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DNA-SMART: Biopatterned Polymer Film Microchannels 
for Selective Immobilization of Proteins and Cells

Ann-Kathrin Schneider, Pavel M. Nikolov, Stefan Giselbrecht,  
and Christof M. Niemeyer*

structures and to explore how cells respond to geometrical 
cues.[3,4,11] Such studies have revealed, for instance, that flow 
conditions, shear stress, and the curvature of fluidic channels 
significantly affect the growth, morphology, and function of 
cultured cells in vitro.[12]

Complex microstructures with almost arbitrary 3D shapes 
are readily available by microthermoforming, which is a 
microscale polymer molding process wherein clamped thin 
polymer films are heated above their glass transition tem-
perature into a softened rubber-elastic state and formed to 
thin-walled microdevices by 3D stretching into an evacuated 
mold.[13] As a particular advantage, the mild forming condi-
tions of microthermoforming allow one to preserve chemical 
and structural premodifications of the film material while it 
is processed by microreplication. This has led to the estab-
lishment of SMART (substrate modification and replication 
by thermoforming) technology, which enables for example 
the implementation of latent lithographic images into the 
large-scale production of microdevices bearing complex, 
bioinspired patterns.[13–15] For instance, in a previously devel-
oped SMART module, the site-specific, covalent coupling of 
a single type of bioactive moieties on defined gray-scale pat-
terns with a lateral resolution of 7.5 µm were produced on 
the inner curvilinear surfaces of thin film microchannels by 
a combination of microthermoforming with maskless projec-
tion lithography and protein adsorption by photobleaching. 
These patterns have been validated, amongst other means, 
by creating 3D cell adhesion patterns of L929 fibroblasts.[16] 
However, despite the advances in the manufacturing of thin 
film microdevices, the full exploitation of SMART tech-
nology for mimicking vasculatory and other tissue would DOI: 10.1002/smll.201603923

A novel SMART module, dubbed “DNA-SMART” (DNA substrate modification 
and replication by thermoforming) is reported, where polymer films are premodified 
with single-stranded DNA capture strands, microthermoformed into 3D structures, 
and postmodified with complementary DNA-protein conjugates to realize complex 
biologically active surfaces within microfluidic devices. As a proof of feasibility, it is 
demonstrated that microchannels presenting three different proteins on their inner 
curvilinear surface can be used for selective capture of cells under flow conditions.
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1. Introduction

Miniaturized microfluidic devices play an increasingly impor-
tant role for culturing, sorting, isolation, and analysis of 
cells which are considered as critical enabling technologies 
in molecular and cellular biology, biotechnology, and medi-
cine.[1] Such devices offer many advantages, such as minimal 
reagent and sample consumption, excellent temperature 
control, fast processing times, and the option for paralleli-
zation thereby enabling the realization of complete lab-on-
a-chip systems for isolation, experimental processing, and 
analysis of living cells.[2–4] For example, microfluidic devices 
are under development for the capture of circulating tumor 
cells or other cells of medical interest.[5–10] Furthermore, con-
cave and convex microstructures, such as microfluidic chan-
nels are being exploited since many years to mimic vascular 
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largely benefit from possibilities to decorate structural pre-
modifications with more than one protein-of-interest in order 
to resemble and mimic natural systems, such as the extracel-
lular matrix, with a much higher accuracy than conventional 
techniques.

Biofunctionalization of the surface of microfluidic devices 
is usually achieved by a homogeneous coating of the device’s 
surface with, for instance, antibodies or other capture rea-
gents to realize specific cell capture.[5–10] To take full advan-
tage of microfluidics in fundamental and applied biomedical 
cell research, however, the implementation of microarrays of 
biomolecular capture reagents would be desirable. DNA[17] 
and protein[18] microarrays on planar surfaces are nowadays 
established tools in biomedical research for nucleic acid and 
protein profiling and they have found also their applica-
tions in cell biology. For instance, they allow one to screen 
for binding of cells in a multiplexed fashion,[19,20] to employ 
different binding interactions mediated by, for example, dif-
ferent antibodies or cell matrix compounds which bind to 
different targets on a cell surface, as it is necessary to mimic 
stem cell niches,[21–23] or to present gradients of surface fea-
tures to cells to enable combinatorial testing of cell-surface 
interactions.[24,25] While biomolecular microarrays installed 
on planar surfaces can be integrated into microfluidic sys-
tems by hardware solutions, e.g., based on connected reaction 
chambers, the direct integration of arrays of multiple dif-
ferent protein binders is very difficult to achieve due to their 
intrinsic instability. This, in turn, calls for mild and regiose-
lective immobilization methods, which are compatible with 
typical fabrication methods for fluidic microstructures.

To meet these requirements, we here report, for the first 
time, on the implementation of DNA-surface technology 
into microthermoforming of polymer films. Our technology, 
dubbed DNA-SMART, takes advantage of the DNA-directed 
immobilization (DDI) of proteins and other ligands bearing 
a single-stranded oligonucleotide tag which can hybridize to 
complementary surface-bound capture oligonucleotides.[26] 
Owing to the specificity of Watson–Crick base pairing, many 
DNA-tagged components can be immobilized simultane-
ously by self-assembly when sets of orthogonal capture- and 
tag-oligomer pairs are employed. Importantly, the process 
of surface microstructuring with stable DNA molecules is 
therefore separated from surface functionalization with pro-
teins, the latter of which can be conducted under chemically 
mild, physiological conditions. The DDI method is meanwhile 
established for fabrication of high-quality protein arrays on 
flat, 2D substrates which are primarily used for applications in 
biosensing and cell culture.[27] It is of particular interest that 
DDI has already been employed by us[28,29] and others[30–33] 
to decorate planar surfaces with ligand patterns that enable 
the specific capture, culturing and analysis of living cells. This 
approach also allows for release of captured cells using a 
variety of mild cleavage reactions, based on restriction endo-
nucleases,[33] exonuclease digestion, or even strand-exchange 
reactions. Moreover, DDI enables integration of top-down 
surface patterning and bottom-up self-assembly of protein-
decorated DNA nanostructures, thereby giving access to 
sophisticated surface architectures wherein the density and 
nanoscale arrangement of ligands can be tailored to meet 

specific requirements of adhered cells.[34] We here demon-
strate that DDI technology can be implemented into micro-
thermoformed devices by premodification of the polymer 
films with DNA capture strands in their still planar state and 
postmodification of the corresponding microthermoformed 
3D devices with DNA-protein conjugates. We demonstrate 
the functionality of the protein-modified 3D microdevices 
by protein-mediated, selective capture of cells under flow 
conditions.

2. Results and Discussion

To establish DNA surface functionalization of microthermo-
formed devices, we initially explored whether protocols for 
covalent activation of glass surfaces can be adopted to polymer 
films. Typical procedures for DNA patterning of flat glass sur-
faces include plasma activation of the solid support, which is 
then followed by functionalization using organo-trialkoxysi-
lane reagents, such as aminopropyl-triethoxysilane (APTES) 
and subsequent installment of reactive crosslinkers, bearing 
for instance N-hydroxysuccinimide or epoxy groups.[35] To 
adopt this chemistry to polymer surfaces, we tested four dif-
ferent commercially available polymer films, polycarbonate 
(PC), cyclic olefin polymer (COP), polypropylene (PP), and 
polystyrene (PS), all of which are transparent and have pre-
viously been used as materials for microthermoforming and 
conventional cell culture products.[13,15] Square-cut sheets of 
these films (about 2 × 2 cm2) were subjected to plasma treat-
ment, followed by silanization with APTES and, in case of 
COP and PC, activation with bis-epoxy-poly(ethyleneglycol) 
(EPEG) (Figure 1A). The substrates were then patterned 
by ink-jet microdeposition of two different aminoalkyl-deri-
vatized and Cy5-labeled 21-mer oligonucleotides (aF3-Cy5, 
aF4-Cy5) containing either the coding sequence for immo-
bilization (F3) or a noncoding sequence as negative control 
(F4). Both oligomers were spotted as adjacently positioned 
rectangular microarrays, each containing 5 × 5 spots with an 
average diameter of ≈200 µm (Figure 1B). Quantification of 
the Cy5 fluorescence signals (red spots in Figure 1B) indi-
cated that both oligomers were indeed immobilized on the 
polymer substrates. As judged from the signal intensities (red 
bars in Figure 1C), oligonucleotide immobilization efficacies 
were in the same range as those obtained on a glass surface, 
functionalized under identical conditions. However, efficacies 
were slightly higher for PC and PP or lower for COP sub-
strates, respectively.

The micropatterned surfaces were then used for immobi-
lization of a Cy3-labeled oligonucleotide (Cy3-cF3) comple-
mentary to the immobilized aF3 capture oligomer. Analysis 
of the Cy3 fluorescence signals (green spots in Figure 1B) 
revealed that no Cy3 signals were detected on either the 
noncomplementary capture oligomers aF4 or in the areas 
surrounding the DNA spots. This observation clearly indi-
cates that probe hybridization exclusively occurred due to 
specific Watson–Crick base-pairing. A comparative over-
view of hybridization signals is shown as green bars in 
Figure 1C. The signals observed for COP were as high as 
those of glass surfaces while the other materials revealed 
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lower fluorescence signals (COP > PC > PP). We observed 
that PS substrates did not yield reliable hybridization signals 
(right images, in Figure 1B), presumably due to instable sur-
face attachment of the capture oligomers due to incomplete 
silanization of the highly hydrophobic PS surface. In contrast, 
COP revealed highest hybridization efficacies despite the fact 
that lower amounts of capture probes were present on this 
material, as compared to PC and PP. Owing to the relatively 
low hybridization capacity of PP substrates, the further exper-
iments were carried out only with PC or COP substrates.

We then investigated whether DNA-directed immobili-
zation of proteins can be conducted on the DNA-modified 
polymer films using covalent DNA-streptavidin (DNA-STV) 
conjugates (Figure 2), which were synthesized as previously 
described.[36] Detailed information on the experimental pro-
cedures are provided in the Supporting Information. For an 
initial test, we coupled DNA-STV conjugate cF9-STV with 
a biotinylated mouse antibody directed against the cell sur-
face protein VEGFR-2 (vascular endothelial growth factor 
receptor 2), and the resulting conjugate cF9-STV-αVEGFR2 
was allowed to bind to arrays containing the complementary 
capture oligomer aF9 and the noncomplementary oligomer 
aF1 (negative control) installed on either COP, PC, or glass 

substrates. A Cy3-labeled antimouse IgG secondary antibody 
was used to enable quantification of the fluorescence signals 
with a microarray scanner. As shown in Figure 2B, bright 
green spots were observable in regular patterns on the sur-
faces, indicating both the presence and steric availability of 
the DNA-IgG conjugates. The absence of fluorescence on the 
sites containing noncomplementary aF1 oligomers clearly 
indicated that both the hybridization of cF9-STV-αVEGFR 
conjugate and the binding of the secondary antibody occurred 
only due to specific interactions. Quantification of the fluo-
rescence signals (Figure 2C) showed that the binding efficacy 
of the polymer substrates were comparable with those of the 
glass substrate. Indeed, COP showed even slightly higher sig-
nals than glass and PC and we therefore used exclusively this 
material for the next steps of our work.

We then tested whether the patterned DNA surface mod-
ification can withstand the microthermoforming process. To 
this end, we designed concave microfluidic channel systems, 
which can mimic the curvature radii of native vascular struc-
tures, such as arterioles and capillaries, and could therefore 
hold potential for biomedical applications. As illustrated in 
Figure 3, the DNA-modified polymer films were first micro-
thermoformed into half-channel structures. Specifically, the 
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Figure 1. Immobilization and hybridization of oligonucleotides spotted on planar polymer films. A) Polymer surfaces were activated by oxygen 
plasma treatment and subsequently functionalized using APTES and EPEG to generate reactive groups on the surface for immobilization of amino 
modified DNA. B) Representative images of Cy5 labeled capture oligomers (aF3, aF4, red dots) spotted as rectangular arrays as indicated in the 
top left microarray. Hybridization with a Cy3-labeled cF3 oligonuceotide led to formation of green dots. The upper and middle rows show the 
fluorescence determined at 635 nm (immobilized capture DNA) and 532 nm (hybridized DNA), respectively, the lower row shows the merged 
images. Scale bars are 2 mm. C) Quantification of fluorescence signal intensities obtained from the images in (B). Signals were normalized to those 
of the glass surface. The red and green bars represent Cy5- and Cy3-fluorescence signal intensities.
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Figure 3. Workflow and technical details of the DNA SMART technology. A) In a preprocess step, the chemically activated thin polymer films bearing 
epoxy groups were patterned by ink-jet spotting with two different oligonucleotides, indicated by blue and yellow spots. B) The DNA-decorated 
planar films were then microthermoformed into two half-channels which were then aligned and bonded to create microchannels with a circular 
cross-section (C, scale bar is 2 mm). The assembled microchannel was then integrated in a microfluidic mount (F, scale bar 250 mm), used to 
create a standardized chip-to-world interface for connection with a fluidic system where medium is actively pumped from a reservoir through the 
microchannel by a peristaltic pump in a closed loop circuit (H). G) The image shows the disassembled parts of the mount (scale bar 350 mm). As 
schematically illustrated in (D), the fluidic system was tested by hybridization of complementary DNA-STV conjugates functionalized with either 
biotinylated atto550 (green) or biotinylated atto647 (red) under continuous flow conditions. E) 3D image reconstruction of fluorescence images 
obtained with a confocal laser scanning microscope from a thermoformed microchannel after hybridization with the atto550- (green) and atto647-
labeled (red) DNA-STV conjugates (scale bar 500 µm).

Figure 2. DNA-directed immobilization (DDI) of proteins on the DNA-modified planar polymer films. A) Schematic illustration of the workflow. 
Binding of a biotinylated VEGFR-2 antibody to the covalent cF9-STV conjugate and subsequent hybridization of the formed conjugate with the 
immobilized capture oligomer aF1 on the surface. The surface immobilized antibody was visualized with a species-specific Cy3 labeled anti-mouse 
secondary antibody. B) Capture oligomers aF1 (green spots) and noncomplementary aF9 (indicated by empty circles) were spotted in alternating 
rows onto functionalized surfaces. Glass served as reference. Binding of the conjugate (cF9-STV-αVEGFR-2) was determined by the Cy3-labeled 
secondary antibody. Note that no Cy3 signals are visible at the aF1 spots. Scale bars are 2 mm. C) Quantitative fluorescence signal analysis of the 
microarrays in (B). Signals were normalized to those obtained from the glass surface.
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films were inserted and clamped in a home-built microthermo-
forming machine.[13] After heating of the COP film to its  
corresponding forming temperature, which typically is 
slightly above the glass transition temperature (for details, 
see the Experimental Section in the Supporting Informa-
tion), the films were 3D stretched into previously evacuated 
sheet-like micromolds. The mold was produced by mechan-
ical micromachining and comprised a single central slit-like 
aperture with a length of 34 mm and a width of 2 mm. The 
resulting two semicircular microchannels were then aligned 
and bonded together using a double-sided adhesive tape. 
By using PDMS (polydimethylsiloxane), the closed micro-
channel structure was embedded into a microfluidic mount, 
which served as a standardized chip-to-world interface for 
connecting the channel with the fluidic peripheral compo-
nents (Figure 3B,C,F,H). After curing of the PDMS, both 
ends of the microchannel were cut open to make the chan-
nel’s lumen accessible. The mount was made from PMMA 
(polymethylmethacrylate) and consists of a two-part frame to 
clamp the films and two connector parts containing standard 
female Luer connectors (Figure 3G).

The fluidic system allows to actively pump buffer or 
medium from a reservoir through the microchannel by a 
peristaltic pump in a closed loop circuit. It was used to test 
the availability of functional DNA capture strands inside 

the microchannel with a hybridization experiment under 
continuous flow conditions. To this end, a microchannel pat-
terned with an array of two different oligonucleotides (aF1, 
aF9) was flushed with a solution containing two complemen-
tary DNA-STV conjugates (20 × 10−9 m) labeled with either 
biotinylated atto550 or biotinylated atto647 dyes (cF9-STV-
atto550 and cF1-STV-atto647, respectively). The probes were 
allowed to bind to the microchannel’s wall under a con-
tinuous flow rate of 100 µL min−1 for 2 h. Subsequently the 
microchannel was analyzed with a confocal laser scanning 
microscope. Figure 3E shows a 3D image reconstruction of 
the fluorescence signals which clearly reveals the micropat-
terned structure of green and red spots indicating the specific 
hybridization of the cF9-STV-atto550 and cF1-STV-atto647 
probes, respectively, on the inner curvilinear surface of the 
channel. This result proved that the spotted microarrays of 
DNA capture strands were preserved upon the thermo-
forming process and were therefore be usable for immobili-
zation of DNA-protein conjugates.

We then tested whether our DNA-SMART technique 
allows to prepare microchannels modified with bioactive sur-
face features for specific capture of circulating living cells. 
For this purpose, a fluidic microchannel containing an array 
of three different oligonucleotides (Cy3-labeled aF1, unla-
beled aF5, and Cy5-labeled aF9) was prepared as described 
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Figure 4. DNA-SMART microchannels with bioactive surface features can be used for specific capture of living cells. An array of oligonucleotides 
containing Cy3-labeled aF1 (indicated by the green circles), unlabeled aF5 (blank circle) and Cy5-labeled aF9 (red) was spotted onto the epoxy 
functionalized COP film and thermoformed into a microchannel. The DNA array was then translated into a protein array using the preformed 
conjugates cF1-STV-αMIgG, cF5-STV-αCD81, and cF9-STV-biotin. Hoechst33342-labeled HEK cells were allowed to adhere to the microchannel’s wall 
under flow conditions for 30 min and fluorescence images were taken. A) Cy5 channel; B) Cy3 channel; C) blue channel to visualize Hoechst staining; 
D) merged images (all scale bars are 200 µm). Note that cells did only bind to capture spots containing the cF1-STV-αCD81 conjugate (empty circles). 
The images in (E) and (F) are 3D image reconstructions of the fluorescence images (scale bar: 200 µm). G–I) Time course experiments of selective 
cell adsorption within the microchannels bearing sections functionalized with conjugates cF9-STV-αCD81 or cF1-STV-αMIgG (scale bar 500 µm).
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above and initially functionalized by hybridization of three 
complementary DNA-STV conjugates (20 × 10−9 m each) for 
120 min. Specifically, one conjugate (cF5-STV-αCD81) was 
prepared from cF5-STV and a biotinylated antibody directed 
against the cell surface antigen CD81. The second conjugate 
was prepared from cF1-STV and a biotinylated goat-anti-
mouse antibody (cF1-STV-αMIgG) and the third conjugate 
was cF9-STV, which was saturated with biotin (cF9-STV-
biotin, Figure 4). The latter two conjugates both served as 
negative controls for cell capture. Subsequent to DDI of the 
three STV conjugates, Hoechst 33342-labeled, CD81-pos-
itive HEK (Human Embryonal Kidney) cells were allowed 
to bind to the biopatterned walls of the microchannel under 
a continuous flow rate of 800 µL min−1 for 30 min. Analysis 
of the channel by fluorescence microscopy (Figure 4A–F) 
clearly indicated that the specific capture of cells exclusively 
occurred on spots displaying the αCD81 antibody. In con-
trast, no cells were observable on the negative control spots 
or the surrounding area.

The immobilization capacity of the channel is directly 
proportional to the surface area covered with capture enti-
ties. Given the size of spots and array dimensions, about 20% 
of the surface in the above experiments is indeed presenting 
the capture reagents (ssDNA and antibodies). Therefore, to 
increase capture rates in order to evaluate the time depend-
ence of cell capture with our microfluidic device, we used a 
complete coverage of the channel’s inner surface with capture 
molecules. To this end, a microchannel comprising alternate 
sections of ≈2 mm length of the two oligonucleotides aF1 and 
aF9 was prepared as described above and functionalized by 
hybridization with the conjugates cF9-STV-αCD81 and cF1-
STV-αMIgG). HEK cells suspended in PBS (phosphate-buff-
ered saline) were then allowed to bind to the inner channel 
surface under a constant flow rate of 800 µL min−1 for 40 min 
(Figure 4G,H, see also Figure S1 in the Supporting Informa-
tion). Microscope images were taken every 5 min and the 
number of captured cells per 0.25 mm2 area was counted and 
plotted against the time (Figure 4I). The results indicated a 
linear increase of bound cells for ≈20 min which then leveled 
off and reached a plateau at around 40 min. It is particularly 
noteworthy that we also confirmed that the immobilized cells 
are alive and can be further cultured. Subsequent exchange 
of the buffer with cell culture medium allowed us to culture 
the adhered cells inside the microchannel for prolonged 
periods, which led to formation of an almost confluent mono-
layer of cells (Figure S1C,D, Supporting Information).

3. Conclusion

In summary, we have established the implementation of 
DNA-surface technology into microthermoforming of 
poly mer films. This DNA-SMART module allows to produce 
complex patterned 3D thin-walled microdevices, which can 
be readily functionalized with bioactive proteins by simple 
flow-through hybridization under mild conditions. We dem-
onstrated that selective immobilization of antibodies gives 
rise to microchannel structures which can be used for selec-
tive binding of living cells. This represents an important 

advance in the fabrication of fluidic devices for applica-
tions in biosensing or in cell culture to mimic vasculature. 
We would like to emphasize that the employment of DNA 
surfaces opens up new possibilities for the design of bioint-
erfaces by taking advantage of self-assembled DNA nano-
structures.[37] This allows to engineer additional functionality 
into the bioactive surfaces, such as well-defined nanoscale 
architectures of ligands to mimic generic properties of the 
extracellular matrix[34] or switchable units for drug release 
and adjustment of mechanical properties.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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