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ABSTRACT: We demonstrate the use of dip-pen nano-
lithography (DPN) to crystallize proteins on surface-
localized functionalized lipid layer arrays. DOPC lipid
layers, containing small amounts of biotin-DOPE lipid
molecules, were printed on glass substrates and evaluated
in vapor diffusion and batch crystallization screening
setups, where streptavidin was used as a model protein for
crystallization. Independently of the crystallization system
used and the geometry of the lipid layers, nucleation of
streptavidin crystals occurred specifically on the DPN-
printed biotinylated structures. Protein crystallization on
lipid array patches is also demonstrated in a microfluidic
chip, which opens the way toward high-throughput
screening to find suitable nucleation and crystal growth
conditions. The results demonstrate the use of DPN in
directing and inducing protein crystallization on specific
surface locations.

Despite recent advances in experimental biophysical
techniques, such as nuclear magnetic resonance (NMR),

small-angle X-ray scattering (SAXS), and single-particle cryo-
electron microscopy (cryo-EM), X-ray crystallography remains
the most widely used method for protein structure determi-
nation. This method requires adequately sized three-dimensional
(3D) protein crystals of low defect density and high composi-
tional uniformity to obtain high-resolution diffraction data.1

Frequently, obtaining crystals remains an obstacle to solving
their structures.1,2 Alternatively, the atomic structure of
membrane proteins in their native membranous environment
can be determined using cryo-EM-based electron crystallography
on two-dimensional crystals, which are also not easy to obtain.3

As a model for protein crystallization, we selected streptavidin,
which finds wide use in molecular biotechnology due to its
extraordinary strong affinity for biotin and its ability to self-
assemble as two-dimensional (2D) crystals onto biotinylated
lipid surfaces under favorable conditions.4 Among the various
lipids that have been used to obtain 2D crystals, 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) together with biotinylated
lipids such as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(cap biotinyl) (biotin-DOPE) are particularly suitable due to
the remarkable fluidity of planar bilayers at room temperature
and their low phase-transition temperature, which facilitates the
lateral diffusion of bound streptavidin and its subsequent 2D
crystallization.5 A mixture of these lipids was selected for DPN-

writing the lipid layer patches. The epitaxial growth of 3D crystals
from 2D crystals onto lipid layers have been demonstrated
previously for streptavidin,4c,6 RNA polymerase II,6a and
lysozyme.7

We used DPN to create microarrays of functionalized lipid
patches to assist protein crystallization. DPN is a scanning probe-
based nanofabrication tool which allows soft-matter surface
patterning by taking advantage of the high resolution of the
atomic force microscopy (AFM) technique.8 Several ink
substrates can be “printed” by DPN, including small organic
molecules, organic polymers, metal salts, and also biological
polymers (such as proteins, lipids, and DNA). The parallel
printing of surface patterns with one or more ink substrates
characterized by different chemical functionalities is also possible
with DPN by using linear or 2D arrays of AFM cantilevers.8a,9

Non-covalent parallel patterning of DOPC fluorescently labeled
lipids mixtures on hydrophobic and hydrophilic surfaces by DPN
has been performed previously (L-DPN).10 Furthermore, the L-
DPN deposition of supported DOPCmembrane nanostructures
containing biotin- and/or nitriloacetic-capped lipids has been
shown to be a successful strategy for the selective deposition of
native or recombinant tagged proteins on glass11 or graphene.12

Applications of L-DPN for the production of biomimetic
patterns to be used as cell culture substrates11,13 or for
functionalization in biosensing and biocatalysis12,14 have been
demonstrated. The utilization of DPN as a crystallization tool has
been demonstrated for small organic molecules, i.e., pentaery-
thritol tetranitrate (PETN)15 and organic polymers, i.e., poly-DL-
lysine.16 However, DPN has not yet been used to assist protein
crystallization.
Here we demonstrate the use of L-DPN in the fabrication of

supports for protein crystallization, which consist of arrays of
chemically functionalized lipid patches. DPNwas performed on a
DPN 5000 system (Nanoink, USA) with cantilever arrays
consisting of 12 tips with either 66 or 100 μm pitch, depending
on the experiment (M-Probes, Nanoink, USA).The tips were
coated with lipid mixtures consisting of DOPC with either 5 mol
% addition of biotin-DOPE or 1,2-dioleoyl-sn-glycero-3-
phospho-ethanolamine-N-(lissamine rhodamine B sulfonyl)
(rhodamine-DOPE), respectively (all lipids from Avanti Polar
Lipids, USA). Generally, the first tip was coated with the
fluorescent mixture containing rhodamine-DOPE, the second tip
was left uncoated, and the other 10 tips were coated with the
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biotin-DOPE-containing mixture. In this way, writing of the first
two tips could be used as negative controls, while most tips were
writing lipid patches suitable for protein adhesion and
crystallization in parallel. The differently shaped features were
written by hatch lines of 500 nm pitch, allowing the single lines to
fuse and generate smooth membrane patches.17 Typical line
speeds for writing are between 5 and 10 μm/s with an
environmental relative humidity fixed to 25−35% depending
on the substrate to which the tips writing, resulting in smooth
and thin membrane stacks, as desired to minimize spreading
upon immersion in water.
First, the DPN-printed biotinylated lipid layers were used for

streptavidin crystallization by the hanging drop method.1 Glass
surface localized DPN printing of functionalized lipid layers
could have several advantages, including in situ protein pre-
concentration and purification, the use of different lipid
molecules for screening purposes, andfor difficult protein
crystallization cases such as membrane proteinsthe possibility
of using lipid-bound or embedded 2D crystals18 as crystallization
seeds. Epitaxial growth of streptavidin crystals on lipid layers
using the vapor diffusion method has been previously reported.6a

Screening for optimal precipitant (ammonium sulfate, AmSO4)
and protein concentration for the formation of 3D crystals on

DPN written patches gave in our hands similar results to those
previously reported:6a 1.3 M AmSO4 (32% of saturation
concentration) and 10 mg/mL buffered (50 mM Tris-SO4 pH
7.3, 100 mM NaCl) streptavidin solution. To obtain epitaxially
grown streptavidin crystals, we pre-incubated for a few hours
DPN-printed lipid patches on siliconized coverslips with 250 μg/
mL buffered (50 mM Tris-SO4 pH 7.3, 100 mM NaCl)
streptavidin solution to form 2D crystals.4d,6a,19

Second, we performed hanging drop crystallization on DPN-
printed patches. After 1 week of incubation at 20 °C, hundreds of
streptavidin microcrystals were found on the biotinylated lipid
patches (Figure 1). On one row of the lipid array, the patches
were spread and fused in one single layer. This resulted in a
continuous cluster of crystals, while tens of crystals formed on
single square lipid patches. This experiment demonstrated that
the plate-shaped microcrystals nucleated before and in a different
crystal form on the lipid patches than the one found in solution,
which had a prism-like shape. No crystals were found on the glass
surface in the absence of biotinylated lipids.
Streptavidin was also crystallized on DPN-printed lipids using

batch crystallization conditions.1 Batch crystallization allows easy
time-lapse microscopy imaging of protein crystal growth. In an
initial experiment, batch crystallization was performed on

Figure 1. Vapor-diffusion crystallization on DPN-printed biotinylated lipid layers: (a) 12×3 arrays of square lipid patches were printed on siliconized
glass coverslips; (b) the first column of each array was labeled with rhodamine-PE to facilitate observation by fluorescence microscopy (superposition on
a dark-field microscopy image is displayed). Crystals on the lipid patches after 7 days incubation: bright-field (c) and confocal microscopy (d). Crystals
were also observed in the zone below the square features (e), used to deposit lipid “dots’’ to remove excess ink from DPN tips.
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common coverslips in 40 μL chambers (Secure-Seal hybrid-
ization chambers, Sigma-Aldrich). The biotinylated lipid patches
were pre-incubated with a 250 μg/mL streptavidin concentration
to obtain surface nuclei. We obtained the best results again with
1.3 M AmSO4 but more than double the protein concentration
(25 mg/mL) as final conditions in the crystallization chambers
(Figure S1). Again, crystals on the L-DPN-printed surfaces were
the first to appear after overnight incubation at 20 °C, while other
crystals nucleated in the bulk solution in 1 day time.
The same conditions were applied for streptavidin crystal-

lization on lipid patches in quartz cuvettes, which allowed high-
resolution time-lapse laser confocal microscopy (LCM)
combined with differential interference contrast (DIC) micros-
copy20 (Figure 2). The shape and dimensions of the biotinylated
lipid patterns were varied during the DPN printing to investigate
the possible effects of these variables on the subsequent
crystallization process. The differences in the lipid layer shapes
did not seem to significantly affect the crystal growth behavior,
although the pitch of the array was not large enough to perfectly
determine the final influence of each shape on the number and
the dimensions of the crystals. Independently of the shape of the
patches, after a few hours one or more growing crystals could be
observed on the biotinylated lipid patches, expanding beyond the
limits of the lipid features. The printed lipids layers were very
stable during crystallization since the lipid patches showed
minimal spreading and deformation, even after a few days
(Figure S2 and Video S1). Furthermore, lipid layers without
biotinyl-DOPE were devoid of protein crystals, confirming the
specificity of biotinylated patterns in promoting crystallization
on the surface, even at relatively high protein concentrations.
Finally, we demonstrate that L-DPN-assisted protein crystal-

lization on lipid patches can be easily integrated into a
microfluidic chip. Microfluidics offers several advantages for
protein crystallization such as reduced sample size and easy
preparation, fine control over transport phenomena on the
microscale, and ease of scalability.21 Furthermore, X-ray-
transparent microfluidic devices that eliminate manual crystal
handling have been recently developed.22 Since in our approach
the crystals are attached to a substrate, the crystallization growth
conditions could be controlled dynamically, which allows
controlling kinetically protein crystal nucleation and growth.
By controlling the supersaturation in the channel, 2D nucleation
can be decoupled from the growth step. In this way, growth
toward large and high-quality crystals can be optimized, as was
previously demonstrated in free interface diffusion microfluidic
reaction chambers23 and microfluidic drop screenings.24

Localized protein crystallization could also facilitate the
fabrication of microfluidic−enzymatic biosensors25 (i.e., enzyme

crystal-based biosensors26), which could be integrated in lab-on-
a-chip systems.27

In themicrofluidic setup, the arrays were printed with the same
shapes as the ones designed for the batch crystallization
experiments in the quartz cuvette, but smaller dimensions and
larger distances between the lipid features were adopted (Figure
S3), which allowed evaluating accurately the effect of the size and
shape of the patches on the crystal morphology. 2D/3D
crystallization conditions were as used in the batch experiments.
Arrays of crystals were obtained (Figure 3 and Video S2).

Interestingly, we observed that the dimension of the square
features influenced the average dimensions of the crystals (the
bigger the features, the larger the streptavidin plates), while in the
case of the “INT-VUB” patterns, merged bundles of smaller
crystals were formed. It seems that larger lipid layers may
generate a higher number of crystallization nuclei, which merge
into a single 2D crystal and generate a larger epitaxially grown
crystal. On the other hand, a high density of small features (the
lipid “letters”) may act as isolated crystallization nuclei, resulting
in a higher number of densely packed smaller 3D crystals. These
results indicate that DPN-assisted crystallization, among the

Figure 2. Batch crystallization of streptavidin on biotinylated lipid layers. An array of lipid patterns (width: 50 μm for all patches, 25 and 13 μm for
smaller squares) was printed on the surface of a quartz cuvette (a). Crystals on the patterns after 5 days: bright-fieldmicroscopy (b), and LCM-DIM (red
rectangle), showing the 3D spiral growth mode. Time-lapse LCM-DIM imaging (c) (fluorescence images of rhodamine-labeled lipid layers on the left;
indicated are incubation times after the crystallization setup).

Figure 3. Streptavidin crystallization in a microfluidic sticky-slide VI0.4

chip (Ibidi) (a) in which arrays of biotinylated lipid patches were
printed. Negative controls: a nonbiotinylated, fluorophore-labeled lipid
(red symbols) column and a non-inked print zone (bracket). Overnight
incubation with 25 mg/mL streptavidin−AmSO4 solution (b) (see also
Figure S3 and Video S2).
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other advantages for crystallization, would allow tuning the
number and dimensions of the protein crystals. The lower limit
dimensions for the biotinylated lipid layers were 2.5 × 2.5 μm in
the case of the smaller square patterns, and 0.5 μm width in the
case of the letter patterns. However, it is likely that even smaller
patterns may promote crystal growth.
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