the attachment 
of bioactive molecules. [  4,11  ]  While this technique, along with 
other methods based on masks or stamps leads to binary pat-
terns, different protein densities can be obtained by microfl u-
idic technologies [  5  ]  or by photolithography in combination with 
photoreactive groups or photocleavable protecting groups. The 
technique of protein adsorption by photobleaching (PAP), intro-
duced by Holden and Cremer, [  12  ]  uses fl uorophors as photoreac-
tive groups that covalently interact with the surface and can be 
applied to tether ligands for protein immobilization to the sur-
face by the use of fl uorophores conjugated with the respective 
ligand or functionality. [  13  ]  By using a photomask, [  12  ]  a dynamic 
crystal display, [  13  ]  laser writing [  14  ]  or dynamic mirror displays, [  15  ]  
ligand patterns can be generated by PAP. The amount of immo-
bilized ligand correlates with the dose of irradiation light so 
that “grayscale patterns” of ligands (and thereby proteins) can 
be accomplished. In particular, the combination of maskless 
projection lithography (MPL) with PAP as a patterning strategy 
(MPL-PAP) allows for high fl exibility in the created patterns. [  15  ]  

 However, the rigid planar surfaces generally used for micro-
contact printing, CVD and lithography are far from the 3D dis-
play of diverse ligands, to which cells respond in their native 
environment of adjacent cells within a tissue, [  16  ]  and cells have 
been found to react highly sensitively to the spatial distribution 
of immobilized peptides and proteins. [  17  ]  Therefore, the fabrica-
tion of 3D functionalized substrates is crucial for mimicking 
cell environment. [  18  ]  To engineer 3D cell culture platforms, 
different geometries with various size ranges, such as micro-
wells with 50–300  μ m in diameter for single cell experiments 
or channels with a width of 5-50  μ m to mimic lymph or blood 
capillaries, have been used. [  19  ]  Microtechniques, to create such 
structures, have been developed for high-throughput screening 
in drug discovery and biotechnology. [  20  ]  Such microfl uidic sys-
tems permit an improved spatiotemporal resolution, which 
enables precise manipulation of fl uids, particles, cells or micro-
tissues on a micrometer scale. 

 However, conventional microtechniques typically enable the 
fabrication of devices with homogeneous chemical and physical 
properties, while the patterning techniques described above are 
common to functionalize planar substrates but mostly inap-
plicable for non-planar structures since vertical sidewalls or 
undercut regions remain almost inaccessible for controlled 
patterning. Creating patterns of biomolecules such as proteins, 
DNA or oligosaccharides on planar polymer substrates to be 
mechanically structured in a later step appears to be a solu-
tion. However it bears the risk of inactivation and degradation 
of these sensitive compounds for example under elevated tem-
peratures and the mechanical stress applied for fabrication of 
3D structures. 

Adv. Funct. Mater. 2014, 24, 442–450



FU
LL

 P
A
P
ER

444

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the surface [  25  ]  and derivatized during subsequent steps. The 
fi lms harboring the primary pattern created by either of the 
two strategies are then formed in their entropy-elastic state. [  22  ]  
Afterwards, the 3D fi lm-based microstructures are decorated. 
Bioactive micropatterned surfaces are thus applicable to 3D cell 
culture platforms.  

  2.2   .  Biofunctionalization of Patterned Planar Substrates and 
Cell Cultures 

 The resolution of the MPL-PAP device is about 2.5  μ m per pixel 
for fl at and even surfaces such as glass. [  15  ]  This resolution could 
be reproduced for individual thin polymer fi lm samples (see 
Supporting Information, Figure S4). However, due to variations 
in substrate height and the sensitivity of projection lithography 
to small variations in working distance, the typical resolution on 
polymer fi lms was found to be 7.5  μ m before and after forming 

created (Figure  1 , 4, B). The surface density of biotin molecules 
is proportional to the intensity of the incident light (see Sup-
porting Information, Figure S4). The projection of grayscale 
patterns with the DMD allows generation of arbitrary grayscale 
distribution of molecules on adsorbed protein fi lms. [  15  ]  

 For the CVD polymerization approach, two successive depo-
sition steps are performed on the fi lms to generate a pattern of 
two functional polymer layers via VAMPIR. [  9  ]  First, the sample 
is homogeneously coated with a 2-bromoisobutyrate-function-
alized xylylene copolymer, acting as an initiator for later ATRP 
step. Then, a PDMS stencil is sealed to the surface (Figure  1 , 
9) to prevent further deposition on some areas of the substrate. 
The second CVD step creates the functional pattern by polym-
erization of an active ester, the poly( p -xylylene-4-carboxylic acid 
pentafl uorophenolester- co - p -xylylene) on the surface as a nega-
tive of the PDMS stencil microstructure (a pattern of squares 
is created) (Figure  1 , 10). Via CVD polymerization, a wide 
range of defi ned chemical functionalities can be anchored on 

      Figure 1.  Combination of functional patterning with thermoforming. In the maskless projection lithography (MPL) approach, the thin polymer fi lm (1) 
is initially coated by adsorption of a protein (2) such as BSA or fi bronectin (2, A). This surface is then structured by MPL-PAP using a fl uorescein-biotin 
conjugate (3) which creates a pattern of immobilized biotin on the protein layer (4, B). The sample is thermoformed (5) and the pattern is decorated 
with streptavidin-Cy3 for visualization (6, C). For the chemical vapor deposition (CVD) route, the thin polymer fi lm (7) is initially CVD-coated (8) with 
poly(p-xylylene-4-methyl-2-bromoisobutyrate- co -p-xylylene) (8, D). A PDMS stencil (hatched blocks) is applied to the surface and a second CVD step 
(9) then covers unprotected areas with poly(p-xylylene-4-carboxylic acid pentafl uorophenolester- co -p-xylylene). This pattern (10, E) is thermoformed 
(11) and coated with cell-repellant poly[poly(ethylene glycol) methyl ether methacrylate] in the bromoisobutyrate-functionalized areas and with the 
desired molecule, fi bronectin or biotin, in the areas coated with pentafl uorophenolester groups, subsequently stained with streptavidin-Cy3 (12, F). 
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microscopy reveals the presence of biotin exclusively on the 
squares of the pattern (in this case 250  μ m × 250  μ m edge 
length). 

 The biocompatibility of the functionalized surfaces was 
then tested by L929 mouse fi broblast cultivation on the pat-
terns under standard conditions. [  28  ]  With MPL-PAP, a pattern 
was generated on a fi bronectin coated COP fi lm and decorated 
with streptavidin-Cy3, prior to cell seeding. Streptavidin-Cy3 
was applied as a placeholder to visualize the pattern and was 
not expected to infl uence cells. Using streptavidin-conjugated 
biomolecules for future studies will therefore allow for inves-
tigation of the impact of patterned effector molecules on cell 
behavior without affecting cell attachment. After 72 h of incu-
bation, fi broblasts showed normal growth without any det-
rimental changes in morphology pointing to stress, such as 
membrane blebbing or shrinkage ( Figure    4  A).  

 The live-dead staining based on the membrane permeability 
of PI and enzymatic processing of Calcein-AM is frequently 
applied to estimate cell viability. [  29  ]  Upon uptake, Calcein-AM 
is modifi ed into membrane-impermeable calcein, so that only 
viable cells retain it in the cytoplasm where chelatization of 

      Figure 2.  Digital original and COP fi lm with protein pattern created by MPL-PAP. A) Digital 8 bit grayscale image that was projected. The negative of 
the depicted image was illuminated. B) Fluorescence microscopy image of streptavidin-Cy3 stained pattern. The image consists of 21 individual images 
(1.4 mm x 1 mm), stitched with FIJI. Scale bar: 500  μ m. 

      Figure 3.  Fluorescent image of CVD pattern on fl at COP fi lm. Squares 
are decorated with biotin and stained with streptavidin-Cy3. Scale bar: 
200  μ m 

      Figure 4.  Biocompatibility test of functionalized surfaces with L929 mouse fi broblasts on COP 
fi lms. A) Cell adhesion on non-responsive patterns created by MPL-PAP on a fi bronectin coating. 
The squares were visualized with streptavidin-Cy3 (red). Scale bar: 100  μ m. B)Controlled cell 
adhesion on fi bronectin-decorated squares, created by CVD patterning. The background was 
passivated by PEGylation. In both cases, cytoplasm of viable cells was stained green by Calcein-
AM and dead cells were stained with Propidium iodide (red). Scale bar: 300  μ m. 

(see Supporting Information, Figures S4, S5). 
The digital master and a fl uorescently-stained 
microstructure on a COP planar surface are 
depicted in  Figure    2  . The bright spots distrib-
uted all over the image come from surface 
defects on the thin polymer fi lms, observed 
on all COP substrates.  

 Alternatively, primary patterns of reactive 
coatings have been created on COP fi lms by 
CVD polymerization, applying the VAMPIR 
process ( Figure    3  ).  

 The background of the pattern, bearing 
the ATRP initiator, was PEGylated by ATRP 
of poly(ethylene glycol) methyl ether meth-
acrylate (PEGMA). [  26  ]  Amine-functionalized 
biotin was subsequently immobilized by 
active ester-amine coupling [  27  ]  on the squares 
of the pattern. After conjugation of fl uo-
rescently-labeled streptavidin, fl uorescence 
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protein-coated squares while the PEGylated 
areas remained nearly cell-free as expected 
(Figure  4 .B).  

  2.3   .  Functional Micropatterns 
after Thermoforming 

 COP fi lms that were patterned using the 
MPL-PAP or CVD approach were subse-
quently thermoformed to create 3D sub-
strates. As a model shape that is relevant e.g. 
in cardiovascular studies, a channel structure 
was formed with a surface featuring planar 
primary patterns of different functionalities. 
The forming conditions of 140 °C and 1 MPa 
were applied to form rounded channels with 
a depth of 318  μ m ± 8  μ m and an average 
curvature radius of 394  μ m ± 2  μ m, although 
a rectangular-shaped negative mould cavity 
was used. The curvature radius of thermo-
formed structures can easily be controlled 

by choosing different forming temperatures, gas pressures or 
ratios of fi lm thickness to mould cavity dimensions such that 
the polymer fi lm is free-formed and not completely forced 
against all mould cavity walls. The presented microchannel 
design led to a maximum local areal draw ratio at the bottom 
of the channel of about 1:1.1. To compensate possible higher 
local areal draw ratios, the pattern could be adapted by pre-dis-
tortion, as commonly applied in macroscopic thermoforming 
of packaging, to compensate the effect of 3D stretching. 

 To demonstrate the feature preservation after thermo-
forming, a periodic line pattern of immobilized biotin mol-
ecules, obtained by MPL-PAP, was formed and then incubated 
with fl uorescently-labeled streptavidin for visualization. The 
microstructure created by MPL-PAP was stable during therm-
oforming since the primary biotin line pattern had been pre-
served throughout the forming process. It could be decorated 

with streptavidin-Cy3 after thermoforming 
and detected under a fl uorescence micro-
scope ( Figure    5  A and B). The bright areas 
at the right and left side of the projection 
(Figure  5 .A) derive from refl ections from 
the back of the COP fi lm as depicted in 
Figure  5 B.1 (black arrows).  

 COP fi lms coated with a patterned reactive 
polymer via CVD were also shaped by ther-
moforming. Afterwards, the background was 
PEGylated and the squares were decorated 
with biotin and stained with fl uorescently-
labeled streptavidin. Patterns within the 
thermoformed channel clearly followed the 
curvature of the structured surface as dem-
onstrated by a 3D reconstruction of distinct 
images ( Figure    6  ).  

 The homogeneously stained line at the 
top of the image shows an area where the 
patterning mask ended. The slightly irreg-
ular transition line derives from manual 

intracellular calcium leads to green fl uorescence of the mole-
cule. PI only penetrates damaged cell membranes and interca-
lates between base pairs of double stranded DNA in the nucleus 
leading to a red stain of the nuclei. [  30  ]  In our experiments the 
combination of Calcein-AM and PI staining revealed that cells 
were viable on the MPL-PAP-patterned surfaces. 

 Surface patterns created by CVD polymerization were chemi-
cally derivatized to restrict cell growth to a defi ned square pat-
tern. The fi lm surface with bromoisobutyrate functionalization 
was selectively PEGylated by ATRP of PEGMA for low protein 
adsorption, [  26,31  ]  and fi bronectin was immobilized on squares of 
the pattern by active ester-amine coupling. Live-dead staining 
with Calcein-AM and PI [  23b   ,   32  ]  demonstrated that the highest 
number of viable cells adhered on the fi bronectin squares. 
Only very few dead cells were detected especially on the edges 
of the square patterns. Fibroblasts growth was restricted to the 

      Figure 5.  Confocal fl uorescent images of thermoformed COP fi lm with a streptavidin-Alexa488 
stained protein pattern created by MPL-PAP. A) Z-projection of the line pattern, line width and 
distance 25  μ m. Scale bar: 200  μ m. B) 3D reconstruction of formed channel. Area shown is 
1550  μ m x 1550  μ m. B.1) Y-projection of the channel. Arrows indicate the areas with increased 
signal intensity, due to scattering and refl ection from the back of the fi lm. Scale bar: 200  μ m. 

      Figure 6.  Confocal fl uorescence images of thermoformed COP fi lm with streptavidin-Cy3 
stained biotin pattern created by CVD. A) Z-projection of the square pattern. Scale bar: 200  μ m. 
B) 3D reconstruction of formed channel. Area shown is 1550  μ m x 1550  μ m. B.1) Y-projection 
of the channel. Arrows indicate the areas with increased signal intensity, due to scattering and 
refl ection from the back of the fi lm. Scale bar: 200  μ m. 
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cutting of the PDMS mask sealed to create the square pattern 
(Figure  1 , 9). The bright areas at the left and right sides of the 
projection in Figure  6 B come from refl ections from the back of 
the fi lm as depicted in Figure  6  B.1 (black arrows). 

 The effect of a biofunctional micropattern based on a 
PEGylated background and fi bronectin immobilization on cell 
growth was also demonstrated in a thermoformed channel 
( Figure    7  ).  

 The bioactive pattern led to a distinct organization of 
adherent cells on the squares within the channel. However, the 
squares of the pattern at the sidewalls of the channel harbored 
slightly fewer cells than the squares at the bottom which was 
a consequence of our simplifi ed seeding protocol. Cells were 
seeded in three sequential steps while the channel was stepwise 
rotated by approximately 0°, +60° and –60° around its long axis 
to enable a potentially homogenous settlement of cells to the 
bottom and also to the sidewalls. In Figure  7 .A, an overlay of 
the brightfi eld image with the fl uorescent images illustrates the 
selective cell adhesion on the fi bronectin-functionalized areas 
within the microchannel.                                                                                                                                                                                                   

  3   .  Discussion 

                                                                                                                                                                                                                                                                                                                                                            Many studies have demonstrated that various signals from the 
cell environment, including curvature radii, [  33  ]  substrate stiff-
ness, [  34  ]  topographies, [      35  ]  and biochemical surface properties [  36  ]  
play a crucial role for infl uencing cell morphology, adhesion, 
migration, proliferation, apoptosis, differentiation and senes-
cence. Meanwhile, there are many sophisticated methods avail-
able for generating patterned biofunctionalized planar surfaces. 
The engineering of surface patterns on vertical sidewalls or curvi-
linear surfaces of more complex technical 3D environments, such 
as microwell arrays or microfl uidic channels, is still limited due 
to low accessibility of their surfaces. Therefore the most efforts 
have been focused on mimicking only a single or a combination 
of very few microenvironmental components in 3D microdevices 
for example by combining homogeneous surface coatings of 3D 

surfaces of microwells or by patterning of the 
bottom of microchannels. [  17b   ,   37  ]  

 In contrast, chemical patterning on 3D 
surfaces was rarely approached. One early 
strategy to create a pattern on curved sub-
strates was the transfer from a planar PDMS 
stamp to a curved surface by microcontact 
printing. [  38  ]  The approach was used to create 
submicron patterns on convex substrates with 
radii of curvature of 25  μ m but is not appli-
cable to concave structures. Inverted micro-
contact printing was also applied to create 
functionalized areas on 3D polymer sur-
faces. [  39  ]  Typically the surface and the inner 
cavity surface are differently functionalized. 
Biochemical patterning within cavities has 
been not demonstrated with this approach. 
Chen and Lahann introduced a mask-based 
photopatterning approach to create square 
patterns within a microchannel with a depth 
of 50  μ m. [  10b  ]  The pattern was successfully 

transferred to the substrate, but the mask-based approach led 
to blurred shapes at the bottom of the channel. In addition, the 
channel walls were hardly accessible for controlled patterning 
by this strategy. Lithography-based techniques to create 3D cell 
adhesion patterns in microstructures based on the SMART 
approach have also been shown in the past. [  21a   ,   23b  ]  For instance, 
a mask-based patterning by deep UV-irradiation of polystyrene 
was applied to pattern cell adhesion on the curvilinear surfaces 
within microcavities. However, these methods did not allow an 
advanced control of chemical surface functionalization. Fur-
thermore, microfabrication processes combined with intricate 
surface chemistry protocols has typically led to establishment of 
elaborate multistep protocols, which prevent the up-scaling of 
related  in vitro  assays and their statistical validation.                                                                   

 In this work, we demonstrated that combination of thermo-
forming with MPL-PAP or CVD serves as simple and robust 
technical platform for fabrication of 3D biofunctionalized pat-
terned microstructures. The key of our approach is the gen-
eration of a primary chemical pattern that is stable during 
the thermoforming process and subsequently decorated. This 
procedure allows a highly controlled patterning with a high lat-
eral resolution on a fl at substrate, without affecting or limiting 
the following thermoforming procedure and at the same time 
circumventing the challenges of directly patterning on a three 
dimensional substrate.                                   

 The PAP approach applied in combination with MPL allows 
for a straightforward integration into existing standard  in vitro  
cell culturing experiments based on fi bronectin or other phy-
sisorbed proteins. [  40  ]  With MPL-PAP, a wide range of surface 
function densities can be deposited such as linear or circular 
gradients or any other arbitrary pattern. Moreover, the type of 
pattern can be freely chosen for every exposition, thus a wealth 
of different patterns is easily accessible. With a resolution of 
7.5  μ m per feature and a color depth of up to 265 grayscale 
levels applied to a microstructured substrate, the fabrication 
of such patterned functional surfaces in 3D paves the way for 
development of cell-instructive surfaces that could regulate a 
specifi c cell function. Potential applications of high-defi nition 

      Figure 7.  L929 fi broblasts in a CVD-patterned channel. Squares were functionalized with 
fi bronectin, whereas the remaining surface was passivated by PEG. The live-dead staining with 
Syto 16 (green) and Propidium iodide (red) is shown. A) Overlay of Z-projections of cell fl uo-
rescent and brightfi eld images (gray) of the channel. B) 3D reconstruction of the cells, growing 
on patterns within the channel. B.1) Y-projection of the channel. Scale bar: 200  μ m. 
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adhesion. With the MPL-PAP method, arbitrary grayscale pat-
terns of ligands with a resolution of 7.5                μ m could be immo-
bilized on protein-coated surfaces of COP fi lms. Alternatively, 
using CVD polymerization, chemically-defi ned binary patterns 
were created on the surfaces of COP fi lms. Both strategies led 
to thermostable micropatterns that remained functional after 
microscale thermoforming and can be decorated with bioac-
tive molecules. These patterned 3D substrates are applicable for 
the analysis of cell characteristics, such as adhesion, as dem-
onstrated by cultivation of L929 fi broblasts. The unique com-
bination of thermoforming with lithography or vapor-based 
polymerization allowed engineering of robust functional sur-
faces and opens new perspectives for a wide range of 3D in 
vitro cell culture applications. Due to their fl exibility and pos-
sible integration of additional effectors for cell behavior, these 
bioactive patterned 3D cell culture models could be applied for 
various biological experiments, including regulated differentia-
tion of stem cells.                                                                                                                                                                                                                                                                

  5   .  Experimental Section 
                                                                                                                                                                                                                                                                                                                                                             Materials : [2.2]paracyclophane-4-methyl-2-bromoisobutyrate [  26  ]  and 

[2.2]paracyclophane-4-carboxylic acid pentafl uorophenolester [  10c  ]  
precursors were synthesized as described elsewhere. Poly(ethylene 
glycol) methyl ether methacrylate (PEGMA, Sigma-Aldrich, Germany) 
was passed through a neutral alumina column to remove the inhibitor. 
Unless another supplier is specifi ed, all other chemicals were purchased 
from Sigma-Aldrich (Germany) and used as received. A commercially 
available cyclo-olefi n polymer fi lm (COP, ZF14-188, Zeon Chemicals 
Europe) with a thickness of 188    μ m and a diameter of 40 mm was used 
as substrate for patterning and cell culture. For MPL-PAP experiments, 
sterile petri dishes with a diameter of 35 mm and 188  μ m thick COP 
polymer fi lms as bottom were used (ibidi, Germany).                         

                                    Surface Patterning by Maskless Projection Lithography : COP polymer 
fi lms were immersed in 3 % (w/v) bovine serum albumin (BSA) in 
phosphate buffered saline (PBS, pH 7.4) for 10 min. For fi bronectin 
coating, the polymer fi lms were incubated in freshly prepared solution 
of fi bronectin (10  μ g.mL −1  in PBS, Sigma-Aldrich, USA) for 30 min. 
The coating solution was discarded and fi lms were washed three 
times with PBS for 5 min under constant shaking, rinsed with water 
and dried with nitrogen. The patterning step was performed directly 
after coating. Shortly, a custom-designed MPL system was set-up with 
a digital micromirror device (DMD, type DLP Discovery 4100, Vialux, 
Germany) as light modulator as described elsewhere. [  15  ]  A customized 
software enables projection of 8 bit grayscale bitmap-images comprising 
1024 × 768 pixels. In brief, light from a high-pressure mercury arc 
lamp (Superlite 400, Lumatec, Germany) is fi ltered to 490 nm ± 20 nm 
using the embedded bandwidth fi lters. The arc lamp is connected to 
the projection optics with a fl exible light guide. The light is collimated, 
homogenized and the 3 mm-beam diameter is expanded by appropriate 
optics to fully and homogeneously illuminate the 17.78 mm 2  DMD. 
Depending on whether a respective mirror of the DMD is in its off- or 
on-state, light is either refl ected to an absorber or towards the sample 
via demagnifi cation optics, leading to a dark or bright pixel of 2.5  μ m 
edge length on the substrate positioned atop the projection optics. 
Coated fi lms were covered with a solution of fl uorescein-5-biotin (F5B, 
80  μ  m  in PBS) and illuminated from underneath to achieve patterning. 
Exposure with structured light with a wavelength of 490 ± 20 nm 
generated a primary surface pattern by photobleaching.                                                             

  Surface Patterning by Chemical Vapor Deposition Polymerization : First, 
[2.2]paracyclophane-4-methyl-2-bromoisobutyrate was sublimated 
at 90–110 °C under reduced pressure (<0.1 mbar) before entering 
the pyrolysis furnace, maintained at 540 °C, at an argon fl ow rate of 
20 sccm. Polymerization of the precursor occurred by vapor-deposition 

grayscale patterns on thermoformed fi lms include the study 
of immobilized effectors for chemotaxis in arbitrary shapes or 
assays for cell differentiation and polarization that take advan-
tage of both the spatial orientation of signals within a 3D arti-
fi cial niche, as well as a defi ned relative surface concentration 
that can be obtained by an MPL-PAP approach. It has been 
shown that different fl uorophores can be immobilized to the 
surface by irradiation with their respective excitation wave-
length [  14  ]  so that in the future multiligand patterns could be 
obtained by using an orthogonal system of different ligands or 
functional groups coupled to fl uorophores with non-overlap-
ping excitation spectra. If necessary the resolution of MPL on 
polymer fi lms can be further improved in future experiments, 
alternatively other highly parallelized patterning strategies such 
as polymer pen lithography might be tested to create high reso-
lution and highly multiplexed functional patterns. [  41  ]  

 To further confi rm the fl exibility of the SMART technology, 
we have developed a second module using CVD polymeriza-
tion. Applications of thermoformed 3D substrates pre-patterned 
via CVD polymerization include cell-based assays that require 
a well-defi ned chemical composition of the surface, as demon-
strated here with ATRP-based PEGylation. Vapor-based polym-
erization can be applied to any substrates since the reactive 
coating forms a homogeneous polymer layer. [  10a  ]  In addition, 
a wide variety of functional groups (carbonyl, ester, hydroxyl, 
amine, alkyne, vinyl, as well as fl uorinated groups) may be 
anchored by this surface modifi cation process due to the avail-
ability of numerous [2.2]paracyclophane derivatives. [  8  ]  Homoge-
neous copolymerization, [  42  ]  patterning of two or more copoly-
mers, [  9  ]  or even creation of continuous functional polymer 
gradients [  43  ]  can be achieved during CVD-coating of the sub-
strate. The patterning strategy, such as microcontact printing, 
VAMPIR, or Dip-Pen Nanolithography, enables precise defi ni-
tion of the pattern scale–from micro to nano–and its spatial dis-
tribution. After thermoforming, the surface functionalities may 
then be used for further modifi cation, polymerization or immo-
bilization of biomolecules using bio-orthogonal approaches. [  44  ]  

 Noteworthy, our results confi rm the applicability of two 
simple and convenient methods for generation of biofunction-
alized patterns on 3D surfaces of thermoformed microstruc-
tures. Besides controlling curvature radii, topographies, and por
osity, [  21a   ,   22   ,   23  ]  these novel SMART modules open new avenues 
for creating biochemically defi ned microstructures such as arti-
fi cial niches for 3D cell cultures. [  45  ]  The stability of our patterns 
would also allow their integration into microfl uidic systems, for 
instance, by closing the prepatterned channels via additional 
thermal bonding step and subsequent orthogonal coupling 
of biomolecules in a fl ow-through-mode. Such functionalized 
3D microdevices can also be utilized in bioanalytics, including 
biochemical assays and biosensor systems. The introduced 
strategies via MPL-PAP and CVD are both suitable to pattern 
areas within a size range of several cm 2  with their maximum 
resolution.  

  4   .  Conclusions 

                                                                                                                                                                                                                                                                                                                                                            We demonstrated two different approaches for biofunctional 
patterning of 3D devices for the analysis and control of cell 
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were plated per COP substrate, supplied with fresh culture medium (3.5 
mL) and allowed to adhere for 72 h at 37°C, 5 %CO 2 . The L929 cells 
were used below passage 33. 

  Fluorescence Live-Dead Staining : 72 h after seeding, the cells were 
carefully washed in PBS +/+ buffer (3 times, 5 min) and stained with 
solutions, containing Calcein-AM (5    μ  m , Sigma-Aldrich, USA) or 
SYTO16 Green Fluorescent Nucleic Acid Stain (Syto16, 1  μ  m , Invitrogen, 
Germany) and propidium iodide (PI, 500 n m , Sigma Life Sciences, 
Germany) in EMEM. The cells were incubated for 20 min at 37 °C in 
a 5% CO                               2  atmosphere. The staining solution was removed and the 
samples were rinsed in PBS +/+ buffer (3 times, 5 min). The combined 
staining protocols (live-dead staining) with Calcein-AM and PI or Syto16 
and PI are used to distinguish the viable cells (green cytosol) from the 
dead cells (red stained nuclei) by fl uorescence microscopy. The edges 
of the COP fi lms were cut and carefully fl ipped over on rectangular 
0.13 mm thick sterile glass coverslips (24 mm x 60 mm, Menzel-Glaeser, 
Germany) and coated with VECTASHIELD mounting medium (25  μ L, 
Vector Laboratories, USA) to prevent photobleaching of the samples 
during imaging and prolonged storage.  
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pentafl uorophenolester was sublimated under vacuum, pyrolyzed at 
560 °C and spontaneously polymerized on the cold substrate. Thus, a 
pattern of poly( p -xylylene-4-carboxylic acid pentafl uorophenolester- co - p -
xylylene) was generated on the surface uncovered by the microstencil.       

  Microthermoforming of Patterned Films : Microchannels were fabricated 
by microscale thermoforming on an in-house developed machine with 
a lockable brass tool. [  21a   ,       22  ] . An aperture-like brass mold with an outer 
diameter of 40 mm and thickness of 300  μ m was mounted into the 
lower half of the tool and connected to a vacuum pump for evacuation 
of the mold cavity from the rear. The patterned fi lm was positioned on 
the mold in the thermoforming set-up, the pattern being accurately 
aligned to the central mold cavity with the dimensions 20 mm × 1 mm × 
0.3 mm (l × w × d). After evacuation, the polymer fi lm was heated until it 
reached a softened state, allowing deformation by applying gas pressure. 
Upon reaching the forming temperature of 140 °C, a gas pressure of 
1 MPa was applied, which resulted in forming of channels with an 
average depth of 318  μ m ± 8  μ m. Then, the temperature was decreased 
to 80 °C, the gas pressure was released and the fi lm was further cooled 
down to 42 °C. Finally, the tool was opened, the COP fi lm was manually 
demolded and subjected to further surface modifi cations.       

  PEGMA Grafting and Biomolecular Immobilization on Patterned 
CVD Coatings : PEGMA was polymerized by atom transfer 
radical polymerization (ATRP) from poly( p -xylylene-4-methyl-
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via argon bubbling under vigorous stirring for 40 min. Simultaneously, a 
50 mL Erlenmeyer fl ask, containing a single CVD-coated COP fi lm, was 
purged and stored under argon. The homogeneous dark-brown solution 
(10 mL) was then transferred into the Erlenmeyer fl ask to completely 
cover the substrate. The polymerization proceeded at room temperature 
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  Fluorescent Staining of Patterned Films and Imaging : For fl uorescent 
staining of polymer fi lms, a diluted solution of streptavidin-Cy3 or 
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nitrogen. To determine resolution and saturation of lithography patterns, 
fl uorescent images were recorded with an Axiovert 200M (Carl Zeiss, 
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