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By dragging a phospholipid solution on microstructured silicon surfaces,

phospholipid molecules are selectively deposited inside the microstructures

to get regular phospholipidmultilayer patterns of controlled thickness over a

large scale (�cm2). By varying the dragging speed, the thickness of the

patterns varies between 28 and 100 nm on average (7 to 25 bilayers).

Electroswelling of phospholipid multilayer patterns leads to the formation

of giant liposomes of controlled size and narrow size distributions.
1. Introduction

Patterning matter on a substrate in a controlled way is

important for numerous fundamental and practical applica-

tions. Microcontact printing is probably the most widely used

method for its versatility and compatibilitywithmanymaterials

(proteins, nanoparticles, DNA, bacteria, etc.).[1] However,

although it allows for well-defined geometries with a high

spatial resolution, the amount of depositedmatter per unit area

remains generally difficult to control except in some specific

cases.[2] An interesting alternative to microcontact printing is

capillary assembly on a microstructured substrate, which was

originally proposed toorganize colloids andnanoparticles.[3] In

this paper, we describe the first capillary-assembly-based

methodology to pattern organic molecules on a solid substrate

with high resolution and control of the deposited amount. We

applied this method to the large-scale patterning of phospho-

lipid multilayers of controlled thickness and found that

electroswelling of phospholipid multilayer patterns led to the

formation of giant liposomes with narrow size distributions.

The controlled deposition of phospholipid films on a solid

substrate is necessary for biological and biophysical investiga-

tions on supported membranes.[4] Various methods are now

available to deposit one or a few (up to 5) bilayers on different
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surfaces in a controlled way, such as small unilamellar vesicles

adsorption orLangmuir-Blodgett filmdeposition.[5] In contrast,

much less efforts have been devoted to the deposition of thicker

multilayered phospholipid films. Spin-coating is efficient but

leads to poorly organized films.[6] Recently, we introduced the

meniscus receding technique to spread very homogenousmulti-

lamellar phospholipid films with a controlled thickness (from

20 to 200nm, i.e., 5 to 50 bilayers) with a bilayer resolution.[7]

On the other hand, the patterning of phospholipid films

remains experimentally challenging. Various possibilities

have been proposed for patterning supported bilayers[8] such

as chemical[9] or photochemical[10] patterning, photolithogra-

phy,[11] nanoshaving lithography,[12] soft lithography,[13] or

Langmuir–Blodgett deposition.[14] Meniscus instabilities,[7]

microcontact printing,[15] anddry lift off[16] havebeenproposed

to pattern phospholipid multilayers but the organization and

thickness of the deposited films are not controlled. To our

knowledge, the only available method to pattern phospholipid

multilayered films with a controlled thickness is dip-pen

nanolithography.[17] Here we describe a simple methodology

to generate phospholipid multilayer patterns with high fidelity

and control of pattern thickness. It consists of dragging the

meniscus of a phospholipid solution on a microstructured

substrate with a solvent in partial wetting situation on the

substrate material.

2. Results and Discussion

2.1. The Method

To generate the phospholipid patterns, a droplet of phos-

pholipid solution (98wt% of 1,2-dioleoyl-sn-glycero-3-phos-

phocholine(DOPC)and2wt%of1-palmitoyl-2-[-6[{7-nitro-2-1,
H & Co. KGaA, Weinheim 1661
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3-benzoxadiazol-4-yl}amino]caproyl]-sn-glycero-3-phosphati-

dylcholine (NBD-PC, fluorescent probe) at 0.5mg mL�1 in

trichloroethylene) was dragged on a solid substrate at a

constant speed v under controlled temperature (20 8C) using
the set-up described in the Supporting Information (Figure S1).

As substrates, we used microstructured silicon wafers with

hexagonal arrays of holes (400-nm depth) and various

diameters d (Figure 1a). To get phospholipid deposition only

inside the holes, the solvent should be in a partial wetting
Figure 1. Regular phospholipid multilayer patterns are obtained by

dragging a phospholipid solution on a microstructured silicon substrate

(hexagonal array of holes, diameter d, depth 400 nm). a) SEM image of a

microstructured silicon substrate (d¼12mm). The scale bar is 20mm.

b) Principle of the deposition: the phospholipid solution, which is in a

partial wetting situation on the planar parts of the substrate, is selectively

deposited in the microstructures. c) Real-color image during the

deposition of a phospholipid solution on a substrate (d¼24mm). The

arrow indicates the direction of the substrate translation. The scale bar is

50mm. The corresponding movie (movie 1) is given in the Supporting

Information. d) Fluorescence microscopy image of a phospholipid pattern

obtainedwithd¼12mmandadepositionspeedv¼25mms�1.Thescale

bar is 100mm. e) Fluorescence intensity profile along the dashed line in

(d). For all experiments, we used a phospholipid solution (98wt% DOPC,

2wt% NBD-PC) at 0.5 mg mL�1 in trichloroethylene.
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situation on the planar parts of the substrate.[18] This condition

was achieved by choosing trichloroethylene as a solvent and

cleaning the microstructured silicon substrate in a piranha

solution prior to phospholipid deposition. Thus, when the

solution was dragged on the microstructured substrates,

the contact line wasmoving on the planar parts of the substrate

without phospholipiddepositionbutwaspinnedon theedgesof

the microstructures due to the steep increase of the contact

angle, which resulted in the trapping of phospholipid solution

in the substrate holes (Figures 1b and c and Supporting

Information Movie 1). After solvent evaporation, a phospho-

lipid multilayer film was selectively deposited in the micro-

structures.According tofluorescencemicroscopyobservations,

the patterns obtained by this technique are very regular

(Figures 1d and e) over a large area (�cm2). In contrast, using

solventswithavery lowcontact angle for silicon (e.g., octane)or

inappropriate cleaning of the silicon substrate led to non-

specific deposition of phospholipid molecules (Supporting

Information, Figure S2).

2.2. Effect of Deposition Speed and Microstructure Size

Figure 2a shows the patterns and fluorescence intensity

profiles obtained with three isomorphic microstructures

(hexagonal arrays of holes with diameters d of 6, 12, and

24mm; depth 400 nm) and various deposition speeds v (from

5 to 75mms�1). First, regardless of d, the phospholipid patterns

reproduce the substrate microstructures with high fidelity.

Second, a strong effect of v is observed. Fluorescence intensity,

which is a measure of the deposited phospholipid amount per

hole, increaseswith a decrease in v. By using a calibration curve

linking fluorescence intensity to the film thickness of flat films

(Supporting Information Figure S3), we converted the

fluorescence signal to the average film thickness in a hole.

Figure 2b shows that the average film thickness in a hole

is nearly independent of d and decreases as a function of v.

When averaged for the three hole sizes, the thickness can be

fitted by a linear behavior. It can be qualitatively explained as

follows. The amount of liquid trapped in holes can be

considered as independent of v, which is in agreement with

observations of the meniscus moving on the microstructures.

However, the accumulation of phospholipid near the contact

line due to evaporation increases with a decrease in v, as has

been shown for phospholipid droplets under evaporation on a

flat substrate.[7]Asa result, holeswill befilledbysimilaramount

of phospholipid solutionbutwith a concentration that increases

with a decrease in v. After evaporation, this will result in

phospholipid film of larger thickness for smaller v regardless of

d, which is in agreement with our experimental observations.

It is also interesting to note that the phospholipid

organization inside the microholes depends on v and d.

For v� 40mm s�1, phospholipid molecules organize into

rings following the microstructure edges regardless of d.

Since the solvent is in partial wetting conditions on the

substrate, the droplet of phospholipid solution trapped in the

microstructure takes a convex shape, and its evaporation is

higher in its edge than in its centre. The resulting concentration

gradient of phospholipid might induce a Marangoni flow that

accumulates matter toward the edges of the microstructure.
bH & Co. KGaA, Weinheim small 2009, 5, No. 14, 1661–1666
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Figure 2. Microstructure hole diameter d and deposition speed v control the organization and

thickness of deposited phospholipid patterns. a) Fluorescence microscopy images (top)

and fluorescence intensity profiles between red arrows (bottom) of phospholipid patterns

obtained for various values of v andd. Each image has a size of 150�150mm2. b) Average film

thicknessofdeposited phospholipid per holeas afunction ofv for variousvaluesofd (6, 12, and

24mm). Each point represents the average measured on a surface 750� 750mm2. The

conversion of the fluorescence into thickness was made using the calibration curve shown in

Supporting Information, Figure S3). The black line is a linear fit of all data points (that is,

regardlessofd)andhastheequation:y¼�1.1xþ114(R2 ¼0.99).Forallexperiments,weused

a phospholipid solution (98wt% DOPC, 2wt% NBD-PC) at 0.5 mg mL�1 in trichloroethylene.
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Since theamountof phospholipid perhole is

small in the high-speed regime (Figure 2b),

this flow can lead to a depletion of

phospholipid from the center of the micro-

structure. For v< 40mm s�1, holes are filled

by the phospholipid and lead to very

homogenous disks for d¼ 6 and d¼ 12mm.

In this low-speed regime, the amount of

phospholipid per hole is large and depletion

from the microstructure center is probably

hindered. However, for larger hole dia-

meters (d¼ 24mm), some thickness hetero-

geneities are clearly visible in each hole. In

this case, the fluorescence profiles indicate

that the thickness of the phospholipid film

tends to be smaller in the center of the

microstructures, which can also be due to a

Marangoni flow toward the microstructure

edges. Since the amount of phospholipid is

relatively large, only a partial depletion

from the center is possible. It is important

to note that the film thickness per hole

shown inFigure 2b is calculatedbyassuming

a homogenous disk shape in the hole.

Therefore, in the case of heterogeneous

disks (small speeds, large hole diameter) or

rings (high speeds), it does not represent

the actual thickness of the film in the hole

but the amount of phospholipid deposited

per surface unit. All these results show that

our methodology allows very regular multi-

layer phospholipid patterns of various

sizes and geometries to be obtained. Both

thickness and phospholipid organization

can be controlled by varyingmicrostructure

diameter or deposition speed.

2.3. Application to the Preparation of
Giant Liposomes of Controlled Size
Distribution

Finally, we used the generated phos-

pholipid multilayer patterns for the pre-

paration of giant liposomes of controlled

size distribution. To this end, phospholipid

multilayer patterns of DOPC were gener-

ated on microstructured silicon with a

deposition speed of 15mm s�1 (approxi-

mately 20 bilayers). Then, theywere electro-

swollen (2V, 10Hz, 4 h) in a sucrose solution

(�0.1M) by using indium tin oxide (ITO)-

coated glass slide as a counter electrode,

according to the so-called electroformation

technique (Figure 3a). After electroforma-

tion, liposomes were extracted from the

electroswelling compartment and intro-

duced into a glucose solution (�0.1M)

having exactly the same osmolarity as that

of the sucrose solution.Afterdecantationby
www.small-journal.com 1663
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Figure 3. Electroswelling of phospholipid multilayer patterns leads to

theformationofgiant liposomesofcontrolledsizedistribution.a)Scheme

of theelectroswellingset-up. b) Typical phase-contrast microscopy image

of liposomes collected after the electroswelling in sucrose of a DOPC

multilayer patterns (v¼ 15mm s�1, 20 bilayers in average,d¼ 6mm) and

sedimentation in a glucose solution. The scale bar is 40mm.

c) Distribution of the liposome diameters obtained after electroformation

from patterns of various diameters d. For comparison, the distribution

obtained by electroswelling a manually deposited phospholipid film on a

flat silicon substrate is also represented (orange symbols). The inset

is a zoom for liposome diameters in the range 0–50mm.

1664
gravity (glucose is less dense than sucrose), giant liposomes

were collected on a cover glass slide and observed by phase-

contrast microscopy (Figure 3b). Figure 3c shows the size

distribution of liposomes generated from patterns of various

diameters compared to that obtained from a phospholipid film

manually spread on a flat silicon wafer. Electroformation is the

most robust and widely used technique to prepare a large

number of unilamellar giant liposomes that can serve as

primary artificial cell models[19] but it generally leads to a very

broad distribution of the generated liposomes. A typical size

distribution obtained by this technique (phospholipid film on a

flat silicon wafer) is plotted in Figure 3c (orange symbols),

showing a size variation in the range 1–150mm with no clearly

defined maximum. In contrast, the liposome size distributions

obtained from the phospholipid multilayer patterns are very

narrowwith a verywell definedmaximum regardless of pattern

size. Although the position of the maximum is not strongly

correlated with the pattern size, the mean diameter of

liposomes increases with an increase in pattern size. Our

method thusprovides ameans to control thegenerationof giant

liposomes of controlled size distribution by electroformation.
www.small-journal.com � 2009 Wiley-VCH Verlag Gm
Apart from electroformation,[15] microfluidic jetting[20] and

double-emulsion templating[21] are the only available methods

to get well-defined giant liposomes with narrow

size distributions but they are more suitable for large liposome

diameters (usually� 100mm).
3. Conclusions

We have shown how capillary assembly can be used to

pattern molecules instead of nanoparticles or colloidal

suspensions. Compared to microcontact printing, the main

interest of thismethod is thepossibility to control thenumberof

molecules deposited per surface unit. Here, we applied this

concept to generate for the first time phospholipid multilayer

patterns of a controlled thickness. By dragging a phospholipid

solution in partial wetting situation on microstructured silicon

surfaces, centimeter-sized patterns were easily obtained with

high fidelity. The amount and organization of deposited

phospholipid molecules can be controlled by varying the

deposition speed and microstructure size. The generated

phospholipid patterns were used for the preparation of giant

liposomes of controlled size with a narrow size distribution,

which can be further used for investigations on artificial cell

model systems. Regular phospholipid multilayer patterns can

be of great interest for the development of novel biosensors or

cell screening procedures. Not limited to phospholipid

patterning, the method promises to be applicable for high-

fidelity patterning of various synthetic or biological molecules,

such as proteins, drugs, conductive polymers, or antibodies.
4. Experimental Section

Materials: [100] boron-doped Si wafers were from Siltronix.

AZ 5214 photoresist was from Clariant (Wiesbaden, Germany). 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1-palmitoyl-2-

[-6[{7-nitro-2-1, 3-benzoxadiazol-4-yl}amino]caproyl]-sn-glycero-3-

phosphatidylcholine (NBD-PC) phospholipids were from Avanti

Polar Lipids (Alabaster, AL, USA). All other chemicals were from

Sigma. Deionized water was used for all experiments.

Surface microstructuration: Silicon wafers were cleaned by air

and isopropanol, then dried and rendered hydrophilic by air

plasma treatment for 2 min at 500 mTorr (Plasma Cleaner, Harrick)

and immediately exposed to a trimethylchlorosilane atmosphere.

AZ 5214 photoresist was deposited on the Si wafer and

spincoated (acceleration: 100 tr min�1 s�1, speed: 500 tr min�1

for 5 s, then acceleration: 2000 tr min�1 s�1, speed: 4000 tr min�1

for 30 s). The wafer was heated at 125 8C during 1 min and then

irradiated by a UV lamp (30 mW cm�2, Hamamatsu) through a

mask for 2.6 s. After heating at 125 8C for 1 min, the wafer was

irradiated under UV without mask for 1 min. After cooling, the

wafer was immersed in a developer solvent (AZ 710 MIF, Clariant)

and placed under a SF6 reactive ion dry etching (30 mT, 10 W,

120 s with a Nextral NE100 RIE machine). The resist was dissolved

in an acetone bath. The depth of holes was determined with Veeco

Caliber atomic force microscopy (AFM) (Veeco Instruments, Santa
bH & Co. KGaA, Weinheim small 2009, 5, No. 14, 1661–1666
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Barbara, USA) in air at ambient temperature. Figure 1a was

obtained with a Scanning Electron Microscope Hitachi 5-800

(Tokyo, Japan).

Phospholipid solution preparation: A chloroform solution

containing a weight ratio of 98% DOPC and 2% NBD-PC was

evaporated under vaccum for 20 min. The proper amount of

thrichloroethylene was then added to obtain a 0.5 mg mL�1

concentration.

Phospholipid deposition: Phospholipid deposition was rea-

lized using a set-up described elsewhere [7]. Briefly, micro-

structured silicon substrates were cleaned by acetone prior to

immersion in a piranha bath (1:3 vol H2O2/H2SO4 concentrated)

and rinsing by water. Figure S1 shows the experimental setup for

film deposition. The silicon substrate was mounted on a

computer-controlled linear-translation stage (M-403.6 PD, PI)

equipped with a thermoelectric module for temperature control.

A 80mL droplet of a phospholipid solution was held by a fixed

poly(tetrafluoroethylene) (PTFE) slide (2-cm width) with a sharp

end while the substrate was moved at constant speed v and

temperature T¼20 8C. v was changed between 75 and 5mm s�1

every 10mm, or fixed at 15mm s�1 to cover the microstructure on

a surface of 1.6�1.2 cm2.

Observation of the deposition: A camera equipped with a long-

distance objective was placed above the fixed PTFE slide. This

allowed us to follow in real time the contact line moving on the

microstructures during phospholipid deposition.

Characterization of the patterns: After solvent evaporation,

phospholipid patterns were observed by fluorescence microscopy

with an inverted microscope Axioobserver D1 (Carl Zeiss,

Germany) with 10� and 20� objectives and a FITC filter. Pictures

were acquired with a high-sensibility EM-CCD camera (Photonmax

512B, Princeton Scientific) and the acquisition software Metaview.

The curve shown in Figure 2b was built as follows. First,

homogenous films of various thicknesses were prepared by

depositing a phospholipid solution on flat silicon wafers at

various speed v [7]. The thickness of the films was measured by

ellipsometry in air using a SentechSE400 apparatus. The light

source was a helium-neon laser (l¼632.8 nm), and the angle of

incidence was set to 728. The thickness was determined using a

multilayer model and a refractive index of 1.45 for the

phospholipid film. For each film, the measurement was repeated

on 10 different locations. Then, the average fluorescence intensity

was plotted as a function of the average thickness measured by

ellipsometry to build the calibration curve shown in Figure S3.

Finally, the average fluorescence intensity of phospholipid

patterns on microstructured silicon was converted into the

average thickness in microstructure holes by using the calibration

curve shown in Figure S3 and by taking into account the surface

ratio of the microstructures (microstructures represent 1/8 of the

total surface for the three pattern sizes).

Electroswelling: The microstructured electrode was separated

from a flat ITO electrode using a 4-mm silicon rubber spacer with a

surface of 1 cm2. The swelling solution contained 0.1 M sucrose

and 4.6 mM NaN3 in water. Electroswelling was realized with a

sinusoidal AC field (2 V, 10 Hz) for 3 h. Liposome suspension was

then extracted under low shear stress and mixed with 2 volumes

of 0.1 M glucose solution containing 4.6 mM NaN3 and previously

adjusted to have the same osmolarity as that of the sucrose
small 2009, 5, No. 14, 1661–1666 � 2009 Wiley-VCH Verlag Gmb
solution (104 mOsm L�1). The liposomes mixed with the glucose

solution were then collected by gravity on a microscope glass

slide after 4 h of decantation.

Image analysis: Statistical data from phase contrast images

(vesicles in glucose) were collected by manually measuring the

size of each vesicle. Each distribution was established on

approximately 300 measured vesicles.
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