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ABSTRACT 

 
Nanopatterns are becoming increasingly popular in the 

field of bioscience and bioengineering because they provide 
novel tools to address biological problems. For example, 
protein nanoarrays not only enable molecular level statistics 
of binding events but also offer an increased sensitivity 
compared to microarrays.[1] Many techniques have been 
developed for the creation of nanopatterns.[2] However, 
sample preparation with most techniques remains prohibitly 
expensive for large area applications due to need for 
complex equipment and serial processes. With this work we 
aimed at developing a simple and inexpensive, but still 
versatile, nanopatterning technique with possible 
applications in the field of nano-biotechnology. 

To achieve patterns to address biological problems we 
have self-assembled micron and sub-micron sized 
polystyrene particles by dip-drying from aqueous 
suspensions. This technique allows us to achieve monolayer 
coverage in a large hexagonal lattice on flat surfaces. The 
particle patterns were then tailored by reactive ion etching 
to linearly reduce the size of the particles. It was possible to 
produce ordered polystyrene features of different sizes and 
separations by varying the etching time and initial particle 
diameter.  

The tailored particle patterns were then transferred into 
the substrate by etching creating nano-pillar arrays. These 
could be produced also with a chemical contrast, leading to 
e.g. TiO2 pillars in a SiO2 background. With a selective 
molecular patterning method[3] we further transferred the 
chemical contrast into protein and other self-assembled 
nanopatterns. In short; alkane phosphate self-assembled 
monolayers were created on the TiO2 nano-pillars by 
selective adsorption of the phosphates to the TiO2. In a 
second dip-and-rinse step the SiO2 background was 
passivated towards unspecific (protein) adsorption with 
poly(L-lysine)-graft-poly(ethylene glycol).[4] Such patterns 
were used for example for protein functionalization of the 
protein adhesive alkane phosphate SAM nanofeatures while 
the background remained protein resistant. 
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1 INTRODUCTION 
 
Many different patterning techniques for the micro- and 

nanometer range have been developed in the past 
decades.[2] In the beginning the main driving force was 
certainly silicon technology which pushed the size of 
integrated circuits down into the nano-world to create faster 
and more powerful computers. Later patterning became 
also for other fields, such as bioengineering, increasingly 
important.[5-7] Photolithography and e-beam lithography 
are two of the probably most important patterning 
techniques for micro- and nanopatterning.[8, 9] These so 
called conventional top-down techniques[7] however have 
the drawback of still being quite expensive, especially e-
beam lithography which is based on beam writing. Despite 
their high cost they find also application in bioengineering 
due to their very high reproducibility and pattern 
fidelity.[10, 11] Recently, emerging bottom-up approaches 
created a cost-effective alternative.[7] Here the structures 
are created by self-organization of very small building 
blocks. The most prominent bottom-up approaches to 
pattern surfaces are self-assembled particles[12-14] and 
block-copolymers[15]. These patterning techniques are 
very simple, don’t require cost intensive equipment and the 
created patterns have a high short range order.  

Especially when creating patterns used to address 
biological problems it is of great importance to keep the 
price of the single sample low. The reason is that often a lot 
of samples are needed to obtain statistically meaningful 
results. The low cost and the fact that bottom-up patterns 
may be generated in-house without special equipment make 
them very interesting to pattern surfaces for biological 
applications.[16, 17] Such patterns provide e.g. protein 
adhesive spots in a non-adhesive background. Creating a 
non-adhesive background is very important to obtain 
meaningful bio-patterns.[5-7] The area around the features 
to be functionalized with biological molecules has to be 
highly protein resistant.[11] Otherwise unspecific 
adsorption would cause bio-molecules to adsorb 
everywhere leading to a homogenously coated surface. 
Hence, molecules with non-fouling properties such as 
polysaccharides[18], phospholipid bilayers[19] or 
poly(ethylene glycol) (PEG)[18-20] are immobilized[21] or 
adsorbed in the background[4].  
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2 MATERIALS AND METHODS 
 

2.1 Creating a Particle Mask  

Particle self-assembly into hexagonal patterns was 
created via vertical deposition as shown in Figure 1 (a) 
using a computer driven linear motion drive (OWIS, 
Staufen, Germany). One by one centimeter pieces of a SiO2 
/ TiO2 (top layer) coated (magnetron sputtering; PSI, 
Villigen, Switzerland) silicon wafer (WaferNet GmbH, 
Germany) were hereby quickly immersed into an aqueous 
polystyrene particle suspension (carboxylated; 
Microparticles, Germany) and slowly withdrawn. To 
control the number of ordered layers on the substrate the 
particle concentration and the withdrawal speed were varied 
using 0.5, 1.0, and 2.0 wt% and 1.0, 2.5, 5.0, and 10.0 
µm/sec, respectively. Other assembly parameters such as 
temperature, humidity and liquid composition were kept 
constant. For the presented work the parameters where not 
only evaluated to obtain monolayers but also to create as 
large as possible domains of single crystals in the 
monolayers. The particles used in this study were 500 nm 
and 1.0 µm in size (diameter, CV < 3%).  

The hexagonal ordered particle patterns were then 
etched by reactive ion etching (RIE) (Oxford Instruments, 
Plasmalab 80 Plus, Bristol, UK). The parameter used to 
shrink the polystyrene particles were 50 sccm O2 and 50 
sccm N2 at 100 W and a chamber pressure of 100 mtorr. 
This generated a DC bias of 280 V. The samples were 
etched for 1 to 6 minutes, depending on the fraction to be 
etched. 

 
2.2 Pattern Transfer 

After shrinking the particles the etching parameters 
were changed to 95 sccm SF6 and 5 sccm O2 at 80 W and a 
chamber pressure of 100 mtorr. This generated a DC bias of 
38 V. The time was set to two minutes in order to etch the 
TiO2 in the surrounding of the particles down to the SiO2. 
Subsequently the particles were removed with ultrasound in 
acetone, rinsed with ultrapure water (Millipore, France) and 
dried in a flow of nitrogen. The surface was further cleaned 
from fluorine contaminations in a UV/ozone (UVclean, 
Boekel Industries, Inc.) for 30 minutes.  

 
2.3 Surface Modification - Creating Bio-
Relevant Patterns 

The resulting SiO2 (background) / TiO2 (pillar) contrast 
was then transferred into a biochemical contrast in three 
dip-and-rinse steps. First the substrates were immersed for 
16 hours in a 0.5 mM ammonium dodecyl phosphate (DDP) 
aqueous solution. It is known that DDP adsorbs selectively 
to TiO2 but not the SiO2.[22] Therefore it was possible to 
rendered the SiO2 background protein resistant by 
adsorbing poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-
PEG) for 40 minutes from a buffered (10 mM HEPES, 

pH7.4) 0.1 mM PLL-g-PEG solution. In the final step 
fluorescently labeled streptavidin (Alexa Fluor® 488; 
Molecular Probes, Leiden, The Netherlands) was adsorbed 
for 20 minutes from a buffered (10 mM HEPES, pH7.4) 20 
µg/ml streptavidin solution.  

 
2.4 Evaluation 

Scanning Electron Microscopy (SEM). Electron 
microscopy images were taken using a scanning electron 
microscope (Leo 1530; Zeiss, Germany). Before imaging 
the samples substrates were coated with a thin platinum 
layer.  

Atomic Force Microscopy (AFM). The atomic force 
microscopy images were acquired on the Nanowizard® I 
BioAFM (JPK, Germany) using non-contact mode in air 
(tip: force constant = 42 N/m, fo = 330 kHz; NanoWorld, 
Switzerland) 

Confocal Laser Scanning Microscopy (CLSM). All 
fluorescent microscopy experiments were performed on a 
confocal laser scanning microscope (LSM 510, Zeiss, 
Germany) equipped with an argon laser (30 mW, λ = 488 
nm), and the corresponding filter sets. All images were 
taken using 63x (oil, 1.4 NA) objectives (Zeiss, Germany). 

 
3 RESULTS 

 
Using a linear motion drive (Figure 1 (a)) large areas of 

hexagonal ordered mono- and multilayered particle crystals 
were achieved as shown in Figure 1 (b) and (c) for 500 nm 
particles. The two main assembling parameters particle 
concentration and withdrawal speed were tailored to create 
large single crystal domains in hexagonal ordered 
monolayers. The value of the parameters also depended on 
the particle size. 500 nm and 1.0 µm particles were 
assembled from a 0.5 and 2.0 wt% concentrated suspension 
at a withdrawal speed of 0.5 and 5.0 µm / sec, respectively. 

To tailor the size of the particles in the mask the etching 
time was varied. In Figure 1 (d)-(f) a series of 1.0 µm 
particles etched for 2, 4, and 6 minutes is shown. 
Such particle masks were then used to transfer the pattern 
into the substrate by changing the etching conditions as 
stated in Subsection 2.2. After the residues of the particles 
were removed pillars as shown in Figure 2 became visible. 
The patterns shown resulted from 500 nm particles first 
shrunk for one (a) and two (b) minutes in the polymer 
etching step and then transferred into the substrate in the 
oxide etching step. The line-scan in the AFM image (a) 
further gives information on the etching depth in the 
background which is in the range of 30 nm. The TiO2 layer 
had a thickness of 11 nm and is therefore completely 
removed in the background. Transferring the oxide contrast 
of TiO2 pillars in a SiO2 background to a biochemical 
contrast (see Subsection 2.3) resulted in protein patterns as 
shown in the fluorescent microscopy image below (Figure 
3). This pattern was created using 500 nm particles etched 
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Figure 1. A schematic illustration of the experimental set-up to create ordered particle layers using a linear motion drive is 
given in (a). As shown in the electron microscopy images (b) mono- or (c) multilayers were achieved on TiO2 substrates 
depending on the particle concentration and the withdrawal speed (500 nm particles). The image series (d), (e) and (f) shows 1 
µm particles assembled on TiO2 and etched for 2, 4, and 6 minutes, respectively. 

 
Figure 2. (a) Atomic force and (b) electron microscopy 
images showing the pattern transfer into the oxide substrate 
of shrunk 500 nm particles after particle lift-off. The line-
scan in the AFM image clearly shows that the TiO2 top 
layer of 11 nm was etched through completely. 

for 2 minutes in the polymer etching step. The green dots 
originate from fluorescently labeled streptavidin (AF488). 

 

 
Figure 3. Fluorescent microscopy image of a streptavidin 
(AF488) adsorbed to a hexagonal nano-pillar pattern 
created with 500 nm polystyrene particles etched for 2 
minutes. 
 

4 DISCUSSIONS 
 
Different assembling parameter settings were 

investigated to find the combination leading to the largest 
single crystal domains in particle monolayer. In the course 
of these experiments it was found that many combinations 
may lead to monolayer coverage when changing the 
particle concentrations opposite to the withdrawal speed. 
However, we observed the largest domain sizes when 
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driving the device at the lowest speeds possible. This is 
most likely due to the fact that good order needs time to 
take place. On the other hand sedimentation problems 
occurred especially with the 1.0 µm particles at lower 
speeds limiting the withdrawal speed to a minimum of 5.0 
µm / sec. 

Etching the particles to shrink them to any given size is 
possible with very good reproducibility. Nevertheless, it 
must be noted here that the shrinkage of the particles in the 
polymer etching step is limited to about one order of 
magnitude. In this etching step the underlying substrate was 
only very little etched or sputtered off. In 6 minutes less 
than 2 nm TiO2 was removed. In the subsequent two-
minute oxide etching step the polystyrene particles were not 
etched serving as a suitable etching mask. After the pattern 
transfer and the lift-off of the particles it was very 
important to remove fluorine residues in the UV/ozone to 
achieve bare oxides on the samples. 

The final step using alkane phosphates and PLL-g-PEG 
to functionalize the nano-pillars and the background, 
respectively, provided the basis for streptavidin patterns. 
Such protein patterns could also be produced with other 
proteins adsorbing to the hydrophobic nano-pillars.  

 
5 CONCLUSIONS AND OUTLOOK 

 
Particle self-assembly of micron and sub-micron 

particles was successfully used as a template to create 
protein nanopatterns. The linear motion drive was found to 
be highly useful for high reproducibility concerning the 
creation of particle monolayers. Furthermore, size and 
separation of the single particles were easily controlled by 
varying the etching time and initial particle diameter, 
respectively. The subsequent etching step in a fluorine gas 
transferred the structure into the substrate producing nano-
pillar arrays. We have also used smaller and larger particles 
in our lab which showed that the presented particle 
lithography technique is able to create hexagonal protein 
patterns of any size by only varying the initial diameter of 
the polystyrene particles and the etching time. 

The next step will be to functionalize the pillars on a 
single sample with different biological molecules to 
construct heterogeneous patterns. 
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