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Phospholipids are an essential component of biological
membranes, as their lyotropic liquid-crystalline nature en-
ables them to self-assemble into two-dimensional bilayer
sheets under physiological conditions.! Micro- and nano-
scopic heterogeneities, such as lipid rafts®®* and focal adhe-
sions,™! are vital to the biological function of lipid bilayer
membranes. Lithographically patterned phospholipid mem-
branes can be used as cell-surface models’® and have been
used in several applications, including biochemical sensors,”!
drug screening and delivery,™® the analysis of cell-cell inter-
actions,*!”! and to address fundamental biological questions
in membrane trafficking."! However, in order to create
model systems that are capable of mimicking the structural
complexity of biological membranes, a method is necessary
that allows both high-resolution patterning and parallel de-
position of different phospholipid materials over large areas.
Here, we demonstrate that a new, noncovalent modality of
dip-pen nanolithography (DPN) is a suitable approach for
the rapid fabrication and integration of large-scale phospho-
lipid nanostructure libraries on a variety of substrates. This
method provides a lateral resolution down to 100 nm and an
areal throughput of 5 cm*min~".

Previously, micropatterned lipid bilayers on solid sup-
ports have been prepared using several approaches. A mi-
croarrayer that deposits nanoliter droplets of phospholipid
solutions can be used to create arrays of supported lipid bi-
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layers which are physiologically fluid and can thus be ap-
plied to mimic the behavior of natural biomembranes.”) Mi-
crocontact printing and related soft lithographic techniques
have also been used to create arrays of supported lipid bi-
layers.'” This technique was used to investigate the binding
of a protein (annexin V) and an anti-inflammatory drug (ni-
mesulide) with supported lipid bilayers.” Diffusion barriers
within a single bilayer can be created by patterning the sub-
strate underlying a supported lipid bilayer using photo-
lithography.”¥ When this technique is combined with the
high lateral resolution of scanning-probe lithography, two
lipids of different composition can be integrated by a nano-
grafting method to achieve pixel sizes of 1 um, although
only in a serial process.'*!

Microdomains play important roles in the in vivo func-
tion of biological membranes. For instance, protein cluster-
ing on a length scale of 5-200 nm takes place within the
focal adhesions that govern cell-surface interactions and
motility.”! The exact size of lipid domains in biological
membranes, collectively referred to as lipid rafts, is still a
matter of debate, although most agree that they are sub-mi-
crometer in size.”» A method that allows both high-resolu-
tion patterning and parallel integration of different phos-
pholipid materials is lacking, yet necessary for the fabrica-
tion of model systems that are capable of mimicking these
complex biological membrane patterns.

DPN makes use of an atomic force microscope tip to di-
rectly deposit molecular inks onto a surface, reproducibly
allowing line widths below 20 nm in the case of alkanethiols
on gold.™! The ability for DPN to operate under ambient
conditions makes it particularly well suited to the fabrica-
tion of biomolecular arrays. This unique capability has been
demonstrated by the fabrication of DNA and protein arrays
with sub-100-nm lateral resolution.'”*¥! The fabrication of
small spot sizes locally concentrates the analyte, which en-
ables the detection of very low bulk analyte concentra-
tions."”! Importantly, DPN has an advantage over other
types of lithography in that many different chemical func-
tionalities can be integrated onto a single surface!® without
the risk of feature cross-contamination, as in the previously
used indirect methods.™ Since the line widths and spot
sizes in DPN are independent of the contact force of the mi-
croscope tip on the substrate, the technique can be readily
carried out in parallel with arrays of cantilevers over centi-
meter length scales.”*2!]

We found that the phospholipid 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC, T,,=-16.5°C) is a suitable ink
for DPN under humidity-controlled conditions.”” The phase
behavior of this compound is well characterized as it is a
standard model system for unsaturated lipid bilayer mem-
branes.” At room temperature and the humidity range
used in this work (40-95%), the compound is in the lamel-
lar liquid-crystalline (L,) phase.?**! The head-to-head spac-
ing for a single bilayer of DOPC in the L, phase has been
measured to be 3.53 nm by X-ray diffraction,”® and temper-
ature-controlled atomic force microscopy (AFM) of phos-
pholipid bilayers in this phase shows 3.4-3.6-nm steps.””
Consistent with those measurements, we observe step
heights of (3.4+0.2) nm in AFM topographical images of
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the DPN patterns (see Sup- A
porting Information, Fig-
ure S1). The humidity is the
most critical parameter in
both the coating of the tips
and the DPN writing of
DOPC. An atomic force mi-
croscope tip can be reprodu-
cibly coated with DOPC at
room temperature by placing
the tip in contact with the
pure material while it is suffi-
ciently hydrated. Under am-
bient humidity (30-50%),
the ink does not flow onto
the tip. However, at a higher
humidity (>70%), the phos-
pholipid ink becomes suffi-
ciently fluid and readily coats
the tip.

While most ink—substrate combinations used for DPN
make use of covalent binding between the ink and the sub-
strate, this approach is undesirable for the patterning of bio-
mimetic phospholipid membranes, because covalent links
between the lipids and the surface prevent lateral mobility
within the lipid bilayers.*?*) However, owing to the amphi-
philic nature of the phospholipids, it is possible to use physi-
sorption as a driving force for the ink transport from the tip
to the surface. We have been able to use this technique to
reproducibly generate DOPC patterns on silicon wafers,
glass slides (either untreated or made hydrophilic by treat-
ment with oxygen plasma), evaporated metal films, and hy-
drophobic polystyrene cut from petri dishes.

Rather than spreading laterally over the surface to form
a monolayer like covalent DPN inks, the phospholipid ink
tends to stack three dimensionally on the surface. However,
when left at high humidity for extended periods of time
(e.g., 90% for 1hour), the multilayer stacks will slowly
spread on hydrophilic or hydrophobic surfaces to form a
thin, homogeneous layer (data not shown). We therefore at-
tribute this stacking effect to the slow spreading kinetics of
the phospholipids in air. The
heights of the DOPC fea-
tures measured by AFM ex-
hibit a strong correlation
with the tip velocity and the
relative humidity (Figure 1).
A reflection-mode micro-
graph of DOPC films depos-
ited from an atomic force mi-
croscope tip onto plasma-oxi-
dized silicon by scanning
S-um areas at various speeds
exhibits different colors for
each deposited square, a con-
sequence of optical interfer-
ence due to different film
thicknesses (Figure 1 A).
AFM measurements show a

www.small-journal.com

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

B ®70% Relative Humidity
100 4 I I ® 45% Relative Humidity| 30
804 425 g
x 3
E 60 4 1% g
5 I ” {15 &
8 401 @
== 110 2
04t T =5 °
- x
04 « 40
0.25 0.5 1 2 4

Scan Speed / pm s

Figure 1. Control of multi-bilayer stacking. A) Reflection-mode optical micrograph of phospholipid
squares patterned on plasma-oxidized silicon at various speeds; scale bar: 5 pm. B) The height of phos-
pholipid multilayers (and the corresponding number of bilayer stacks) measured by AFM is plotted as a
function of scan speed (on a logarithmic scale) at two different relative humidities. Error bars represent
the standard deviation between the heights of eight different cross sections of a single square.

linear dependence of the film thickness on the logarithm of
the tip velocity (Figure 1B). This trend is analogous to the
lateral diffusion observed in conventional covalent DPN.”
The relative humidity plays an important role, both in the
inking of the tip and in the multilayer stacking during writ-
ing. It is therefore likely that both the hydration-dependent
phase behavior of the phospholipid ink®” and the water me-
niscus condensed between the microscope tip and the sub-
strateP? govern transport of the phospholipid ink.

By careful optimization of the scan speed and relative
humidity, we were able to control the thickness of the mate-
rial deposited to that of a single bilayer (Figure 1A) with
line widths down to (93+18) nm, as determined by AFM
(see Supporting Information, Figure S2). A fluorescence mi-
crograph of a serially patterned array of 25 features of
DOPC doped with 1 mol% of a rhodamine-labeled lipid
shows that one can routinely prepare features consisting of
contiguous lines (Figure 2). Structures with two different
dye layers (the green pattern being DOPC doped with
1 mol % of a 7-nitro-2,1,3-benzoxadiazol-4-yl (NBD) labeled
lipid) on the same substrate were also fabricated by serial
DPN (Figure 2C). Since the physisorbed patterns are swept

Figure 2. Fluorophore-doped phospholipid patterns deposited onto a polystyrene petri dish. A) An array
of 25 contiguous line features. B) A higher magnification of the region highlighted by the white square
in (A). Lines corresponding to the path of the atomic force microscope tip can be seen within each
square; the line widths are 250 nm. C) Two-component pattern created serially by using two different
tips inked with phospholipid doped with two different fluorescent dyes. Scale bars: 5 pm.
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away when imaged in contact mode, nanoscale alignment
marks using the same tip for DPN writing and imaging
could not be used. Therefore, optical alignment marks were
used to align the different tips, which resulted in a misalign-
ment of about 2 um between the two layers.

A major advantage of DPN over other lithographic
techniques is that different inks can be simultaneously de-
posited from different atomic force microscope tips in a
single array, provided that the two inks can write under the
same environmental conditions (if this is not the case, then
active pen arrays become necessary to deposit the different
materials in series®*). This method is used to test the flu-
idity of the DOPC patterns (Figure 3). In this experiment,

small

ing squares of different composition by drawing a fine line
of the same ink. Upon connecting the squares, the fluores-
cent dye diffuses into the pure lipid squares, which indicates
that the phospholipid patterns retain their fluidity at humid-
ity levels >40% (Figure 3D-F).

DPN is well suited to large-scale parallel deposition of
lipid membranes, because the pattern dimensions are inde-
pendent of the contact force of the microscope tip on the
substrate. To illustrate this, a two-dimensional cantilever
array consisting of 55000 tips was used to simultaneously
pattern over a surface area of 1cm?® (Figure 4). Each tip
wrote “INT” three times at 70 % relative humidity and the
total writing time required was only 12 seconds. This surface

was later immersed in pure
water, and the fluorescent

patterns were still visible in
the water after overnight

\ tip #2
¥ doped ¥, pure
[ |

\ tip #1

storage (see Supporting In-
formation, Figure S3). We at-
tribute the stability of the
multilayer patterns in water

to the partial wetting of
phospholipids on the sub-

Figure 3. Parallel writing of two different inks (fluorophore-doped and pure DOPC) as a test of membrane
fluidity. A) Schematic drawing of the heterogeneous ink pattern programmed to be fabricated in parallel
from a one-dimensional array of atomic force microscope tips. B) Bright-field micrograph of the phospho-
lipid squares (doped and pure) that were fabricated simultaneously. C) Fluorescence micrograph of the
same area in (B) showing that only the doped squares fluoresce. D) Schematic drawing of the pattern
fabricated to test the fluidity by connecting fluorophore-doped DOPC reservoirs with their neighbors of
pure DOPC. E) Bright-field micrograph of the connected squares (bottom) and an unconnected control
(top). F) Fluorescence micrograph showing that the fluorophore-doped lipid has diffused into the previ-
ously pure lipid square upon connection, which demonstrates the fluidity of the membranes.

Scale bar: 5 ym.

inkwells are used to coat every second tip in a one-dimen-
sional array with fluorophore-doped DOPC, while the other
tips are coated with pure DOPC. Figure 3 A shows a simple
pattern where each tip was programmed to deposit three
squares. Fluorescence is only observed from the patterns
created by every second tip, thus eliminating the possibility
of cross-contamination between neighboring tips (Fig-
ure 3B). Each square was then connected to the neighbor-
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strate. For this situation to
occur, the interfacial tensions
involved (solid/water, solid/
lipid, water/lipid) must be
such that spreading is ther-
modynamically unfavorable,
thus resulting in a nonzero
contact angle.

Upon exposure to water,
dehydrated phospholipids
are known to spontaneously
spread to form lipid mem-
branes on hydrophilic surfa-
ces.’*¥ We found the dehy-
drated multilayer patterns
formed by DPN to be suit-
able precursors for the for-
mation of such membranes.
Multilayer squares patterned
on hydrophilic glass (oxi-
dized by an oxygen plasma)
spread to form circles of ho-
mogeneous fluorescence in-
tensity, which eventually
fused with their neighbors.
Fluorescence recovery after
photobleaching (FRAP)
measurements on  mem-
branes connected to their neighbors showed complete re-
covery, which indicated the fluidity and connectivity of the
patterns (see Supporting Information, Figure S4).

In conclusion, the hydrated phospholipid DOPC can be
used as a universal ink for noncovalent patterning on a vari-
ety of surfaces, ranging from hydrophilic silicon to hydro-
phobic polystyrene. The lateral resolution spans the 100-nm
to several micrometer length scales, and the patterning can
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Figure 4. Fluorescence micrographs of phospholipid patterns fabricat-
ed in parallel using a two-dimensional cantilever array consisting of
55000 tips covering 1 cm”. A) Overview showing the pattering of a
large area; scale bar: 100 pm. B) A higher magnification of the area
outlined by the white square in (A); scale bar: 10 um. The substrate
here was a glass coverslip used as purchased, without further clean-
ing or treatment.

be carried out in parallel using cantilever arrays on the cen-
timeter length scale. Simultaneous writing of different inks
enables the precise alignment and integration of chemically
distinct phospholipid patterns. The resulting multilayer pat-
terns are fluid and stable on certain surfaces upon immer-
sion in water, while on other surfaces they can spread to
form supported lipid bilayer membranes. Furthermore, the
ability of DPN to fabricate and integrate arbitrary phospho-
lipid patterns of submicrometer line widths opens many new
possibilities in the design of membrane chemical heteroge-
neity (e.g., lipid raft arrays®”) and membrane structural
constructs (e.g., lipid nanotube-vesicle networks®®), where
it is desirable to create complex physical and chemical
membrane networks.

Experimental Section
The phospholipid DOPC and fluorophore-doped lipids 1,2-di-
oleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2,1,3-ben-

zoxadiazol-4-yl) (18:1 NBD/PE) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (18:1

www.small-journal.com

lissamine rhodamine/PE) were purchased from Avanti Polar
Lipids, Alabaster, AL, USA. Chloroform and dichloromethane sol-
vents were HPLC grade, from Sigma. Nanopure water with a re-
sistivity of 18.2 MQcm was used.

DPN writing and tip coating was carried out using a commer-
cial DPN writer (Nscriptor™) and the following accessories:
single tips of the Atype (S1), one-dimensional tip arrays of the
D type (A26), and inkwells of type W4 (Nanolnk Inc., Chicago, IL,
USA). The inkwells were filled with a chloroform or dichlorome-
thane solution of the phospholipid ink (1 pl, 10 mm, doped with
1 mol% of the dye in the case of doped inks). The solvent was
allowed to evaporate for at least 2 h before coating the tips. Tips
were inked by placing them in contact with the inkwell and in-
creasing the humidity to =95 % for at least 30 min.

The two-dimensional array was fabricated and aligned as de-
scribed.” The tips were inked using an ink pad prepared by
spin-coating the ink solution (0.5 mL) onto a glass slide at
1000 rpm. The array was aligned and placed in contact with an
ink pad. To facilitate the movement of ink onto the tips, a drop
(10 pD of water was placed on the corner of the ink pad and al-
lowed to spread through the phospholipid coating on the ink
pad.

Keywords:
atomic force microscopy - dip-pen nanolithography -
multilayers - patterning - phospholipids
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