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The interaction of electromagnetic waves with matter can be
controlled by structuring the matter on the scale of the wave-
length of light, and various photonic components have been
made by structuring materials using top-down or bottom-up
approaches™>. Dip-pen nanolithography is a scanning-probe-
based fabrication technique that can be used to deposit
materials on surfaces with high resolution and, when carried
out in parallel, with high throughput®-8. Here, we show that lyo-
tropic optical diffraction gratings—composed of biofunctional
lipid multilayers with controllable heights between ~5 and
100 nm—can be fabricated by lipid dip-pen nanolithography.
Multiple materials can be simultaneously written into arbitrary
patterns on pre-structured surfaces to generate complex struc-
tures and devices, allowing nanostructures to be interfaced by
combinations of top-down and bottom-up fabrication methods.
We also show that fluid and biocompatible lipid multilayer
gratings allow label-free and specific detection of lipid-protein
interactions in solution. This biosensing capability takes advan-
tage of the adhesion properties of the phospholipid superstruc-
tures and the changes in the size and shape of the grating
elements that take place in response to analyte binding.
Fundamental photonic components can be generated from a
large variety of materials by top-down lithography or bottom-up
self-assembly. Examples include simple Bragg gratings!, stacks?
and two- or three-dimensional photonic materials*~>. A major chal-
lenge lies in the integration of multiple chemical functionalities for
the generation of more complex devices, including the readout
system, in a simple and efficient way. Top-down microfabrication
strives to fabricate smaller structures from a single material,
whereas the bottom-up approach seeks to assemble and integrate
small components into larger and more complex devices. Dip-pen
nanolithography (DPN) is a unique method of micro- and nanofab-
rication, as it is a direct-write method that allows the bottom-up
integration of a variety of materials (especially organic and biologi-
cal molecules) with both high resolution and high throughput”?.
Phospholipids are fundamental structural and functional com-
ponents of biological membranes that are both fluid and responsive
to external stimuli’. In the presence of water, phospholipids spon-
taneously self-organize to form liposomes (or vesicles), which are
widely used for a variety of biological and nanotechnological appli-
cations. For example, the physical chemistry of liposome adhesion
on surfaces is well studied as a model system for cell-surface inter-
actions and surface biofunctionalization in general'®. Furthermore,
liposomes have been used as nanoscale containers with attolitre to
zeptolitre volumes and networks for nanoscale transport of materials

between vessels'"!2, The loading of vesicles (for example, by surface
binding, encapsulation or intercalation) with a variety of biofunctional
materials such as drugs, nucleic acids and proteins is developed for
applications in delivery to biological cells'*!*. The structuring of
adherent phospholipid multilayers into arbitrary photonic structures
described here therefore provides a new approach for the fabrication
and observation of biomimetic nanosystems.

Fluid phospholipids such as 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC) are particularly well suited as biocompatible inks
for DPN because their viscosity, and corresponding properties of
ink transport between the DPN tip and substrate, can be readily
tuned by the relative humidity'®. They can therefore be used to
write on a variety of solid substrates (possibly pre-patterned)
without a specific chemical driving force or covalent binding to
the surface. Because they are biological molecules, a variety of func-
tional membrane lipids (both natural and synthetic) are readily
available and can be directly dispersed in the ink for the fabrication
of biofunctional structures. These different biofunctions can then be
simultaneously written onto the same substrate using different tips
in a parallel array, for example, by microfluidic inkwells or inkjet
printing, a method referred to as multiplexed DPN'6'.
Importantly, the self-organization properties of phospholipids
enable them to stack controllably into multilayer structures that
are used for optical diffraction, as shown schematically in Fig. 1.
The ability of lipid DPN to control the lipid multilayer height con-
structively'® is crucial to this development. With the exception of
capillary assembly'®, the majority of lipid patterning methods are
limited to single monolayers or surface-supported lipid bilayers®.

The quality of the structure can be rapidly characterized by illumina-
tion of the patterns in a way that allows observation of the diffraction
from gratings over large areas (Fig. 2), which can also be carried out
in situ during DPN fabrication, allowing rapid prototyping of photonic
structures. For example, in Fig. 2a, the period of the gratings was varied
between 500 and 700 nm, and the diffracted light of different colours
was detected by a simple charge-coupled device (CCD) camera
(optical spectra of the diffracted light are shown in Supplementary
Fig. S1). The different colours observed as a function of grating pitch
are described by the grating equation d(sin 6,, + sin 6,) = mA, where
d is the period of the grating, 6, and 6, are the angles of diffraction
maxima and incidence, respectively, m is the diffraction order,
and A is the wavelength of light. In our set-up, we use white incident
light and observe the intensity of light at 6, ~ 0° normal to the
grating plane. The colour observed depends only on the grating
period and 6,, which are adjusted to give optimal contrast with a
period of 600 nm illuminated at 6, ~ 70°.
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Figure 1| Schematic of the technique used to fabricate lipid multilayer
gratings. Parallel DPN tip arrays are used to deposit multiple lipids
simultaneously with controllable multilayer heights, laterally structured to
form arbitrary patterns (for example, diffraction gratings) with feature sizes
on the same scale as UV, visible or infrared light. In situ observation of the
light diffracted from the patterns can be carried out during DPN and used
for high-throughput optical quality control without the need for
fluorescence labels.

Correlating the grating topographies measured by atomic force
microscopy (AFM) with the intensity of light diffracted from the
gratings into the camera permits calibration of the observed

100pum

diffraction intensities (Fig. 2b,c). Figure 2c shows that, for gratings
with a period of 600 nm and ink composed of the pure DOPC,
the intensity of diffracted light increases linearly with grating
height up to 40-60 nm and then discontinuously drops off for
thicker gratings (because, beyond that height, the grating lines
fuse together to form a continuous film; Supplementary Fig. S2).
The variation in height along a single line is ~10% of the grating
height (Supplementary Fig. S3).

The constructive and parallel nature of DPN makes it uniquely
capable, at present, of integrating multiple materials on surfaces
that have been pre-structured by top-down lithographic methods
for complex device fabrication. As an example, we fabricated func-
tional waveguide grating couplers®® by direct DPN patterning of
DOPC multilayer gratings onto waveguides as shown in Fig. 3.
The waveguides were formed on poly(methyl methacrylate)
(PMMA) surfaces by exposure to deep ultraviolet light through a
chromium mask?'. A lipid grating with a period of 700 nm was
defined on top of the UV-induced PMMA waveguide with the
lines perpendicular to the waveguide. Light from a supercontinuum
laser source (Koheras SuperK Versa) with a spectral emission range
of A =500-800 nm was coupled into the waveguide through an
optical fibre. Supercontinuum laser light of different wavelengths
was decoupled under different angles by the grating coupler, as
shown in Fig. 3b,c and Supplementary Video SI.

Advanced photonics applications demand the integration of
multiple functional materials on micro- and nanoscopic scales
and in arbitrary geometries?>?*. To demonstrate the qualitatively
unique ability of DPN to address this challenge, we used multi-
plexed DPN' to write two different fluorescently labelled lipids sim-
ultaneously on pre-structured waveguides. Figure 3d shows two
different gratings simultaneously fabricated from two different
tips in a parallel array dipped in inks doped with 1 mol% of
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Figure 2 | Optical and topographical characterization of the gratings. a, Optical micrograph of light diffracted from gratings of different period that were
fabricated in parallel with a one-dimensional tip array® on a poly(methyl methacrylate) surface. Each tip wrote five gratings with periods ranging from 500 to
700 nm in steps of 50 nm (top to bottom). b, AFM topographical image of a grating with a period of 600 nm and height of (29+3) nm. ¢, Correlation
between the grating heights (measured by AFM) and the measured intensity of light diffracted from gratings with a period of 600 nm. The grating efficiency
steadily increases linearly to heights of (50+10) nm, after which the multilayer patterns fuse to form a continuous film that no longer diffracts light. A line is
fit to the linear region of the data and can be used for optical calibration of the heights. Error bars for the height measurement represent the standard
deviation in heights between different grating lines. d, Optical micrograph of the diffraction from the gratings in ¢ and their measured AFM heights.
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Figure 3 | Bottom-up and top-down integration of multimaterial waveguide
grating couplers. a, Schematic of the waveguide grating couplers. Light of a
supercontinuum laser source is coupled into a single-mode strip waveguide
and decoupled by the grating coupler. b,c, Photographs of the coupler at
30° and 45° from the surface normal, where the red and green portions of
the guided supercontinuum light are coupled to radiation modes,
respectively. d,e, Fluorescence overlay of red and green fluorescence from
two different fluorescently labelled lipids (red and green vertical lines)
integrated with a pitch of 2 um by DPN patterning on a waveguide
(horizontal green line visible because of autofluorescence).

fluorescently labelled lipids—rhodamine (red) and fluorescein
(green). Figure 3e shows two more gratings made with the same
tip array and inks, where the individual elements within a single
grating are composed of alternating materials. This capability of
DPN to control the placement of different materials selectively
within a structure opens new possibilities for the rapid prototyping
and fabrication of multicomponent photonic structures.

Finally, the structuring of lipids into photonic structures provides
a label-free method of observing dynamic structural changes in the
lipid multilayer morphologies. These changes can be understood in
terms of liquid adhesion to a solid surface where the lipid multi-
layers are essentially structured micro- and nanoscopic oil droplets
adherent on a surface?®. Three examples of shape changes that we
have observed are spreading, dewetting and intercalation of
materials into the multilayer structure, as schematically illustrated
in Fig. 4a. The drawings in Fig. 4a have been sketched to reflect
the well-documented tendency for hydrated phospholipid multi-
layers to stack on surfaces into ordered multilamellar bilayer

stacks?®® and for hydrophilic materials to intercalate themselves
between the hydrophobic multilayer sheets'*.

When patterned on surfaces, lipid multilayers are known to
spread spontaneously in aqueous solution to form lipid bilayer or
monolayer precursor films on certain substrates'*$-28, In air, the
phospholipid DOPC undergoes a hydration-induced gel-fluid
phase transition at a relative humidity of 40%, as observed by
humidity-controlled calorimetry and DPN!'>?. The multilayer
gratings therefore remain stable for long-term storage at low humid-
ity, but upon exposure to humidity higher than 40% in air, the mul-
tilayers become hydrated and fluid and therefore slowly spread on
the surface. This spreading can be observed both by fluorescence
microscopy in Fig. 4a and as a decrease in the diffraction intensity
(Supplementary Fig. S4b), irreversibly indicating the presence of
water vapour above 40% humidity.

Surprisingly, lipid multilayer gratings can remain stable in
aqueous solution for at least several days when immersed under
the appropriate conditions (Supplementary Fig. S5), permitting
study of the structural changes upon binding of biological molecules
such as proteins, which we have seen to result in the dewetting and
intercalation effects observed by fluorescence microscopy and
shown in Fig. 4c,d. For this purpose, we doped the DOPC ink
with 5mol% of a biotinylated lipid. The chemical structures of
these lipids are shown Fig. 4e. Fluorescently labelled lipids reveal
the multilayer grating lines to break into droplets upon exposure
to 50 nM of the tetravalent biotin-binding protein streptavidin
(Supplementary Video S2 and Fig. S6). Such dewetting or formation
of droplets from a continuous line drawn on a surface by a pen is a
common practical method of characterizing surface energies by
means of dyne pens®, and here we extend this method to the nano-
scale. A semi-empirical model of the dewetting based on a change in
droplet height as a result of increased surface tension of the oil-
water interface (for example, upon protein binding) is presented in
Supplementary Fig. S7.

Using both fluorescently labelled proteins and lipids, we were
able to observe intercalation of the proteins into lipid multilayers.
For example, in the experiment in Fig. 4d, lines of different multi-
layer heights were drawn with DOPC containing both a fluor-
escein-labelled lipid and a biotinylated lipid, as indicated by the
different intensities of the fluorescence from the different lines in
the green, ‘before’ image of Fig. 4d. Upon binding of Cy3-labelled
protein (red and green overlay image in Fig. 4d), the higher lines
can be seen to be significantly brighter than the lower lines,
suggesting intercalation into the multilayers after incubation
for 1 h. Further experiments using fused biotinylated squares of
different heights to bind streptavidin (Supplementary Fig. S8), as
well as the use of his-tagged green fluorescent protein (GFP) to
bind to gratings doped with his-tag binding lipids, confirm the
ability of proteins to intercalate themselves within the multilayers
(Supplementary Fig. S9).

The tendency for the lipid grating elements to change size and
shape upon protein binding, in combination with their optical prop-
erties and innate biofunctions, opens the possibility of a new, bio-
logically inspired mechanism for label-free protein detection.
Grating-based biosensors are well established and typically function
by detecting a spectral change upon analyte binding to the surface of
a biofunctionalized solid grating®'~**. Although the vast majority of
such sensors are made of solid materials, liquid diffraction gratings
formed from the directed condensation of water droplets onto
chemically patterned surfaces have been proposed as humidity
sensors as well as for fundamental studies in adhesion science.
The lipid gratings described here differ from the existing grating-
based sensors described above in two aspects. First, the biofunctions
can be incorporated directly into the phospholipid ink, eliminating
the need for further biofunctionalization steps of the transducer as
in the case of existing solid gratings. Second, in contrast to the
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Figure 4 | Lipid nanodynamics and protein detection. a, Schematics of the three effects observed here as a result of lipid adhesion with the substrate and
interaction with protein from solution. Green represents the lipid multilayers and red the protein. b-d, Fluorescence micrographs made with fluorescently
labelled materials for observation of the dynamic processes: lipid spreading in air after 5 min of exposure to humidity above 40% (b); dewetting of smooth
lines of biotin-containing gratings under solution to form droplets after 1 min of exposure to the protein streptavidin (c); intercalation of protein into lipid
multilayer grating lines of different heights after 1h (d). The top image is a fluorescence micrograph of fluorescein- (green) labelled lipid grating lines before
exposure to protein, and the bottom image shows an image of both red and green fluorescence channels overlaid after binding of a Cy3- (red) labelled
protein bound to the layers. Intercalation is indicated because the intensity of fluorescence from bound protein is proportional to the height of the lipid
multilayer. e, Chemical structures of phospholipids (1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and the biotinylated lipid 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl)) used as the DPN inks for fabricating biotinylated gratings for detection of the biotin-binding protein streptavidin, in
parallel with control gratings composed of pure DOPC. f, Label-free detection of protein binding by monitoring of the diffraction from gratings upon exposure
to protein at different concentrations. The decrease in diffraction intensity under these conditions is due to the dewetting mechanism.

condensation-based liquid gratings, the immiscibility of the adherent
liquid phospholipid droplets with water permits studies in bio-
logically relevant aqueous solutions®.

Monitoring the intensity of light diffracted from lipid multilayer
gratings on exposure to analytes permits optical detection of
protein binding without any fluorescent labels. For example,
Fig. 4f shows the optical response of biotinylated gratings upon
exposure to streptavidin protein at different concentrations. The
decrease in intensity is due to the dewetting mechanism, which
results in a lower diffraction efficiency. Our limit of detection of
5nM after 15 min is comparable to that of solid grating-based
sensors, which are typically diffusion limited at concentrations on
the order of ~5 nM (refs 31,32), but after incubation for 90 min,
we are able to observe significant dewetting of biotinylated gratings,
as compared to the pure DOPC control gratings, at a protein con-
centration of 500 pM (Supplementary Fig. S10). As the dewetting
detection mechanism depends on a change in surface energy, the
sensitivity for a particular analyte could be optimized by adjustment
of the sensitivity of the membrane tension to ligand binding, as is
the case in many cell-signalling processes and model membrane
systems'!. Furthermore, phospholipid bilayers are highly resistant
to non-specific protein binding, and we were therefore able to
carry out the same detection of protein added to fetal calf
serum (Supplementary Fig. S11 and Video S3). The response
of the grating to protein binding depends on the grating height;
higher gratings give the best response for protein detection at low

concentration (Supplementary Fig. S12). Therefore, observing a
quantitative concentration-dependent response requires use gratings
of equivalent height (35+ 5 nm as determined by diffraction inten-
sity calibration) for the experiment series shown in Fig. 4f.
Intercalation effects can also be observed by monitoring of dif-
fraction and correspond to increases in the grating volume and
therefore height (Supplementary Figs $9,512). For example, in the
case of streptavidin binding, dewetting and intercalation are
observed simultaneously for higher gratings at higher concen-
trations (for example, 500 nM and above), whereas only intercala-
tion is observed for the lower gratings (for example, Fig. 4d; see
also Supplementary Fig. S12). At lower streptavidin concentrations,
however, no response is observed for lower gratings, and only dewet-
ting is observed for the higher gratings. Another demonstration of
intercalation can be observed by diffraction on binding of a
his-tagged GFP protein to nickel-chelating lipid gratings, where
the diffraction intensity doubled (Supplementary Fig. S9). Upon
addition of imidazole, which releases the his-tag-bound protein,
the diffraction intensity could be seen to decrease, and the effect
was reversible. Although intercalation and reversibility of the fluid
grating response to analytes has so far only been observed for
higher, millimolar concentrations, where new sensor constructs
are hardly needed, the intercalation mechanism demonstrates the
possibility of expanding the dynamic range of disposable sensors.
Furthermore, the ability to observe analyte intercalation and de-
sorption from lipid multilayers provides a new, label-free method
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of characterizing loading and release conditions of liposomes for
delivery and nanoscale chemistry applications.

In conclusion, we have developed a process for the fabrication of
photonic structures composed of phospholipid multilayers. It allows
direct writing of arbitrary patterns, composed of multiple biocom-
patible membrane-based materials, on a variety of surfaces, including
pre-patterned substrates. The technique is useful for high-throughput
biophysical analysis with lipid-based photonic structures and novel
photonic sensing elements capable of label-free biosensing by
means of a dynamic shape change upon analyte binding. Higher
gratings that respond to analyte binding by a surface-tension change
are found to be suitable for detection of analytes at low concentrations,
whereas mechanisms based on intercalation of materials into the fluid
gratings can expand the dynamic range of sensing as well as provide a
new way to probe dynamic biomembrane function. The bottom-up
fabrication method and unique biophysical properties of nano-
structured lipid multilayers permits the integration of complex
and dynamic biophotonic circuits.
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published online 28 February 2010
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