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1. Introduction

Phospholipid vesicles are widely used to mimic the
complex biological membrane of living cells in biolo-
gical and medical studies [1]. To be used as model
cells, these vesicles must fulfill certain requirements
and therefore the preparation methods must be able
to control (i) membrane unilamellarity and compo-
sition, (ii) vesicle size and (iii) encapsulation of ar-
bitrary chemicals or biomolecules inside the vesicles.
Furthermore, the possibility to incorporate func-
tional biomolecules into the membrane (e.g. trans-
membrane proteins) is required. Most of the stan-
dard vesicle preparation protocols fulfill only some

of these requirements and thus do not provide the
desired flexibility for tailoring the vesicles’ proper-
ties [2]. For example, hydration of phospholipids
from a solid surface results in the growth of predo-
minantly multilamellar vesicles with a broad size dis-
tribution [3]. The hydration under an externally ap-
plied electric field, so called electroformation [4],
can be used to produce unilamellar vesicles, but it is
difficult to control vesicle size with the electroforma-
tion method. The size uniformity can be improved
significantly by extruding vesicles through a filter
with pores a few hundred nanometers in size. How-
ever, this limits the vesicle diameter to the pore size
and encapsulation of molecules is not possible [5].
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Microfluidic jetting is a promising method to produce
giant unilamellar phospholipid vesicles for mimicking liv-
ing cells in biomedical studies. We have investigated the
chemical composition of membranes of vesicles pre-
pared using this approach by means of Raman scattering
spectroscopy. The membranes of all jetted vesicles are
found to contain residuals of the organic solvent decane
used in the preparation of the initial planar membrane.
The decane inclusions are randomly distributed over the
vesicle surface area and vary in thickness from a few to
several tens of nanometers. Our findings point out that
the membrane properties of jetted vesicles may differ
considerably from those of vesicles prepared by other
methods and from those of living cells.

A jetted phospholipid vesicle filled with fluorescein solu-
tion.
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To fulfill all of the conditions required to mimic liv-
ing cells with artificially prepared phospholipid vesi-
cles, an elegant microfluidic technique for the pre-
paration of giant vesicles has recently been proposed
[6]. Similar to blowing soap bubbles from a soap
film, the method is based on the microfluidic jetting
of an arbitrary aqueous solution onto a planar lipid
bilayer. The lipid bilayer, stabilized by an organic
solvent (e.g. decane or chloroform), is initially formed
between two water droplets in a double well cham-
ber [7]. The bilayer represents a material source for
the membrane of jetted vesicles. The microfluidic jet-
ting approach has attracted increasing attention be-
cause of its versatility and high degree of control
over the vesicle properties. The vesicle size can be
controlled precisely by tuning the jet parameters [8].
The composition of the encapsulated solution and
of the vesicle membrane can be adjusted too [9].
Although the jetting process is well understood and
a number of important proof-of-concept experiments
have been reported, the actual composition of the
membrane of jetted vesicles has not yet been exam-
ined.

Here, we report on the systematic study of the
membrane composition of giant phospholipid vesi-
cles prepared by using the jetting method, using a
combination of optical dark-field microscopy and
Raman micro-spectroscopy. Most of the jetted vesi-
cles appear perfectly unilamellar when imaged in an
optical microscope, without a sign of membrane
thickening, Raman scattering spectroscopy however
reveals a considerable amount of residuals of the or-
ganic solvent n-decane, a vital component in the jet-
ting process, providing membrane stability. It was
found that the n-decane inclusions are distributed
randomly over the surface area of the vesicles and
vary considerably in thickness.

2. Experimental

Figure 1 illustrates the experimental setup and the
principle of the microfluidic jetting method adopted
with slight modifications from [6]. In short, a planar
lipid membrane is formed between two tips of an
eight-shaped microfluidic chamber and separates
two droplets of aqueous solutions. A pulsed fluidic
jet flow is directed from a reservoir through a micro-
pipette onto the planar membrane. The vesicle is
formed by the jet and detaches from the membrane
which then recovers its original planar form. Thus
the jetting process can be repeated, enabling a high-
throughput vesicle production by a sequence of jet
pulses. The vesicle itself is loaded with a mixture of
the jetted reservoir liquid and the solution from the
left half of the chamber.

2.1 Planar membrane formation

To prepare the lipid bilayer-forming solution, a so-
lution of 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine
(DOPC) in chloroform (20 mg/ml) from Avanti Po-
lar Lipids Inc. (# 850375) was dried under a nitrogen
flow, leaving a dry lipid film on the bottle walls.
After drying, the lipids were re-dissolved in n-Decane
(anhydrous (>99%), Sigma Aldrich) to a concentra-
tion of 25 mg/ml. The hydrophobic solvent n-Decane
serves as a physical stabilizer for the energetically
unfavorable planar membrane structure of the lipids
between the two tips in the chamber and two aqu-
eous media on both sides of the membrane. Alter-
natively, the membrane could be stained with a
fluorescent dye, by adding 1,2-Dioleoyl-sn-Glycero-

Figure 1 (online color at: www.biophotonics-journal.org)
Microfluidic jetting. (a) Photograph and (b) schematic of
the experimental setup used for microfluidic jetting. (c)
Sketch of the jetting process.
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3-Phophoethanolamine-N-(lissamine Rhodamine B
sulfonyl) (ammonium salt) [Rhodamine Lipid]
(Avanti Polar Lipids Inc.) to the DOPC stock solu-
tion in the ratio of [Rhodamine Lipid]/[DOPC]¼1/
199. To form the membrane between the two
chamber tips, 15 ml of the phospholipid solution are
dropped into the chamber. Then 30 ml of the inner
medium solution is added to the chamber side with
the needle port. Finally 90 ml of the solution for the
outer medium is filled into the other chamber side.
The phospholipids stained by a Rhodamine dye were
purchased from Avanti Polar Lipids Inc.

2.2 Microfluidic jetting

The jetting chamber is fabricated from a rectangular
piece of acrylic glass (length ¼ 2.5 cm; width ¼
1.5 cm; height ¼ 3 mm) by drilling and milling two
overlapping cylindrical grooves (depth ¼ 3 mm). As
a result two sharp tips separated by 1.25 mm are
formed. A hole with a diameter of 1.2 mm is drilled
into one side of the chamber in order to incorporate
the micropipette. The acrylic glass chamber is glued
onto a microscope cover slide. Borosilicate glass
tubes (Science Products) with an outer diameter
of 1.2 mm, a wall thickness of 0.4 mm and a length
of 8 cm were processed with a micropipette puller
(P-2000, Shutter Instrument Co.) to prepare micro-
pipettes with an inner nozzle diameter ranging from
40 to 80 mm. An inverted optical microscope (Axio-
vert 135 TV, Carl Zeiss) was used to image the jet-
ting process. The reservoir containing the jetting so-
lution is connected to a magnetic valve (3/2 065,
Asco). The opening time of the valve is controlled
by a function generator (Hewlett-Packard 33120A).
The valve is connected to a nitrogen compressor to
control the jet pressure between 0.4 and 1.7 bars. To
control the position of the needle inside the jetting
chamber the valve is mounted on top of a xyz micro
manipulator which itself is attached to the top of the
microscope stage. To perform the Raman spectro-
scopy jetted vesicles were gently sucked by a pipette
from the jetting chamber and transferred to another
optical microscope.

2.3 Spectroscopy and imaging

Raman spectroscopy and imaging of the vesicles
were performed using an upright optical microscope
(Axioscope.A1, Carl Zeiss) equipped with an oil
immersion dark-field condenser (NA 1.2–1.4) and
two objective lenses (10� (NA 0.25) and 100� (NA
0.75)). A He––Ne laser (Electro-Optics Inc.) operat-
ing at 633 nm was used to perform Raman scattering
measurements. In all experiments the laser power
was kept at 5 mW. Optical signals collected by the
microscope objectives were directed either to a spec-
trometer (Acton SP-2500, Princeton Instruments)
equipped with a nitrogen-cooled CCD camera
(Spec-10, Princeton Instruments) or to a (digital cam-
era FZ-50, Panasonic). A 633 nm razor-edge long
pass filter (Semrock) was used to filter out elastic
scattering of the laser light. To prevent bursting of
the vesicles on the glass substrate during the meas-
urement, the substrates were covered with a layer
polymer Polydiallyldimethylammonium chloride
(PDADMAC) [10] purchased from the Sigma Al-
drich. To induce vesicle sinking and immobilization
on a substrate during the Raman scattering measure-
ments solutions of 300 mM Sucrose and Glucose
were used as inner and outer medium, respectively.

3. Results and discussion

Figure 2 illustrates three main advantages of the jet-
ting method for vesicle preparation. First of all, a
large number of vesicles with a very narrow size dis-
tribution can be created in one experiment by apply-
ing a sequence of jet pulses (Figure 2a). For example
the vesicle size deviated by only 9% using the pa-
rameters 1.7 bars jet pressure, 40 mm nozzle diameter
and 10 ms jetting duration. Second, the membrane
composition of jetted vesicles can be changed easily.
For example, phospholipid molecules functionalized
with a fluorescent dye can be incorporated into the
vesicles’ membrane without modifying the jetting
protocol (Figure 2b). Finally, the vesicles can be pro-
duced to encapsulate an arbitrary aqueous solution,

Figure 2 (online color at: www.biophotonics-journal.org) Giant phospholipid vesicles prepared by the jetting method. (a)
A dark-field image of sucrose-filled vesicles. (b) Fluorescence image of the vesicles with the membrane stained by a Rho-
damine dye. (c) Fluorescence image of the vesicles filled with a fluorescein solution.
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different from the surrounding medium. To test this,
we have jetted a 10 mM fluorescein solution onto a
planar membrane, which resulted in fluorescein-
filled vesicles (Figure 2c).

Vesicles produced by the jetting method and by
means of the electroformation method [4], [11] ap-
pear to be identical, when examined under a micro-
scope with both dark-field and bright-field illumina-
tion. Considering that the electroformation method
is known to produce predominantly unilamellar vesi-
cles, one might conclude that the jetting method also
leads to primarily unilamellar vesicles with a mem-
brane consisting only of phospholipid molecules.
Considering that decane is used to dissolve the phos-
pholipid molecules and to stabilize the membrane
formed between two aqueous phases (Figure 1c), it
is reasonable to question the purity of the mem-
brane of jetted vesicles. Obviously, only vesicles con-
taining no inclusions of organic solvent inside the li-
pid bilayer membrane can adequately mimic the
lipidic part of the plasma membrane of living cells.
We have performed Raman scattering measurements
on the membranes of vesicles prepared by the jetting
method, to gain an insight into the actual membrane
composition.

Raman spectroscopy is a technique which enables
distinguishing between different chemical compounds
without labeling them, by comparing excitation of
compound-specific vibration modes. To be able to
determine whether decane is included in the jetted
vesicles’ membranes, we first recorded the Raman
scattering spectra of pure DOPC and decane (Fig-
ure 3a, b). The spectra of both molecules are very
similar due to the chemical similarity between the
decane and the hydrophobic part of the DOPC mo-

lecules. For example, the Raman peak at 1440 cm�1,
corresponding to the scissor-type bending mode of
the methylene group, is present in both DOPC [12]
and decane [13] spectra. In contrast to this, the Ra-
man line at 1650 cm�1, corresponding to the C¼C
double-bond stretching, is only present in DOPC
[14]. Thus it is possible to use the intensity ratio of
the Raman peaks I1440=I1650 to verify and quantify
the presence of decane inside a DOPC bilayer. Due
to its chemical structure, a sample of pure DOPC
displays an intensity ratio I1440=I1650 ¼ 2:4, as deter-
mined in Raman scattering measurements. Adding
decane to the DOPC shifts the ratio to larger values
because decane contributes only to the Raman sig-
nal at 1440 cm�1, but not at 1650 cm�1.

Figure 3c (black curve) illustrates a typical Ra-
man scattering spectrum of a jetted vesicle’s mem-
brane, as it is depicted in Figure 3d. In this particular
case the intensity ratio I1440=I1650 ¼ 5:3, which clearly
indicates that decane molecules are present in the
vesicle membrane.

To quantify the amount of decane the following
algorithm is used. The DOPC spectrum is normal-
ized to 1 at 1650 cm�1, which results in an intensity
equal to 2.4 at 1440 cm�1. The decane spectrum is
normalized to the same value of 2.4 at the 1440 cm

�1.
The measured membrane spectrum (Figure 3d, black
curve) is normalized to 1 at 1650 cm�1 and fitted
by a linear combination of the bare decane and
the bare DOPC spectra Inorm

MembraneðnÞ ¼ Inorm
DOPCðnÞ þ h

� Inorm
DecaneðnÞ (Figure 3d, red curve). The prefactor h

defines the relative contribution of the decane and
DOPC molecules to the total Raman scattering sig-
nal of the vesicle membrane. The contribution of

Figure 3 (online color at:
www.biophotonics-journal.org)
Raman spectroscopy reveals de-
cane in jetted vesicles. Raman
spectra of (a) DOPC, (b) decane
and (c) the membrane of a jetted
vesicle. The measured membrane
spectrum (black curve) is normal-
ized to 1 at 1650 cm�1 and fitted
by a linear combination of the
decane and the DOPC spectra
ðInorm

MembraneðnÞ ¼ Inorm
DOPCðnÞ þ 1:13

� Inorm
DecaneðnÞ, red curve). (d) Sketch

of the Raman scattering measure-
ment of the membrane of a vesi-
cle. (e) The number of measure-
ments revealing decane inclusions
with a given thickness summariz-
ing 34 Raman scattering measure-
ments.
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two monolayers of DOPC molecules to the mem-
brane Raman scattering signal at 1440 cm�1 is given
by IDOPC (1440 cm�1) / 2 � S � s � n, where S is the
surface area illuminated by the laser beam, s is the
number surface density of DOPC molecules forming
a fluidic layer and n is the number of vibrating scis-
sor-like units in a single DOPC molecule. The con-
tribution of decane molecules enclosed between
these two lipid monolayers is IDecane (1440 cm�1)
/ S � d � r �m, where d is the thickness of the decane
layer, r is the number volume density of decane and
m is the number of vibrating scissor-like units in a
single decane molecule. Taking into account that
IDecaneð1440 cm�1Þ
IDOPCð1440 cm�1Þ ¼ h, the thickness of the decane

layer reads as d ¼ h � 2s

r
� n

m
. The value of h is ex-

tracted from the measured Raman spectra and all
other parameters entering the relation are known
material constants (s ¼ 1:43� 1018 m�2 [15], [16],
r ¼ 3:09� 1027 m�3 [17]). The numbers of the scis-
sor-type vibrations n ¼ 32 and m ¼ 8 are determined
by counting the methelyne groups of a DOPC and
of a decane molecule, respectively.

Raman scattering spectra were measured by fo-
cusing the laser at the vesicle surface as depicted in
Figure 3d. For each vesicle measurement were taken
at up to five different heights on the vesicle mem-
brane (top, bottom, equator and two intermediate
points at þ/�45� above and below the vesicle equa-
tor). In total 34 Raman spectra have been recorded.
The thickness of the decane residual layer enclosed
within the lipid bilayer has been calculated from the
Raman spectra according to the above-described al-
gorithm. The results of this analysis are summarized
in Figure 3e. We have not observed a single jetted
vesicle that was completely free of decane residuals.
However, some spots on the vesicle membrane were
found to be comprised of a single lipid bilayer with-
out any inclusions of decane (5 out of 34 measure-
ments). The residual decane is distributed randomly
over the vesicle surface. Our observation of the n-
decane residuals in jetted vesicle are consistent with
the known decane “microlenses” observed in classic
black lipid membranes [18], [19] and liposomes [20].
Although one would expect a thicker layer of the
less dense organic solvent at the top of the vesicle,
we have not found a correlation between the thick-
ness of the decane inclusions and the position on the
vesicle surface. It is worth noticing that our results
do not contradict the previously reported successful
incorporation of functional transmembrane proteins
into jetted vesicle membranes [8]. Indeed, although
the membrane is heavily contaminated, a few de-
cane-free spots have been detected. These locations
may, in principle, provide a space for correctly func-
tioning membrane proteins. Incorporation of the de-

cane into the membrane is affected by the jetting
parameters (e.g. jet pressure, jet duration). The piezo-
electric approach [9] offers wider flexibility in con-
trolling these characteristics and, therefore, is prefer-
able to reduce the amount of the residual decane in
lipid vesicles.

4. Conclusion

Using Raman spectroscopy we have investigated the
chemical composition of the membrane of vesicles
prepared using the microfluidic jetting method.
Although the jetted vesicles appeared indistinguish-
able from unilamellar vesicles under the microscope,
the membrane of all jetted vesicles is found to con-
tain residuals of the organic solvent decane. The de-
cane inclusions are randomly distributed over the ve-
sicle surface area and vary in thickness from a few
to several tens of nanometers. Since the thickness of
the decane layer, less than 10 nm in most cases, is
relatively thin the appearance of the vesicles under a
microscope does not change significantly, but the bi-
layer properties may be altered considerably. Our
findings have exceptional importance for biomedical
studies aiming the investigation of cellular trans-
membrane processes by means of mimicking living
cells by lipid vesicles. Since the presence of an or-
ganic solvent in a phospholipid bilayer will affect the
functional properties of the membrane and of trans-
membrane proteins, it has to be carefully taken into
account and monitored by e.g. Raman scattering
spectroscopy.
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