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Electroformation of giant unilamellar vesicles using
interdigitated ITO electrodes

Hongmei Bi,ab Bin Yang,c Lei Wang,ab Wenwu Caocd and Xiaojun Han*ab

A coplanar interdigitated electrode was used as a new electrode system to form giant unilamellar vesicles

(GUVs). The formation of GUVs using interdigitated electrodes was investigated in detail with respect to

various parameters, including solution height, electrode width, the amplitude and frequency of AC

fields, and temperature. Interdigitated electrodes with smaller widths generated bigger GUVs under the

same conditions. According to both experimental and 3D field simulation results, a solution height

above 600 mm has no influence on the GUV formation. GUVs were obtained within a wide range of

frequency from 1 Hz to 104 Hz and field amplitude from 1 V to 10 V. The diameters of the GUVs

decreased with increasing frequency at a constant amplitude, and increased with increasing amplitude

from 1 V to 5 V and then decreased from 5 V to 10 V at 10 Hz. A phase diagram based on varying the

AC frequency and amplitude was obtained experimentally, which can be used to predict the

electroformation of GUVs.
1 Introduction

Liposomes or lipid vesicles, discovered by Bangham et al. in
1965,1 are of great interest to many scientic communities.2,3 A
particular type of vesicle, giant unilamellar vesicles (GUVs),
have become a hot research topic because of their similarity to
the size and membrane structure of live cells.4–8 Recently,
GUVs have been used as versatile models to study osmotic
stress on membranes,9 interactions between nanoparticles
and phospholipids,10 encapsulation and drug delivery,11

curvature and elasticity of membranes,12,13 and so on. GUVs
have also been used as micro-scale bioreactors,3,14 to crystallize
proteins within GUVs.15 Over several decades, many methods
have been developed to form GUVs,16–21 such as a gentle
hydration method,22,23 electroformation,5,24 an emulsion-
transfer method,25,26 a micro-uidic method,27,28 etc. Among
them, the electroformation method has been widely used to
form GUVs because of its high yields of giant vesicles with a
narrow size distribution, high unilamellarity and fewer defect
structures.17,24,25 It was originally developed by Angelova and
Dimitrov in 1986.5 Later on, Angelova et al. used two face-to-
face indium tin oxide (ITO) glass slides as electrodes to form
GUVs and performed measurements of the membrane
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bending elasticity modulus by image analysis.29 Estes and
Mayer also used two ITO glass slides as electrodes to form
GUVs from spin-coated lipid lms.30 Okumura et al. studied
the morphology of GUVs produced using an ITO glass slide
and a platinum wire as two electrodes.31 They further investi-
gated the GUV formation on a polymer mesh between two ITO
glass slides.32 Taylor et al.33 produced monodispersed GUVs
using a PDMS stamp to form patterned lipid lms on an ITO
substrate. All aforementioned methods used a layout involving
two opposite electrodes. To the best of our knowledge, there
are no reports on the formation of GUVs using coplanar
electrodes.

In this study, photolithography and electrochemistry
methods were used to fabricate coplanar interdigitated ITO
electrodes.34–36 They were then employed to produce GUVs.
The lipid type, solution height and electrode width were
studied as factors affecting the formation of GUVs. The growth
of GUVs was compared using the coplanar electrode system
and the conventional approach. We also discussed how other
parameters inuence GUV formation, including the peak-to-
peak amplitude of the electric eld, the frequency of the AC
electric eld, and the temperature. A phase diagram based on
varying the AC-frequency and eld amplitude was obtained to
predict the AC-electroformation of GUVs. In contrast to the
method for forming patterned lipid lms using the micro
contact printing technique,33 we prepared uniformly patterned
lipid lms using the interdigitated electrode itself simply
using a spreading method. The direction and distribution of
the electric eld generated by the coplanar interdigitated
electrodes and their inuences on the lipid lms were
different from those of the conventional two face-to-face
J. Mater. Chem. A, 2013, 1, 7125–7130 | 7125
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electrodes layout. This method breaks through the limitation
of the opposite electrode layout to produce GUVs. It extends
and enriches the GUV formation methods.

2 Experimental
2.1 Materials

L-a-Phosphatidylcholine from egg yolk (egg PC) and chloroform
were purchased from Sigma (China). 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC) was purchased from Avanti Polar
Lipids (USA). Texas red-labeled 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt (TR-DHPE) and
uorescence-labeled 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD PE) were
obtained from Invitrogen (China). Glass slides coated with
indium tin oxide (ITO, sheet resistance z 8 to 12 U, thickness
z 160 nm) were purchased from Hangzhou Yuhong technology
Co. Ltd (China). D(+)-Sucrose (analytical grade, purity > 99.5%)
and D(+)-glucose (analytical grade, purity > 99.5%) were
purchased from Xilong Chemicals (China). Ethanol (analytical
grade, purity > 99.5%) was purchased from FuYu Chemicals
(China). Millipore Milli-Q water with a resistivity of 18.0 MU cm
was used for solution preparation in the electroformation
experiments.

2.2 Experimental setup

The experimental setup is schematically depicted in Fig. 1a.
The interdigitated ITO electrodes coated with lipid thin lms
and a coverslip were separated by a rectangular polytetra-
uoroethylene (PTFE) spacer with a length and width of
17 and 6 mm, respectively. The height was 1 or 2 mm. Two
electrode pads were rmly connected to a signal generator
(TGA12104, England) before the application of an AC electric
eld. The assembled sample block was placed on a hot
plate (YS-300S, China) for temperature studies. The GUVs
were observed under a uorescence microscope (Nikno 80i,
Japan).

2.3 Preparation of interdigitated electrodes

ITO-coated glass slides (1.5 cm � 3 cm) were cleaned in
ethanol and water for 15 minutes by sonication, and were
then dried by N2. Aer treating with plasma for 30 s, the ITO-
coated glass slides were preheated at 110 �C for at least 10
minutes on a hot plate for better laminating in the next step.
Fig. 1 Schematic illustration of the GUV electroformation setup. (a) The
interdigitated ITO electrodes (bottom) and a glass coverslip (top) were
separated by a PTFE spacer. (b) Side view of the GUV electroformation
setup. (c) The actual size of the interdigitated ITO electrodes (top view). Not to
scale.
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Dry lm resists were adhered onto the ITO-coated glass slides
by a laminator (GMP PHOTONEX-SYNC235, South Korea).
Aer exposing the samples to UV light (365 nm) for 2 s
through a photomask,37,38 the samples were developed in
1.5% sodium carbonate solution for 7 s by sonication. The
patterned surface is shown in Fig. 2a. The gray regions are
covered by resists. The electrochemical etching of the ITO was
conducted in a 2 M hydrochloric acid solution using the
chronoamperometry technique.39–41 Aer peeling off the
resists in 4.0% sodium carbonate solution, the interdigitated
ITO electrodes were obtained, as shown in Fig. 2b and c. The
dark regions are ITO electrodes. This is an example of fabri-
cation for the interdigitated electrodes of 200 mm in width and
interval. By changing the mask, interdigitated electrodes of
50 mm in width and interval were fabricated using the same
procedure. The interdigitated ITO electrodes were used
repeatedly.
2.4 Lipid thin lm preparation on interdigitated ITO
electrodes

Lipid thin lms were prepared on interdigitated ITO elec-
trodes using the at-coating method as mentioned in detail
elsewhere.4,30,42 Briey, solutions of lipid at a concentration of
10.0 mgml�1, composed of egg PC and NBD PE at a 98 : 2 mass
ratio, egg PC and TR-DHPE at a 99.5 : 0.5 mass ratio, and
DOPC and TR-DHPE at a 99.5 : 0.5 mass ratio, were prepared
in chloroform. At such low concentration of the uorescent
lipids, their effect on the mechanical properties of the
membrane is known to be negligible.43 5 ml of lipid solution
was deposited onto the interdigitated ITO electrode surface
using a needle to spread carefully back and forth 5 times,
followed by drying under vacuum for 2 h. Before applying an
AC electric eld to form the GUVs, the uniformity of the lipid
lms was examined by a uorescence microscope, as shown in
Fig. 3. From Fig. 3a, it can be seen that the lipid lms on top of
the ITO electrode are quite homogenous, which is also
conrmed by analyzing the intensity prole in the yellow box
(Fig. 3b). It should be noted that most lipids were spread on
top of the ITO regions, which was achieved by controlling the
spreading speed in the coating process.
Fig. 2 The preparation of interdigitated electrodes. (a) The ITO electrode with
patterned resists (gray areas). (b) The interdigitated ITO electrode. The dark
regions are ITO, while the bright areas are glass surfaces. (c) The zoomed-in view
of (b). The scale bar is 200 mm.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) The fluorescence image of an interdigitated ITO electrode coated with
lipid film (containing 2% NBD PE). (b) The average fluorescence intensity in the
yellow box region in (a). The scale bar is 100 mm.

Fig. 5 The fluorescence images of GUVs formed from egg PC (a) and DOPC (b)
under 5 V amplitude and 10 Hz AC fields. The electrode width is 200 mm. The
solution height is 2 mm. The temperature is 26 �C. The scale bar is 50 mm.
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3 Results and discussion
3.1 Validation of GUV formation using interdigitated ITO
electrodes

Aer drying the lipid lms deposited on the interdigitated
electrode surface for 2 h under vacuum, the experimental setup
was assembled as shown in Fig. 1. The chamber was gently lled
with 200 mM of sucrose solution. A sinusoidal AC electric eld
was applied to induce GUV formation.5,30–32 Just aer applying
the sinusoidal AC eld, the initial bright ITO regions immedi-
ately became dark, whilst hazy uorescence speckles were the
result of extreme agitation. About 1–2 minutes later, rudimen-
tary GUVs formed. The traversal and extrusion of vesicles could
be observed occasionally on the interdigitated electrode surface.
Some of the GUVs became mature aer 8–10 minutes. Aer 60
minutes, the images shown in Fig. 4 were recorded, which
conrmed the validity of our method to produce GUVs using
interdigitated ITO electrodes. Fig. 4a is a typical uorescence
image of DOPC vesicles on a large scale, while Fig. 4b is the
zoom-in view of Fig. 4a. The average diameter is 32.99 mm in this
case. GUVs mainly formed along the ITO regions.

Another lipid, egg PC, can also be used to form GUVs using
this method. Fig. 5a and b are the uorescence images of the
GUVs formed with egg PC (containing 0.5% TR-DHPE), and
DOPC (containing 0.5% TR-DHPE) respectively. The image was
taken at the edge region of one of the ITO electrodes. The dark
area on the le side of each image is the glass region. By
analyzing the size distributions of the GUVs, we found that
Fig. 4 (a) The fluorescence images of the DOPC (0.5% TR-DHPE) GUVs formed
on the interdigitated electrode surfaces, with 2 V amplitude and 10 Hz AC
field. The electrode width is 50 mm. (b) The zoomed-in view of (a). The scale bar is
100 mm.

This journal is ª The Royal Society of Chemistry 2013
GUVs from egg PC (�23.24 mm) were smaller than those from
DOPC (�29.04 mm) under the same experimental conditions.
This may be because the lipid bilayer separation and bending of
pure DOPC is easier to achieve than that of egg PC.

Upon applying the same AC eld, the 200 mm wide electrode
system generated bigger GUVs than those from the conven-
tional two face-to-face ITO glass electrode system. This is due to
the microelectrode features of this coplanar electrode system.
3.2 Inuence on GUV formation of electrode width and
solution height

Two interdigitated electrodes with 200 mm (Fig. 6a and b) and
50 mm (Fig. 6c and d) in width were used to generate GUVs. The
GUVs (�33.24 mm) produced using the 50 mm electrode were
larger than those (�16.65 mm) formed using the 200 mm elec-
trode with the same amplitude (2 V) and other conditions. It can
be easily understood that the eld strength of the 50 mm elec-
trode was 4 times of that of the 200 mmelectrode, causing bigger
vibrations and electroosmotic effects.45 However, aer applying
an 8 V amplitude to the 200 mm electrode and keeping all other
conditions the same, the average diameter of the GUVs was
Fig. 6 The fluorescence images of egg PC GUVs formed using a 200 mm elec-
trode (a and b) and using a 50 mm electrode (c and d). The applied AC field is of
2 V in amplitude and 10 Hz. The solution height is 2 mm. The temperature is 36 �C.
The scale bar is 100 mm.

J. Mater. Chem. A, 2013, 1, 7125–7130 | 7127
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�23.55 mm, which is still smaller than that of GUVs produced
using the 50 mm electrode, even at the same eld strength. This
indicates that the electrode size does inuence the GUV
formation.

We also studied the inuence of the solution height on GUV
formation. We found no marked difference in the average GUV
diameter for solution heights between 1 mm and 2 mm. In
order to understand this result, we performed 3D nite element
analysis of the electric eld generated by the 200 mm interdig-
itated electrode using COMSOL soware at a given amplitude of
2 V and a frequency of 10 Hz, as shown in Fig. 7. Fig. 7a is a
contour plot of Ez, which is perpendicular to the electrode
surface and believed to be an important eld component in the
formation of GUVs. We also ploted Ez as a function of the
distance away from the electrode in three positions as illus-
trated in Fig. 7b. From Fig. 7b, it can be noted that above 600 mm
Ez is close to 0. Ey, the eld component parallel to the electrode,
gives the same result (data not shown). Therefore, we should
not expect any change in the GUV formation as long as the
solution height is greater than 600 mm. It can also be noted that
Ez at the edge of each electrode is larger than that at the center,
at distances smaller than 80 mm.
3.3 GUV formation under different AC electric elds

There are obviously three other extrinsic parameters inu-
encing the formation of GUVs: peak-to-peak amplitude (Vpp) of
the eld, frequency of the eld, and temperature. In the
following, the detailed study of the inuences of the peak-to-
peak amplitude and frequency of the AC electric eld on the egg
Fig. 7 3D simulation of the electric field generated by 200 mm interdigitated
electrodes. (a) The contour plot of a slice across the electrodes. (b) Ez1, Ez2 and Ez3
are the vertical components of the field as a function of distance away from the
electrode surface at the corresponding positions illustrated in (a).

7128 | J. Mater. Chem. A, 2013, 1, 7125–7130
PC GUV formation are described whilst the temperature and
solution height were kept at 36 �C and 2 mm, respectively. The
size distributions at different amplitudes were analyzed and are
plotted in Fig. 8a. The formation of GUVs for each given peak-to-
peak amplitude was carried out at least 3 times. The data for the
statistics were selected randomly and the sampling size was
over 200 for each curve in Fig. 8a. It should be noted that the
diameters of the GUVs increased gradually for amplitudes from
1 V to 5 V and subsequently decreased for amplitudes from 5 V
to 10 V. It was found that the eld amplitude could critically
facilitate the lipid bilayer vibration and separation. The ampli-
tude of the AC electroosmotic ow increased with the amplitude
of the AC electric eld,46 which could enhance the driving forces
of membrane separation and hydration in the GUV formation
process,44 so the bigger amplitude induced larger vesicles in the
electroformation. This can explain the vesicle size increase from
1 V to 5 V. However, vibrations that are too strong lead to lipid
lm upheaval, and membrane bending and closing to form
GUVs quickly. Therefore, smaller vesicles were formed for
amplitudes from 5 V to 10 V.

At an amplitude of 5 V, we changed the frequency from 1 Hz
to 104 Hz to study the frequency inuence on the formation of
the GUVs. The size distributions were analyzed and tted to
Gaussian distributions (Fig. 8b). The experimental results
show that the average vesicle size decreased with increasing
frequency except for the case of 1 Hz. The average egg PC
vesicle diameter ranged from 25.65 mm at 10 Hz to 7.65 mm at
104 Hz. The reason for this trend is that the amplitude of the
electroosmotic oscillation of the solution decreased with
increasing frequency at a constant eld amplitude, which
resulted in insufficient mechanical agitation for the lipid
bilayer to separate and therefore smaller lipid vesicles were
formed. The change in the GUV diameter with frequency is
consistent with the results from previous work in the
literature.46

An AC eld frequency and peak-to-peak amplitude diagram
(Fig. 9) was obtained experimentally to identify the region in
which egg PC GUVs formation on the interdigitated electrode
surface was favorable. The positive and negative GUV formation
Fig. 8 (a) The scatter diagram and fitting curves for a Gaussian distribution of
GUV diameters at Vpp of 1 V (black), 2 V (red), 5 V (blue), 8 V (green) and 10 V
(pink). The frequency is 10 Hz. (b) The scatter diagram and fitting curves for a
Gaussian distribution of GUV diameters at frequencies of 1 Hz (black), 10 Hz (red),
100 Hz (blue), 1 kHz (green) and 10 kHz (pink). Vpp was kept at 5 V. The sample for
the statistics was selected randomly and the sampling size was over 200 for each
preparation.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 The AC electric field frequency and amplitude diagram of egg PC GUV
electroformation. The regions with crosses represent negative GUV formation,
whilst the regions with circles indicate positive GUV formation. The temperature
for the experiments was 36 �C.

Fig. 10 The scatter diagram and fitting curves for a Gaussian distribution of GUV
diameters at temperatures of 26 �C (black), 36 �C (red) and 46 �C (blue). The AC
field was kept at 5 V (Vpp) and 10 Hz. The sampling site for the statistics was
selected randomly and the sampling size was over 200 for each preparation.
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regions are labeled with circles and crosses, respectively. The
size of the circles corresponds to the actual diameter of the
GUVs. The upper boundary of the AC eld is located at about f¼
104 Hz–105 Hz. The boundary on the right corresponds to a
peak-to-peak amplitude of about 10 V. The boundary for GUV
formation shis towards lower frequencies as the amplitude
decreases.

Outside of the upper boundary of GUV formation, especially
at lower amplitudes, electroosmotic vibrations on the lipid
lms become too weak and too fast to facilitate the growth of
vesicles.47 Only several small bumps accumulate on the surface,
which looks like the initial swelling of vesicles. But these bumps
never develop into full vesicles.47,48 When the peak-to-peak
amplitude was higher than 10 V, some large fuzzy lipid patches
or charred lipid oxidate were oen observed on the interdigi-
tated electrode substrate,28,46,48 suggesting that the very large
amplitude oxidized lipid lms strongly. From Fig. 9, we can
obtain useful guidance for the selection of a suitable AC
frequency and peak-to-peak amplitude to prepare GUVs of the
desired size.
3.4 GUV formation at different temperatures

The inuence of temperature on GUV formation was investi-
gated under a constant AC eld with a peak-to-peak amplitude
of 5 V and a frequency of 10 Hz. The size distributions of the
GUVs formed at different temperatures (26 �C, 36 �C and 46 �C)
are plotted in Fig. 10. Typical GUVs were obtained at these
temperatures above the phase transition temperature of egg
PC.5,49 The diameters of the GUVs became larger with
increasing temperature. A higher temperature is benecial for
increasing the GUV size, because the higher uidity of lipid
bilayers at high temperatures leads to a longer sealing time of
the GUVs.49
This journal is ª The Royal Society of Chemistry 2013
4 Conclusions

We have demonstrated that coplanar interdigitated electrodes
can be used to electroform GUVs, which breaks the tradition of
producing GUVs with two opposite electrodes. Generally,
smaller interdigitated electrodes generate bigger GUVs. Based
on detailed studies of GUV formation under different elds, a
phase diagram of GUV formation was obtained, which can
provide guidance for the production of suitable sizes of GUVs
under a specied AC electric eld. We also show that a higher
temperature tends to produce bigger GUVs. The successful
preparation of GUVs using coplanar interdigitated microelec-
trodes gives us a new methodology for the production of GUVs
and the control of their size. Due to the interdigitated electrode
features, this method allows us to control the GUV formation
with more parameters compared to the conventional face-to-
face electrode system, such as electrode size, etc. It also
encourages us to explore new applications of interdigitated
electrodes in the eld of biology.
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