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ABSTRACT: The creation of biologically inspired artificial membranes on
substrates with custom size and in close proximity to each other not only provides
a platform to study biological processes in a simplified manner, but they also
constitute building blocks for chemical or biological sensors integrated in
microfluidic devices. Scanning probe lithography tools such as dip pen nano
lithography (DPN) have opened a new paradigm in this regard, although they
possess some inherent drawbacks like the need to operate in air environment or the
limited choice of lipids that can be patterned. In this work, we propose the use of
the fluid force microscopy (FluidFM) technology to fabricate biomimetic
membranes without losing the multiplexing capability of DPN but gaining flexibility
in lipid inks and patterning environment. We shed light on the driving mechanisms
of the FluidFM mediated lithography processes in air and liquid. The obtained
results should prompt the creation of more realistic biomimetic membranes with

FluidFM

vesicle fusion

arbitrary complex phospholipid mixtures, cholesterol, and potential functional membrane proteins directly patterned in physiological

environment.
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1. INTRODUCTION

Advances in nanotechnology have supported unprecedented
understanding of mechanisms occurring in living cells, such as
transport of molecules and ions across cell membranes,
detection of signals in cell communication,’ cell mechanics,”
and functionality of different proteins.”* Sophisticated nano
scale fabrication tools, as well as high resolution character
ization devices, have endowed the scientific community with
the capability not only to study natural cells but also to mimic
their behavior through the creation of artificial in vitro models
allowing us to study their fundamental properties in a
simplified manner.

In this context, supported lipid bilayers (SLBs) with many
applications, e.g., in biosensing,s’6 device functionalization,”®
drug screening,9 as a DNA anchor,"? capture of extracellular
vesicles,"' and so on, constitute a very active area of research in
synthetic biology.'””"> The fabrication of these biomimetic
membranes is most commonly carried out by vesicle fusion
based techniques, but these offer only limited control over the
patterning process. Especially, site specific targeting, high
resolution, and multiplexing capabilities (having more than
one membrane constitution in a surface pattern at the same
time) are not achieved through this method. Furthermore, the
implementation of physiological conditions to preserve
membrane proteins and exosomes'®™"® (nanosized vesicles
excreted by cells) in their natural environment—where their

correct function is guaranteed—still constitutes an obstacle
that needs to be overcome.'”*’

Maskless lithography techniques like dip pen nanolithog
raphy with phospholipids (L DPN),”" micropipette based
approaches,”” microchannel cantilever spotting (uCP),*
microcontact printing (#CP),”* and polymer pen lithography
(PPL) with phospholipids™ have all shown different strengths
and weaknesses for the deposition of patterned SLBs in regard
to resolution, throughput, and feasible compositions. When it
comes to high resolution and multiplexing, L DPN stands out.
This atomic force microscopy (AFM) setup based approach
allows depositing nanosized elements with spatial resolution
below 100 nm by transferring phospholipid inks adsorbed on
the AFM tip through a water meniscus onto the desired
substrate.”® In addition to the high resolution, the technique
can write multiple different compounds in parallel and within
the same subcellular sized micropatterns (real multiplexing).””

However, L DPN struggles with creating membranes of
realistic composition for phospholipid mixture and protein
content due to inherent limitations. Its major drawback is that
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Figure 1. (a) Scheme of the FluidFM setup for patterning phospholipid inks. The inset shows a typical force—distance AFM curve used for force
feedback control during patterning. (b) Fluorescence image (combined FITC/Texas red channels) of a multiplexed lipid array deposited by
FluidFM. (c) KIT logo patterned with FluidFM, showing big spatial control capability. (d) High resolution lipid printing, showing an array of
10 X 10 features of approx. 1 ym diameter. (e) Lipid molecules integrated in the inks used in the experiments. Scale bars equal 100 ym.

it is generally performed in air (despite some isolated attempts
in the past to directly implement lithography in liquid,”® which
poses complications in processing and makes its wide adoption
not feasible). This means that the obtained phospholipid
membranes are inverted compared to biological membranes
(“tails out”, facing the hydrocarbon chains outward of the
membrane) and thus have to rearrange to their natural
configuration (“heads out”, facing the phosphate/glycerol
headgroups outward of the membrane) during immersion in
liquid for use in biological experiments.*”*’

Generally, 1,2 dioleoyl sn glycero 3 phosphocholine
(DOPC), an unsaturated phospholipid with a well adjusted
humidity dependent behavior during the L DPN process, acts
as a carrier ink.*?"*"** While other phospholipids can be
admixed to the DOPC to achieve specific functionality (e.g., as
binding sites, model allergens, or fluorescent markers) or to
obtain a more natural membrane composition, these admixings
are limited to a few mol % (depending on the specific
addition) before altering the writing behavior to an extent
prohibiting patterning via L DPN.*”*”

Recently, fluid force microscopy (FluidFM) has emerged as
a scanning probe lithography (SPL) technique that combines
the accuracy of force control positioning and the versatility of
microfluidics.””*> A microsized channel patterned in an AFM
cantilever creates a closed fluidic channel that allows
dispensing locally any chosen solution, while the applied
force with the tip is controlled through a standard AFM laser
detection system. As the FluidFM technology develops,®
many groups have started to harness the new perspectives

opened by it, from fluorescently labeled dye injection into cell
nuclei’’ to electrochemical patterning bg dispensing of the
electroactive species with high precision.’

To the best of our knowledge, in the work presented here,
we employ the FluidFM technology for the first time in the
creation of lipid patches, demonstrating the particular favorable
properties of this approach. This opens up new possibilities for
the creation of more realistic biomimetic membranes and
extends the capabilities of the other described soft lithography
techniques toward this cause. In particular, the FluidFM can
work as an alternative tool to fabricate functional supported
lipid biomimetic membranes, overcoming the described
inherent limitations of L DPN, without losing its multiplexing

capability.

2. MATERIALS AND METHODS

2.1. Preparation of Phospholipid Inks. The phospholipids,
dissolved in a chloroform solution, were purchased from Avanti Polar
Lipids. For most of the experiments, 1,2 dioleoyl sn glycero 3
phosphocholine (DOPC) was used as a model ink, with 1 mol %
fluorescently labeled Liss Rhod, to conduct to make it visible for a
fluorescence microscope. For some experiments, biotinylated Biotinyl
Cap PE was added to DOPC to obtain a concentration of 5 mol %.
To prevent degradation of the FluidFM probe microfluidic channels,
chloroform was evaporated in a desiccator and then the lipids were
resuspended in DI water. The new ink was sonicated for at least half
an hour to ensure good mixing and to obtain small vesicles below 50
nm. Finally, 25% volume of glycerol was added to the phospholipid
ink to increase the boiling point of the ink and prevent its evaporation
during the experiments. All other chemicals were obtained from
Sigma Aldrich (Germany) and used as received.



2.2. Preparation of Substrates and Contact Angle Measure-
ments. Generally, glass substrates were cleaned through a standard
procedure, by sonication in acetone, ethanol, and DI water
subsequently. To study the influence of the different substrates over
the patterning shape and printed area, (1) a hydrophilic substrate was
prepared by the standard cleaning procedure and subsequent
exposure to S min of oxygen plasma (200 W, SO sccm oxygen flow,
in an Atto system Diener Electronics, Germany) and (2) hydrophobic
substrates were prepared by cleaning the glass substrate, 5 min of
exposure to oxygen plasma, (i) immersion into (3 glycidyloxypropyl)
trimethoxysilan (GPTMS) (2 vol % in toluene) for 4 h or,
alternatively, (ii) immersion into 7 octenyltrimethoxysilane (10 vol
%) for 24 h and then washing through the standard procedure again.
The substrate hydrophilicity was then characterized through contact
angle measurements, by depositing a 2 yL water droplet onto bare
functionalized substrates at room temperature using an OCA 20
contact angle analyzer (Dataphysics, Germany).

2.3. FluidFM Nanolithography. The lipid writing was performed
using a FluidFM system from Nanosurf (Switzerland). Most
experiments were performed with a FluidFM micropipette (Cyto
surge, Switzerland), a tipless cantilever with an aperture of 8 ym at the
end, and a force constant of 2 N/m. For smaller patch patterning, a
nanopipette (Cytosurge, Switzerland) was chosen, with an aperture of
300 nm at the end of the tip and the same force constant. The probe
reservoir was loaded with 5 uL of ink before the experiments. Before
starting the experiments, a pressure of 1000 mbar needs to be applied
to fill the microchannels with ink. To perform the patterning in the
desired area, the spotting option of the Cytosurge software is used and
the desired applied force, pressure, and pulse duration parameters are
chosen. The maximum area that can be patterned at once enabling the
force feedback control is 100 X 100 um?® (corresponding to the
maximum scan range of the AFM head). After patterning in air, the
water and glycerol solvent spontaneously evaporate within a few
seconds. To ensure that the lipid patches are stable, characterization
measurements are performed 1 day after the sample fabrication. For
patterning in liquid, a 200 uL DI water droplet is placed on the
substrate and a 30 L water droplet is placed on the FluidFM probe.
When the scan head is mounted on the stage, a good water meniscus
needs to be achieved between the probe and substrate. After
lithography, no special treatment is needed.

2.4. Fluorescence Imaging. Fluorescence microscopy images
were obtained on a SARFUS 3D AIR microscope from Nanolane
(France) with onboard software Sarfusoft (Nanolane). The rhod
amine compatible Filter Set 71 (Zeiss, Germany) was used as a light
filter and a green fluorescent protein (GFP) compatible filter was
used for the biotin streptavidin binding experiment visualization.

2.5. Atomic Force Microscopy Imaging. AFM images were
performed on a Dimension Icon system (Bruker, Germany).
Measurements in air were done in amplitude modulation with PPP
NCHR model probes from Nanosensors (Switzerland), setting a
typical oscillation amplitude of 10 nm. The volumes were quantified
through careful data analysis and using the flooding option of the
WSxM software. Measurements in water were performed with a soft
AFM cantilever tip (PNP TR Au 20 model) from NanoWorld
(Switzerland).

2.6. Biotin-Streptavidin Binding Experiments. To prevent
nonspecific binding, the samples were incubated in a 10% bovine
serum albumin (BSA) solution from Sigma Aldrich (Germany) for 15
min. Subsequently, the BSA solution was removed and the sample was
washed several times. The sample was then incubated for 15 min with
a 1:200 streptavidin cy3 solution (Sigma Aldrich, Germany) in
phosphate buffered saline (PBS) and washed again.

All procedures were done at room temperature.

3. RESULTS

3.1. FluidFM with Lipids. A schematic of the FluidFM
setup is presented in Figure la. A tipless cantilever with an
internal microchannel mounted on an AFM setup allows

dispensing the prepared phospholipid ink with very high spatial

control onto the desired areas of the substrate. The system is
equipped with a force feedback control (laser and photodiode)
to ensure controlled tip—substrate contact during deposition
with nanonewton range force, avoiding damage to soft
substrates. A typical force—distance curve plotted before the
lithography process is shown in the inset.

While in classic L DPN, phospholipids are written solvent
free after coating of the DPN tip, in our approach, to allow
proper ink flow in the FluidFM microfluidic system, water
based ink formulations were used. In such aqueous environ
ments, the phospholipids arrange as vesicles.””** A small
amount of glycerol (20 vol %) is generally added to the
prepared ink to prevent evaporation and avoid tip clogging
problems, particularly when working in air. The ink is then
loaded into the reservoir and the lithography process is
triggered by applying positive pressure to the ink reservoir
connected to the microchannel.

Typical outcomes of FluidFM lithography with phospholipid
inks are displayed in Figure 1b—d. In contrast to classical
vesicle fusion methods to obtain biomimetic phospholipid
membranes,” it becomes immediately obvious that a high
spatial control over the patterned dot array is possible and even
multiplexing can be achieved. Although most of the results
presented in this manuscript are aiming at the 10—100 pm
range (being the most adequate size for many applications), for
obtaining smaller features, different FluidFM probes can be
used. Lipid dots of a few tens of microns of diameter (as in
Figure 1b,c) were obtained using a tipless cantilever with an 8
um aperture, while cantilevers with hollow tips and nanometer
range aperture at its end were used for patterns of smaller
diameter features, as shown in Figure 1d. In this case, the
process is governed by the high capillary force, as a result of
the narrow dimensions of the inner channel, which gives rise to
a stamping like transfer of the ink molecules to the substrate.
AFM characterization of small lipid dots can be found in
Supporting Information 1.

Notice that most of the systematic studies presented in this
work have been carried out utilizing a water based ink solution
with fluorescently labeled DOPC vesicles. All lipid molecules
used along the different experiments are summarized in Figure
le.

The next sections encompass a detailed study of the
lithography processes in air and liquid media, focusing on how
the experimental parameters, namely, applied pressure to the
reservoir and the duration of this pressure pulse, affect the final
feature size and impact the two lithography modes.

3.2. Lithography in Air Environment. 3.2.1. Determi-
nation of Threshold Pressure. Preliminary attempts to print a
DOPC vesicle ink revealed that there is a certain threshold
pressure value beyond which patterning is not possible. This
value is related to the resistance to expel the fluid out of the
cantilever aperture. In general terms, the ink flow is affected by
both the hydrodynamic resistance of the microchannel and the
aperture. However, the influence of the microchannel is
negligible in comparison to the aperture when operating in air
environment, where the liquid—air interface at the aperture
yields a high surface tension needing to be overcome for
successful printing. For different used inks, the threshold
pressure value to achieve printability varies according to its
physicochemical characteristics. To demonstrate that the
FluidEM technology is extensible to the patterning of lipids
and mixtures of different characteristics, different inks were
trialed and their threshold pressure value was determined. In



Section 2 of the Supporting Information, we exemplify the
procedure followed to calculate the threshold pressure using
our model ink DOPC to be 24 mbar.

The obtained threshold values are compared to those of
deionized water and a water/glycerol (80:20 vol %) mixture,
which is used as a carrier in all of the lipid inks (Figure 2). The
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Figure 2. Threshold pressure values for inks with different types of
phospholipid vesicles and pure solvents. All inks are mixed with 20 vol
% glycerol to hinder evaporation.

addition of glycerol to the mixtures is needed to avoid
premature evaporation of the ink when patterning in air,
resulting in clogging of the microchannel. The results evidence
that the water/glycerol mixture possesses the highest threshold
pressure value and that the addition of different lipids lowers
the pressure that we need to apply during the lithography
process.

The success in writing a complex mixture of lipids
constitutes a big step forward in the fabrication of biomimetic
membranes via SPL methods. It is important to stress here that
in other SPL and soft lithography methods, fluidity as well as
specific physicochemical properties are key for smooth tip—
substrate molecular transfer. In fact, since L DPN requires
dipping the probe into the fluid state phospholipid ink, any
phospholipid with gel—liquid transition above room temper
ature is challenging to pattern. In contrast, in the FluidFM
approach, a water based ink is used, where the desired
phospholipid mixture is suspended as vesicles. As the printing
of these vesicle inks is not relying on phase state, remaining
differences in surface tension of the inks can easily be
addressed dynamically by applying matching pressures. There
fore, arbitrary and complex phospholipid mixtures that more
realistically mimic real biomembranes can be patterned with
high spatial control.

3.2.2. Writing Mechanism. Unveiling the mechanisms
behind the lithographic process with the vesicle inks is
important to have full control over the lipid membrane stack
writing for features with customized size and shape. With this
purpose in mind, the writing parameters, namely, working
pressure and pulse length, have been assessed. Most
applications of biomimetic membranes require patch sizes in
the order of square micrometers; therefore, we focused our
experiments on a tipless cantilever with an 8 ym aperture.

In the following systematic experiments elucidating the role
of working pressure and pulse time, a water based ink
containing DOPC vesicles labeled with 1,2 dioleoyl sn
glycero 3 phosphoethanolamine N (lissamine rhodamine B

sulfonyl) (Rho PE) was used as a model. First, the pressure
during writing of the features was varied while pulse time was
fixed. For the series of patches displayed in Figure 3a, the pulse
time was set to 250 ms and the pressure was increased up to
400 mbar. As it becomes obvious from the fluorescence
microscopy images, the size of the patches increases with rising
pressure in an applied pulse, which acts as a driving force to
expel the ink droplet out of the tip aperture. Choosing a too
small pulse time might lead to irregularities, resulting in
different patches patterned at the same nominal writing
conditions.

Further experiments were conducted with a longer pulse
time. The lipid flow and the resulting feature area on the
substrate can be fitted by a linear relation (Figure 3c,d). It
should be noted here that the calculated flow is the pure lipid
flow as extracted from the feature volume measured by AFM
(an illustrative example is shown in Figure 3b), which differs
from the total ink flow, where water constitutes the main part.
Deviations from the linear curve can arise, especially at higher
pressure values.

Previous studies of self assembled molecular structures
conducted with other soft lithography techniques demon
strated that, while the feature volume is dependent on the
specific fabrication parameters, the area or shape of the feature
depends purely on its rearrangement as a result of its surface
energy on the substrate.’” A study on glass substrates with
different functionalizations is included in Section 3 in the
Supporting Information. Interestingly, on plasma cleaned
substrates with zero water contact angle surfaces, the lipid
dots keep a very high aspect ratio and do not spread—contrary
to that expected in L DPN pointing to the different writing
modalities for FluidFM. In contrast, on highly hydrophobic
substrates, the lipids tend to spread as a result of the formation
of inverse lipid bilayers. Figure 3d shows that the feature area
also follows a linear trend. Further data lead to the conclusion
that smaller feature volumes (<500 fl) result in a patch with a
shape closer to a truncated cone, caused by rearrangement in
the initially deposited ink droplet, while for volumes higher
than 500 fl, the phospholipid spreading becomes more
important, yielding more cylindrically shaped features. A
detailed discussion of this effect is included in Section 4 in
the Supporting Information.

To elucidate the effect of the pulse length on the process,
several experiments were carried out setting a constant
pressure of 30 mbar while varying the pulse time
(Figure 3e/f). As intuitively expected, longer pressure pulses
allow dispensing a larger volume of ink. The dependency of the
feature volume with pulse length is, as in the case of pressure,
also linear (Figure 3a), although here two differentiated
regimes are observed. In the first regime, at a smaller pulse
length, smaller feature sizes are achieved, but size increases at a
steeper slope. In the second regime, at longer pulses (>1 s), the
slope of the line decreases. The switch between the two
regimes takes place once the available free volume between
cantilever and substrate is filled, and the additional resistance
to displace the ink now trapped below the cantilever is slowing
down the ink deposition. Geometrical calculations yield an
estimated available volume of ~1800 fl below the cantilever.
The experimentally obtained value for the change in regime is
around 100 fl, which is an order of magnitude lower because it
represents the amount of remaining phospholipid, which
should be considerably smaller than the overall volume of the
dispensed ink.



25 mbar 30 mbar 100 mbar 200 mbar (b)

50 mbar 300 mbar

155 nm

400 mbar

Printing in air at increasing working pressures

3,0x10°

—
(o)
~—

2,5x10°
2,0x10%

1,5x10°%

Flow, Q (fL/s)

1,0x10°-

5,0x102

0 200 400 600 800
pressure, p (mbar)

(d) 5x10%1

—~

4x10%4

3x10°

Area, A (um?
L ]

2x10°- °

0 200 400 600 800
pressure, p (mbar)

Printing in air with increasing pulse length

—
M
S

200+

1504

1004

50

Volume, V (fL)

0 1000 2000 3000 4000
pulse duration, t (ms)

(f) 1.5x10%]

((‘\ [ ] L ]
£ 1,0x10%4 .
2 oo
< '
$ 50102 o !
< :

0,0{ e
0 1000 2000 3000 4000
pulse duration, t (ms)

Figure 3. Effect of working pressure and pulse length over the patch size for lithography in air environment. (a) Typical fluorescence microscopy
images of an experiment of lipid printing at increasing working pressure and a pulse length of 250 ms. Scale bar equals 50 ym. (b) AFM image of a
lipid dot topography. Scale bar equals 10 ym. (c) Linear behavior of lipid flow and (d) feature area vs applied pressure. (e) Volume and (f) area of

the lipid dots increase monotonically with pulse length.

3.3. Lithography in Liquid Environment. Implementa
tion of patterning processes for bioactive surfaces directly in
liquid environment is highly desirable because it allows
fabrication in an environment optimal for biological sub
stances, where the functionality of the patterned specimens is
not compromised. In the specific case of biomimetic
membranes, this feature is of great importance, for instance,
to add functional proteins as it prevents denaturation or other
nondesirable effects. Patterning directly in liquid also helps to
keep more accurate control over the phospholipid stacks, as
the phospholipid membranes necessarily rearrange, often
deteriorating feature shapes, when they are transferred from
air to liquid.””*°

When the cantilever is immersed in liquid with the vesicle
ink loaded and a small overpressure is applied to the reservoir,
the vesicles exit the aperture, diffusing through the aqueous
medium. When the vesicles reach the substrate surface, they
can fuse, forming circular lipid patches (Figure 4).

To elucidate the dependence of the lipid transfer and feature
size on the writing parameters in liquid, several features were
fabricated at increasing working pressures and pulse lengths,
with the DOPC/Rho PE vesicle ink in deionized water.
Strikingly, AFM measurements reveal that here, in all cases, a

single bilayer of phospholipids was formed (the thickness of
one DOPC bilayer in aqueous media is known to be about
6 nm),* regardless of the writing parameters. Figure 4d
displays representative AFM images obtained in liquid with
their corresponding profiles (more details and additional AFM
measurements are given in Section S in the Supporting
Information). As the patterning is carried out in the presence
of water, the strong hydrophobic forces between the
hydrocarbon chains lead to vesicle fusion based writing mode
yielding a single bilayer, which spreads on the substrate.””"'
The obtained SLBs are very stable, and samples could be
stored for days without deterioration of the lipid patches as
long as they were kept in aqueous environment.

Since all of the patches present the same thickness, we focus
on the effect of writing parameters on the patch area. In
comparison to the lithography process in air, the resulting
features are much more uniform and display a high
homogeneity (Figure 4a,b), except for the lowest pressure or
pulse length values, where the instrument error is higher. In
fact, when working in liquid media, the lipid patch area sizes
adjust much better to a linear behavior. This is a very clear
asset of printing directly in liquid compared to lithography in
air, where the patch size and shape are more prone to some
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the subsequent lipid spreading.

random fluctuations. In liquid, the printed lipid stacks are
considerably more homogeneous.

When a pressure pulse is applied in liquid media, a vesicle
cloud is ejected from the nozzle with a certain momentum
toward the substrate where the vesicles fuse initially with the
naked substrate and then with the already deposited parts of
the bilayer, leading to spreading of the bilayer. The process can
be characterized by a lateral diffusion constant as obtained
from a linear fit of the data (see Figure 4c and Table 1). Higher

Table 1. Calculated Diffusion Coefficients from
Experimental Data Displayed in Figure 4d

working pressure p [mbar] diffusion coefficient D [m?/s]

20 1.69 X 107°
40 231 x 1076
60 2.84 x 107¢

pulse pressures yield bigger cloud formation and higher
momentum of vesicles, thereby increasing also the apparent
lateral diffusion coefficient. However, further experiments
given in Section 6 in the Supporting Information show that
the spreading of the patches depends on the solvent used as
the printing environment.

Interestingly, despite the diffusion based printing mecha
nism and larger aperture (8 pum diameter), even smaller
biomimetic membranes at sizes about 1 X 1 um® can be
obtained by implementing an alternative fabrication method.

Here, smaller lipid patches of rectangular shape could be
achieved by first blocking the probe aperture with an air bubble
and then printing by transferring self assembled phospholipids
from the cantilever apex to the substrate in a stamping like
mechanism (for details, see Section 7 in the Supporting
Information).

4. DISCUSSION

4.1. Printing in Air versus Printing in Water. Experi
ments show that the lithography processes in air and liquid
media differ significantly and lead to different outcomes for the
membrane structure. The schematic representations of both
processes are displayed in Figure S.

In air environment, an ink droplet is pushed out of a tipless
cantilever (Figure 5a) as a result of the positive applied
pressure. The probe/surface contact facilitates the ink transfer.
Upon contact, the droplet is squeezed between the cantilever
and the substrate. When the probe is withdrawn, the droplet
snatches off and the vesicles within the ink droplet fuse and
arrange in three dimensional bilayer stacks, while water
evaporates (Figure Sb).

Finally, the lipids rearrange according to their surface energy
on the substrate (Figure Sc). The created lipid patches are
fairly big, with diameters in the range of 10—100 ym and
heights up to a few hundreds of nanometers. Conversely, if the
fabrication is carried out in liquid environment, the vesicles are
released through the probe aperture when positive pressure is

applied (Figure 5d). They diffuse through the liquid and the
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Figure S. Routes for lipid patch patterning by FluidFM in air and in liquid. (a) Schematic setup for in air patterning. (b) In air, an ink droplet is
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and liquid environment.

vesicles fuse on the substrate (Figure Se), forming a bilayer
lipid membrane patch (Figure Sf).

When the lithography is carried out in air under the
presented writing parameters, the output consists of a stack of
lipids of a few hundreds of femtoliters in volume, with
thicknesses of several tens of bilayers. The ink ejection from
the nozzle is hampered by the liquid—air interface, which
demands working at higher pressure values. The writing
parameters can thus be tuned to obtain the desired feature size
and control its three dimensional growth (Figure Sg).

In classical L DPN, the 3D structure of features stems from a
layer by layer type deposition mode from a point like source in
the form of the AFM tip.”' In FluidFM, even when operating
in air, the initial ink deposition is done as vesicles in aqueous
carrier. In contrast to the FluidFM process in liquid, the water
in the deposited ink droplet evaporates quickly, more and
more condensing the remaining lipid component. The
confinement imposed by the shrinking droplet hinders free
spreading into a single SLB and forces the phospholipids to
rearrange into the 3D stacks.

For a comparison between air and liquid lithography, the
variations under changing pressure were studied since the size
dependencies on this parameter display a linear behavior and a
single regime in both cases. Linear fits to the experimental data
obtained with a pulse length of t = 500 ms enable quantitative
comparison of feature volumes and areas grown in air and
liquid (Figure Sgh). The slopes of the four lines are gathered
in Table 2.

Table 2. Linear Fitted Slope Coefficients from Figure 5g,h

environment volume growth [fL/mbar] area growth [pm?/mbar]
air 1.3 3.74
liquid 0.03 24.49

In air environment, all of the phospholipids ejected from the
nozzle form the resulting lipid patch, whereas in liquid
environment, an ink cloud ejected and only reaching the
surface contributes to the feature formation. Therefore, the
lower volume growth coefficient (0.03 fl/mbar in liquid vs to
1.3 fl/mbar in air) represents the loss of vesicles by diffusion



into the surrounding liquid media. In contrast, the unhindered
spreading of the lipid bilayer in liquid leads to a considerably
higher area growth coefficient (24.49 pm*/mbar in liquid vs
3.74 ym*/mbar in air).

4.2. Droplet Ejection for In-Air Printing. When
operating the FluidFM in air, we have already shown that a
different threshold pressure needs to be applied for the ink to
produce a droplet in a way to allow printing. As mentioned
before, this is related to the high resistance to expel a droplet
originating from the liquid—air interface at the nozzle. Several
authors have already addressed the problem of the production
of a droplet on a microfluidic device and its ejection through a
nozzle due to its relevance in several engineering applications,
in particular micro printing technologies.*>** The behavior
and printability of inks in inkjet printing can be predicted by
considering a series of characteristic dimensionless numbers in
fluid dynamics: the Reynolds (Re), Weber (We), and
Ohnesorge (Oh) numbers. In particular, the Ohnesorge
number is believed to be the most suitable measure for the
formation of an ink droplet at a nozzle or aperture, as it relates
the fluid inertia and viscous forces to the surface tension and is
given by

= L
(Ypa)'/? (1)

where y is the viscosity, Y is the surface tension, p is the ink
density, and a is the drop diameter. Reis and Derby*
established that to generate a droplet out of a nozzle, the fluid
ink needs to be in the range

Oh

10>2Z>1 ()
where
Z =1/0h (3)

The ejection of a droplet depends, therefore, on the interplay
between the mentioned ink physicochemical characteristics
and the nozzle size. Importantly, the ink viscosity and surface
tension (cohesive forces) are dependent on the molecular
interactions; thus, the choice of the solvent is a critical step.
Nevertheless, in the present case, to avoid damage or corrosion
of the reservoir and microchannel (as part of tip construction
will not withstand organic solvents), we have focused our study
on water based inks.

The strong similarities between the in air operated FluidFM
and inkjet printing technologies allow conducting an analogous
study of the printing parameters. Duineveld et al.** suggested
that, to overcome the hindering effects, the drop needs to have
sufficient energy for drop ejection

il
Vmin i
pd (4)

In our system, the ink velocity can be controlled by the applied
pressure value. The velocity at threshold pressure is therefore
related to the surface tension of the ink. To demonstrate one of
the main assets of using the FluidFM for the fabrication of
biomimetic membranes (patterning of phospholipid mixtures
that cannot be processed by other soft lithography methods),
we chose a biologically realistic lipid mixture (popPC/
cholesterol/POPS in a relative composition of 60:20:20)*"**
and compared it to dipalmitoylphosphatidylcholine (DPPC,
also not writable in L DPN as it fluid gel transition
temperature is beyond RT), pure DOPC, and DOPC +

1 oleoyl 2 (12 biotinyl(aminododecanoyl)) sn glycero 3 phos

phoethanolamine (18:1—12:0 Biotin CAP PE) inks (as exam

ples of standard L DPN inks) for threshold determinations.
The obtained threshold values are compared to those of
deionized water, and a water/glycerol (80:20 vol %) mixture,
as used as a solvent in all of the lipid inks (Figure 3a). The
addition of glycerol* to the mixtures is of utmost importance
not only to avoid too quick evaporation of the ink but also to
lower the cohesion forces and achieve ink printability. Keeping
in mind that the droplet production out of a nozzle is
determined by the interplay between the surface tension, ink
viscosity, and droplet size, the relevant physical properties are
gathered in Table 3 for the following discussion.

Table 3. Surface Tension and Viscosity Values at 20 °C

surface tension (20 °C) y viscosity (20 °C) u
component [mN/m] Pas
DI water 72 1073
glycerol® 63.4 1412
DOPC™** 0 15 ~0.240
DPPC***° 0 70
POPC*"** 0 45 ~0.260

As we see in the chart of Figure 3a, the water/glycerol
mixture presents the highest threshold pressure of all. This
value is significantly higher than the threshold value to expel a
pure water drop out of the nozzle, and we believe that it is
related to the change in viscosity that the addition of glycerol
causes. On the other hand, the threshold pressure value for the
DOPC vesicle ink is the lowest, while all of the other inks
present similar values in the range between 100 and 200 mbar.
A plausible explanation to this is to consider a direct
correlation between the threshold pressure of the ink and its
surface tension, as lipids—and in particular, DOPC—are
known to lower the water surface tension acting as a surfactant
between the water and air interface (see Figure 3b). It is
important to point out here that the chosen concentration of
phospholipids is quite high, namely, 2 orders of magnitude
above the critical micelle concentration, which is estimated to
be 50 M at room temperature, in the case of DOPC.>"*'

The viscosity, on the other hand, plays a minor role in the
phospholipid containing inks, as the content of phospholipids
is high enough to alter the ink surface tension and
simultaneously too low to produce significant changes in the
viscosity of the water/glycerol mixture.

4.3. Lipid Flow in Air and Water. Our experiments have
so far evidenced that the ink flow is linearly dependent on the
writing parameters. This linear behavior of the flow versus
increasing pressure values was reported by Zambelli et al.”>” for
FluidFM deposition in liquid environment, setting an analogy
to an electrical circuit, with

Q= Ap/R O)

where Q is the ink flow, Ap is the applied pressure, and R is the
hydrodynamic resistance of the microchannel. This model can
also be extrapolated to air environment, although a much
higher resistance is expected due to the additional influence of
the liquid—air interface that hinders the drop formation at the
cantilever aperture, as discussed in the previous section. It is
important to remark here that deviations from this linear
behavior have been observed at high applied pressures (as we
pointed out in Figure 3c).



Unlike in air environment, where a threshold pressure
related to the surface tension of the ink is needed to be
overcome for deposition to start, in liquid environment, the ink
flow through the microchannel is only hampered by the
hydrodynamic resistance of the cantilever microchannel,*
namely

12ul.

Rh = —h
w, hf(1—0.63;">

(6)

This value depends solely on the cantilever dimensions (width
w,, height h, and length I.), and the viscosity of the ink (y).

Because the hydrodynamic resistance is considerably lower
than the resistance arising as a result of the ink surface tension
in air media, lipid patterns can be written with much lower
applied pressure.

5. CONCLUSIONS

While a variety of soft lithography methods and scanning
probe lithography methods can be used to fabricate supported
lipid membranes in arrays and multiplexed manner with a very
high accuracy and features next to each other in close vicinity,
these methods all inherently struggle to create biomimetic
membranes of complex natural composition. In this work, we
have demonstrated the feasibility of using the FluidFM
technology as a tool to direct write biomimetic membranes
in air and in aqueous media and simultaneously studied the
relevant parameters to the feature fabrication, as well as the
governing mechanism. A comparative study has shown that
while in air operated FluidFM enables us to grow 3D lipid
patches, similar to other soft lithography techniques, in liquid
operated FluidFM yields single phospholipid bilayers, which
tend to spread on the surface. By the use of vesicle based inks,
FluidFM opens up the route to directly incorporate membrane
proteins during the writing process consistently providing
physiological conditions. We demonstrated that it is possible to
enlarge the number of components that can be added to a
membrane, compared to other lithography techniques. An
important example is the successfully achieved incorporation of
cholesterol, as biological membranes are composed of up to
40% cholesterol, which dramatically changes its mechanical
properties and thus results in relevant changes in its
functionality and the writing of physiological lipid cholesterol
mixture of POPC/cholesterol/POPS. If the highest resolution
is required, two methods for patterning very small features
have been explored in air and liquid media. The
implementation of direct in liquid patterning of multiplexed
and complex biomimetic lipid membrane stack arrays will
enable many future applications in biological and biomedical
experiments, where these arrays can act as sophisticated, highly
realistic model membranes in interaction and screening
applications as well as bioactive interfaces for cell culture.
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