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ABSTRACT 

Gradient patterns comprising bioactive com-pounds over comparably (in regard to a cell size) 
large areas are key for many applications in the biomedical sector, in particular, for cell 
screening assays, guidance, and migration experiments. Polymer pen lithography (PPL) as an 
inherent highly parallel and large area technique has a great potential to serve in the fabrication 
of such patterns. We present strategies for the printing of functional phospholipid patterns via 
PPL that provide tunable feature size and feature density gradients over surface areas of several 
square millimeters. By controlling the printing parameters, two transfer modes can be achieved. 
Each of these modes leads to different feature morphologies. By increasing the force applied 
to the elastomeric pens, which increases the tip−surface contact area and boosts the ink delivery 
rate, a switch between a dip-pen nanolithography (DPN) and a microcontact printing (μCP) 
transfer mode can be induced. A careful inking procedure ensuring a homogeneous and not-
too-high ink-load on the PPL stamp ensures a membrane-spreading dominated transfer mode, 
which, used in combination with smooth and hydrophilic substrates, generates features with 
constant height, independently of the applied force of the pens. Ultimately, this allows us to 
obtain a gradient of feature sizes over a mm2 substrate, all having the same height on the order 
of that of a biological cellular membrane. These strategies allow the construction of membrane 
structures by direct transfer of the lipid mixture to the substrate, without requiring previous 
substrate functionalization, in contrast to other molecular inks, where structure is directly 
determined by the printing process itself. The patterns are demonstrated to be viable for 
subsequent protein binding, therefore adding to a flexible feature library when gradients of 
protein presentation are desired. 

 

INTRODUCTION 

Bioactive patterns with different feature densities or feature sizes play an important role in the 
investigation of molecular processes of cells growing on these patterns.1−9 Furthermore, protein 
patterns are crucial for screening assays, e.g., in drug discovery,10 and ordered large area 
arrangements of bio-molecules are crucial for development and applications in 
biocatalysis.11−13 Large area patterns comprising gradients can allow parallel assays, screening 
the influence of pattern and feature design (shape, density, and size) for a biomaterial that exerts 
control over the cells’ interaction, growth, differentiation, and/or proliferation over a wide 
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parameter range within one experiment.4,14 Therefore, the material and time spent on individual 
experiments for the monitoring of cell response over the different density arrays can be avoided. 
Moreover, this approach provides similar environmental conditions for all parameters tested in 
parallel and increases the experimental throughput.15 Additionally, gradient patterns over larger 
areas are crucial in cell guidance experiments5 and migration assays. Overall, the substrate 
interface is of great importance in cell culture applications,16 and lipids in particular can be 
effectively used as a biomimetic cell interface.17 Therefore, patterning of lipids into gradient 
patterns becomes especially appealing for these kinds of applications. 

Polymer pen lithography (PPL)18 was introduced as a massively parallelized hybrid of dip-pen 
nanolithography (DPN)19 and microcontact printing (μCP).20 PPL utilizes the high-precision 
spatial control gained from the DPN setups with μCP like polymer stamps consisting of 2D 
arrays of pyramidal features in the tens of thousands on a square centimeter.21 DPN and PPL 
are both capable of multiplexing, i.e., the deposition of more than one component in parallel 
and within one surface pattern.3,22−28 The mild process parameters make the techniques 
especially interesting for printing biological materials, and in particular, DPN with 
phospholipids (L-DPN)29 spawned many applications ranging from functionalization of sensor 
structures,30 graphene,31,32 and optical circuitry33 to use in the biomedical context of research 
on allergy.3,34,35 While L-DPN has already found various applications,36 there are only a few 
studies on printing lipids via PPL, where it was used to demonstrate multicolor printing26 or 
for quantum dot printing.37 After transfer, the phospholipid inks self-assemble into orderly 
biomimetic membrane struc-tures.38 Ink transport in L-DPN is governed by a complex balance 
between diffusion through the meniscus and on the surface driven by concentration differences 
at the tip/meniscus and meniscus/substrate interfaces.39 Much less is known about the ink 
transfer process in printing lipids via PPL.40 Intuitively, one can see PPL as a hybrid 
combination of μCP and DPN. In contrast to force-independent DPN, now the elastomeric tips 
provide an additional control parameter on feature size and shape upon changing the applied 
stamping force through z-piezo extension.18,41 With more pen compression onto the substrate, 
a larger contact area of ink source is available,21 and increasing the size of the ink source in 
DPN increases the flow rate.42 Also, incrementing compression of the pens is expected to 
change the size of the condensed meniscus,43−45 or the meniscus of hydrated lipids,39,46 
respectively, thereby further influencing the ink transport.47,48 Particularly, in the case of lipid 
inks, the size and structure of the lipid molecules prevent diffusion of ink into the PPL stamp 
as observed for thiol based inks,49 and homogeneous patterning with negligible ink depletion 
over time was reported.26 

In PPL, feature size gradients can be introduced by tilting the PPL stamp in relation to the 
substrate,50 while feature density gradients can be generated even with a homogeneously 
spaced tip array by applying a writing strategy as usually used in PPL multicolor patterning.26,28 
Both approaches are schematically shown in Scheme 1.  
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Scheme 1. (a) Scheme of a tilted pen array for generation of feature size gradients, (b) writing 
procedure with a levelled (parallel to substrate) pen array to achieve feature density gradients, 
and (c) resulting patterns of the processes depicted in (a) and (b), respectively, a features size 
gradient (top) and feature density gradient (bottom). 

 

In the following, we will demonstrate both approaches in printing with phospholipid inks to 
generate size and density gradients of biomimetic lipid membrane stacks. Furthermore, we 
observe two distinct transfer modes for PPL with phospholipids that are controlled by the 
inking procedure, the interplay of smoothness and hydrophilicity of the substrate, and the 
amount of pressure applied to the stamp. The stability of the resulting patterns for applications 
in liquid is demonstrated by binding of protein to lipid features with specific binding sites. 

 

EXPERIMENTAL 

Phospholipids. All phospholipids employed in our experiments were obtained dissolved in 
chloroform from Avanti Polar Lipids, USA, and used as received. In this study, we have chosen 
as model ink 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), a well-known standard lipid 
for unsaturated lipid bilayer membranes, and widely employed as a lipid ink carrier in lipid 
mixtures. Being in the Lα liquid state in ambient conditions when hydrated, this amphiphilic 
ink allows full control of its diffusion, and therefore transport, by relative humidity under 
ambient conditions.51,52 The 20 mg/mL (25.4 mM) solution of DOPC was mixed either with 1 
mol % of the fluorescently labeled phospholipid 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(liss-amine rhodamine B sulfonyl) (Liss Rhod PE) to facilitate 
detection of the lipid membranes by fluorescence microscopy or 5 mol % of 1-(12-
biotinyl(aminododecanoyl))-2-oleoyl-sn-glycero-3-phosphoetha-nolamine (Biotin PE) for the 
generation of patterns used in protein binding experiments. 

Substrates. Two types of substrates were employed for the experiments, SiO2 SURFs and glass. 
SiO2 SURFs substrates (type “standard SiO2 SURF”, Nanolane, France) were used in order to 
analyze membrane structuration and spreading, as they are hydrophilic and optimized for 
surface enhanced ellipsometric contrast (SEEC) measurements (c.f., Optical Microscopy 
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section). SiO2 SURFs comprise a layer system evoking the contrast enhancement with a top 
layer of hydrophilic rendered silicon oxide layer (see Supporting Information Figure S1). As 
the outermost layer of the SiO2 SURFs is hydroxylated silicon oxide, these substrates behave 
in regard to surface chemistry similar to conventional, hydroxylated polished glass or 
hydroxylated silicon oxide surfaces.38 For the experiments, the SiO2 SURFs protective covers 
were peeled and the surfaces used as is for the printing experiments. The glass substrates 
(standard coverslips, VWR, Germany) were cleaned by ultrasonication, submerged for 10 min 
in chloroform, then for an additional 10 min in isopropanol and finally for 10 min in ultrapure 
water. After sonication, the substrates were dried under a nitrogen flow and used for the printing 
experiments. 

PPL Stamp Fabrication. The PPL pen arrays were prepared according to procedures as 
described in the literature.53 The hard PDMS polymer solution was prepared by mixing 3.4 g 
of vinyl-compound-rich prepolymer (ABCR, Karlsruhe), 18 μL of 2,4,6,8-
tetramethyltetravinylcyclotetrasiloxane (Sigma-Aldrich, Germany) and one drop of platinum 
catalyst (platinum divinyltetramethyl disiloxane complex in xylene, Gelest, USA). The 
polymer solution was stirred in a falcon tube and put in a desiccator at low pressure (0.8 bar) 
for 1 h to degas. An amount of 0.8 g (25−35% methylhydrosiloxane)-dimethylsiloxane 
copolymer (ABCR, Karlsruhe) cross-linker was then mixed into the h-PDMS solution, stirred, 
degassed again, and poured onto the silicon master comprising the pyramidal array structure. 
Standard microscopic glass slides (VWR, Germany) were cut to pieces slightly bigger than the 
stamp sizes in the Si-master. The glass slides were carefully placed on the filled master and 
pressed down to fill the inverted pyramids of the Si-master homogeneously and to remove 
remaining air bubbles. The PDMS polymer was cured overnight on a hot plate at 72 °C. Then, 
the residual PDMS was carefully removed from the side of glass and the stamp array was 
detached from the master by using a scalpel. 

Printing Process. All patterns were written with a NLP 2000 system (NanoInk, USA). 
Immediately before inking, stamps were treated with oxygen plasma (0.2 mbar, 100 W, 10 
sccm O2, 2 min, ATTO system, Diener electronics, Germany) to render the surface hydrophilic. 
The stamps were inked either by applying a 2 μL droplet of phospholipid ink directly to the 
stamp array with a pipet and drying with a nitrogen flow (in the overloading experiments) or 
(for the regular experiments) by spin-coating the same amount (30 s at 3500 rpm) to spread the 
lipid inks homogeneously and thinly. The polymer pen array (stamp) was glued onto a 
microscopy slide and mounted onto the tip holder. Two different pattern designs were used in 
this study. For the size gradient patterns, first an approach dot was patterned, to check the 
parallel alignment of stamp and substrate (levelling).26,28 Subsequently, the pen array was tilted 
by ∼0.03° with respect to the substrate with the internal controls of the printing setup. A 
detailed introduction to the procedure of tilted stamp PPL was published elsewhere.50,53 To 
allow for statistical average, a 3 × 3 dot scheme, each dot printed with a dwell time of 3 s was 
patterned at 70%RH. For the density gradient pattern, a 1 × 2 matrix was patterned manually 
(i.e., by positioning the stamp in x−y position by moving it appropriate distances in the control 
software, then letting the stamp approach the surface by the distance predefined in the 
alignment process, and after 3 s retracting the stamp for the same distance before navigating to 
the next x−y position to be patterned) with each step as shown in Scheme 1b at 50% RH. All 
RHs were fixed during the experiments and controlled within ±1%. 
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Protein Binding Experiment. Gradient patterns were generated as described above with a 
DOPC ink mixed by 5 mol % Biotin-PE to introduce functional protein binding sites. After 
writing the biotin-lipid ink in the same procedure as for the fluorescent ink pattern, the samples 
were incubated with 10% (w/V) bovine serum albumin (BSA) in phosphate buffered saline 
(PBS) for 10 min for blocking to avoid unspecific binding, followed by incubation 1% (v/v) of 
cy3-labeled streptavidin in PBS for 10 min. Afterward samples were analysed by fluorescence 
microscopy. 

Optical Microscopy. The fluorescently labelled surface patterns were imaged by an upright 
fluorescence microscope (Eclipse 80i, Nikon), equipped with a sensitive camera (CoolSNAP 
HQ2, Photometrics), a broadband excitation light source (Intensilight, Nikon), and a Texas Red 
filter set (Y-2E/C, Nikon). SEEC microscopy54,55 (SARFUS 3D-AIR setup, Nanolane), 
which can provide information on lipid membrane structural height and stacking down to 1.5 
nm height,38 was done on samples with doped and undoped lipid structures on SiO2 SURF 
substrates. Samples can be imaged fast (in comparison to atomic force microscopy (AFM)) 
with this technique, allowing for a picture of the membrane layered structures right after the 
printing process over the full areas of the substrates. 

Contact Angle Measurements. Static contact angles for glass and SiO2 SURF substrates were 
measured using an OCA-20 contact angle meter from DataPhysics Instruments GmbH. Glass 
samples were cleaned by sonicating with chloroform, isopropanol, and water each for 5 min. 
The SiO2 SURF samples were used directly after peeling the protective layer. The static contact 
angles of the samples were recorded at room temperature. For each measurement, three to four 
water droplets (meaning three or four measurements) with the same volume and rate (2 μL, 2 
μL/min) were dropped on the surface and the average value of contact angle was reported. 

Atomic Force Microscopy. For a high-resolution, detailed characterization of some 
representative features of the patterns on several samples, AFM was employed either on a 
Dimension Icon (Bruker, Germany) or on an MFP-3D-BIO AFM system (Asylum Research, 
USA) in tapping mode with HQ:NSC15/Al BS cantilevers (MikroMasch, USA) with 325 kHz 
nominal resonance frequency. All measurements were done in air under ambient conditions. 
Image processing and export was carried out in the respectively onboard software packages 
and WSxM.56 The roughness measurements were done on the Dimension Icon setup equipped 
with the same cantilevers as for imaging. The root-mean-square (RMS) average of height 
deviations with regard to the mean image data plane (Rq in the software) was extracted from 3 
× 3 μm2 images with the on-board software. 

Image Analysis. The software ImageJ257 in the Bio758 distribution was used for the perimeter 
to area ratio analysis. First, the AFM images were converted to 8-bit greyscale and thresholded 
in ImageJ2 canvas. Then, the “Analyze Particles···” tool was used to extract perimeter length 
l and area A values. The ratio l/A was then calculated for each feature and used in the analysis; 
all calculations and measurements were done in pixels.  

 

RESULTS AND DISCUSSION 

First, feature size gradients were generated by implementing the strategy of tilted PPL stamps: 
after careful alignment of the PPL stamp parallel to the printing substrate, an intentional tilt of 
0.03° was introduced,50 leading to a gradient in contact pressure of the individual pens along 
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the 5 mm × 5mm dimensions of stamp size. A typical outcome of such a printing procedure is 
shown in Figure 1.  

 

Figure 1. Fluorescence images from a feature size gradient on glass. (a) Overview image of the 
central part of the gradient pattern. Applied contact pressure is increasing from the bottom left 
to the top right. The overall gradient spans over 25 mm2. Scale bar is 300 μm. (b−f) Higher 
magnification images of different positions along the feature size gradient. Scale bars are 50 
μm. (g) Histogram of feature sizes in images (b) to (e). 

 

The overview image in Figure 1a (approx. 1.3 mm × 1.7 mm area) shows the central area of 
the feature size gradient with neatly decreasing feature size from top right to bottom left 
corresponding to decreased contact pressure, in agreement with reports of molecular inks.18,41,59 
The overall feature size within the whole gradient pattern (spanning a whole 5 mm × 5mmas 
defined by the stamp size) varies from 7.6 ± 0.8 μm to 2.3 ± 0.6 μm. To obtain exact data on 
feature size and height, AFM was performed on different parts of the patterns. 

In conjunction with the glass substrates, also SiO2 SURF substrates, commercially available 
substrates with a hydroxylized silicon oxide surface and a layer structure underneath optimized 
for ellipsometric microscopy (see methods and Supporting Information for more details) were 
used. Interestingly, the AFM showed profound differences in the shape of the features on glass 
surfaces and SiO2 SURF substrates (Figure 2): on glass samples, the features have a rougher 
circumference than on the SiO2 SURF samples.  
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Figure 2. AFM characterization of the feature size gradients. AFM images of the feature size 
gradient at different positions along the gradient (a) on the glass substrates and (b) SiO2 SURF 
substrates. Scale bars equal 20 μm. (c) Scheme of transfer modes for high, intermediate, and 
low contact pressure inside view (top row) and top view (bottom row). The lipid organization 
on the substrate (top row) and the resulting shape of the printed feature (bottom row) are shown. 

 

This can be quantified by calculating the perimeter length to area ratio for the features, which 
average 237.2 ± 41.5 pixels−1 for glass compared to 123.4 ± 18.5 pixels−1 for the SiO2 SURF, 
respectively, for the first three images presented in Figure 2 for each surface (the ones with the 
smallest features was excluded to prevent pixilation artifacts). Both surfaces are mildly 
hydrophilic (contact angle of 61.9 ± 3.3° for SiO2 SURF and 45.3 ± 4.2° for glass, respectively), 
with a slightly smoother surface on the SiO2 SURF (0.156 nm RMS) compared to glass (0.217 
nm RMS). The higher surface roughness on glass potentially lowering the mobility in the 
membrane60,61 seems to induce the anomalous surface diffusion on the glass. On hydrophobic 
surfaces, very flat surfaces like graphene32 also show distinctive differences in spreading to 
hydrophobic self-assembled monolayers62 or polymer surfaces.63 On both surfaces, features 
appear more square-like the higher the contact pressure gets. This indicates the transition from 
a mainly DPN-like mode that is best described as surface diffusion of the lipid membrane from 
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a point source, resulting in round features, to a more μCP-like mode, where the lipids are 
instead stamped to the surface and diffusion plays only a minor role compared to the main area 
of the features at the edges of the deformed pen apex. The square-like deformation of the pen 
apexes is here translated into the shape of the resulting lipid membrane feature. 

This switch in printing mode is also influenced by the surface type. When comparing feature 
height and area within the gradient on glass and SiO2 SURF substrates different behaviours are 
observed: While for the glass samples, feature height increases as contact pressures increases 
up to a certain point, after which the height starts decreasing, it stays constant for all features 
on the SiO2 SURF substrates (Figure 3a). At the same time, feature area increases with 
increasing pressure for both surfaces with similar rate (Figure 3b). The overall delivered ink 
volume per feature (Figure 3d) follows the combined trend of feature area and height, and so 
is continuously increasing with pressure in the SiO2 SURFs but reaching a maximum at middle 
range pressure for the glass substrates.  

 

Figure 3. Quantification of the feature topography in a feature size gradient sample as shown 
in Figure 1. (a) Feature height and (b) feature area along the gradient for standard glass and 
SiO2 SURF sample. (c) AFM profile lines of features along the gradient on the SiO2 SURF 
sample. (d) Average ink volume delivered to the sample within a feature. The x-axis in (a), (b), 
and (d) give the distance along a straight line from gradient pattern start (low pressure) to the 
end of the gradient pattern (high pressure). 

 

It should be noted that even though significant lipid volume is transferred in each feature, no 
ink depletion is occurring at the pen apexes, as ink can re-flow from the pen base and the stamp 
area located between the pens acts as ink reservoir. It was reported previously that no depletion 
occurs for at least up to 100 printed features.26 The height of the features on the SiO2 SURF 
samples is about 7 nm and compatible with two bilayers of lipids and a wetting (mono)layer 
underneath (Figure 3c). These layer heights and the implied layer organization are in agreement 
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with previous results for DPN deposited membranes and molecular dynamics 
simulations.31,38,64,65 Overall, this suggests, in addition to the pressure induced switch between 
more DPN-like and μCP-like transfer mode, that the change in pen shape also likely influences 
the hydration state of the lipids due to the accompanying change in meniscus, which strongly 
influences viscosity and transfer behaviour of the lipid ink.39,40,66 At lower contact pressure and 
DPN-like transport characteristics, the lipids (or hydrated lipid ink mixture) transport through 
the meniscus and fast surface spreading leads to flat and uniform membrane structures. At 
higher pressure, when ink transport mode switches to a μCP-like regime, the water meniscus 
volume at the rim of the deformed pen apex starts decreasing relative to the area directly under 
the deformed pen apex (eventually, at some point there is no free water anymore between 
deformed pen and substrate), and lipid molecules transfer mainly (in regard to feature area) at 
the contact area of the deformed pens. The remaining meniscus at the rim of the deformed pen 
apex leads to rounded edges of the otherwise now mainly square-shaped features. When less 
water is available for the hydration of the lipid ink, the surface spreading is hindered by 
increased viscosity,39 leading to the rise of feature height. Because in the more μCP-like 
transfer mode the deformed pen apex blocks ever-increasing parts of the feature from free 
transfer of lipids, this rise can only increase up to a certain threshold, after which feature height 
starts decreasing again, as most material is now redistributing to fill the hole left in the middle 
of the feature, where transfer was blocked (Figure 4).  

 

Figure 4. Scheme on high and intermediate pressure lipid transfer on glass. The deformation of 
the pen apex at high pressure (a) leaves a hole in the feature which is filled by spreading and 
lipid reconfiguration upon stamp retraction. However, in the intermediate pressure case (b) the 
deformation and resulting hole is smaller, which can lead to smaller but higher features in the 
intermediate pressure regime. 

 

In contrast, on the SiO2 SURF substrate, feature height stays constant, as the increased viscosity 
of the lipid ink that hinders spreading in the glass case is now compensated by the more 
homogeneous surface spreading. The role of surface spreading can also be seen within a single 



10 
 

   

printed gradient by overloading the stamp with ink before printing, leading to a much higher 
lipid transfer (Figure S2). 

Here, so much lipid ink is transferred to the substrate, that at the higher-pressure regions, the 
wetting monolayers (interfacing the hydrophilic substrate with the membrane stacks above it) 
of neighbouring features are actually merging, resulting in a continuous layer that is essentially 
now a hydrophobic substrate to print on. While highly hydrophobic and atomically flat 
substrates like graphene strongly promote lipid spreading,31,32 mildly hydrophobic and 
comparably rough surfaces as the hydrocarbon chains rather keep the membranes stacked on 
them in place.62 On the now hydrophobic, high-pressure parts of the sample, much higher 
features even approaching drop-like profiles can be observed, while on the low-pressure parts, 
where still enough substrate area is open to allow spreading, flat membrane stacks are 
prevailing (Figure S3). Another effect of the increased ink flow is the suppression of the μCP-
like transfer mode. Even in the highest-pressure part of the substrate, feature circumferences 
remain rounded in shape. Another interesting feature species can be observed when membrane 
spreading is not dominant (i.e., on glass samples) and high pressure is applied. Here, one can 
see that the rearrangement of the lipid is rather quick and sometimes already occurs during the 
retraction of the pen array, while the pen/meniscus is still in contact with the structures, as is 
evident by remaining x-shaped structures on top of some of the features (Figure S4).  

After having established the transfer characteristics for feature size gradients, we explored the 
feasibility of creating a feature density gradient by printing lipids via PPL. To obtain a large 
area feature density gradient as shown in Figure 5, 0.5 × 0.5 cm2 stamps were inked with a 
fluorescently labelled lipid mixture and stamped onto the substrates in the following writing 
strategy. The first subpatterns were generated as in a standard PPL print (left side of Figure 5), 
but then, the whole pen array was shifted by 1 mm in the x-axis. In the next round of printing, 
the additional set of subpatterns were created, while the left 1 × 5mm2 area of the previously 
patterned area remained unaltered. Subsequently, by repeating this printing scheme, the pen 
array generated the feature density gradient over the entire area as seen in Figure 5. Here, a 
uniform feature diameter of 3.6 ± 0.5 μm was observed over the whole pattern, with exception 
of some outliers with much larger sizes in the range 6 to 9 μm. These were probably caused by 
fluctuations in ink flow during the manual printing process. 
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Figure 5. Feature density gradient. The composite overview of 12 fluorescence microscopy 
images taken from the feature density gradient generated with fluorescently labelled lipid ink. 
Scale bar is 100 μm. The inset shows the feature diameter distribution throughout the area. 

 

To demonstrate that the gradient lipid pattern can be further functionalized, e.g., for use in 
protein presentation,3 we generated a bioactive feature size gradient pattern. For this, the lipid 
ink without any fluorescent labelling was doped with a modified lipid, bearing a biotin moiety 
on its headgroup. First, the resulting pattern is not observable in fluorescence. Lipid patterns 
written by L-DPN are generally stable over prolonged time periods in air when not exposed to 
high humidity,63 and can easily be transferred into liquid phase for experiments with several 
washing steps63,67,68 or even used in cell culture conditions.34,35 The lipid printed by PPL 
exhibits a similar quality: to demonstrate selective protein binding, such a prepared gradient 
pattern was incubated (after appropriate blocking steps) with a solution of fluorescently 
labelled streptavidin. As streptavidin shows a high affinity for biotin,69 it will self-assemble on 
the biotin bearing lipid pattern and make the pattern fluorescent. Figure 6 shows a typical image 
of a PPL printed biotin−lipid gradient pattern after the incubation procedure. The pattern now 
clearly emerges from the background due to the specific binding of the fluorescently labelled 
streptavidin. 
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Figure 6. Protein decorated feature density gradient. The composite image consists of 12 
fluorescence microscopy images taken from the biotin containing feature density gradient after 
incubation with streptavidin-cy3. Scale bar equals 100 μm. 

As streptavidin can be used as a generic linker to other biotin-labeled proteins, this strategy can 
generate arbitrary gradient patterns of, e.g., antibodies for screening applications or signaling 
proteins for assays in cell culture experiments, as L-DPN and PPL lipid patterns were already 
demonstrated to be stable enough for cell culture conditions,3,34,35 or use in protein 
crystallization assays.67 

 

CONCLUSSIONS 

PPL can be employed to generate several square millimetres spanning lipid feature gradients 
varying in feature size and density. Two different transfer modes in PPL with lipids were 
observed, one more resembling L-DPN and the other μCP. The switch between these transfer 
modes is dependent on the applied contact pressure, while the printing results in regard to 
feature height are modulated additionally by the substrate type. For SiO2 SURF substrates, 
constant height features with an area size gradient can be fabricated independently of the 
contact pressure on the specific pens, while on standard glass coverslips additional variation in 
feature height over the course of the gradient can be obtained. The ability of transfer mode 
selection arises thanks to the particular attributes of phospholipids, as compared to molecular 
inks, concerning their assembly and spreading behaviour. Ultimately, choosing the right 
printing parameters, along with a controlled inking procedure resulting in a homogeneously 
thin lipid ink coverage on the PPL stamp, allows full control on the ink transport, being capable 
of printing membrane like structures of different lateral sizes while having a height resembling 
biological membranes. These lipid membrane patterns could be useful for gradient presentation 
of functional lipid mixtures or in experiments on lipid membrane organization. By introducing 
biotin-bearing lipids into the ink, proteins can be selectively immobilized on the lipid gradient 
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pattern. More complicated sandwich systems can be constructed over streptavidin conjugation, 
allowing virtually free choice of protein (or other biotinylated compounds) for presentation on 
the pattern. Therefore, the resulting gradient patterns enable many experimental options for 
experiments in cell signalling and cell migration assays. 
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