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Abstract

This paper describes spin-coating of solutions of lipids and using the resulting thin films for electroformation of giant liposomes. Spin-
coating made it possible to generate uniform films of lipids with controllable thickness over large surfaces{p@b6iadium tin oxide.
Establishing arange of thicknesses optimal for electroformation (25-50 nm), we demonstrate formation of giant liposomes from lipids (such as
asolectin, phosphatidylserine, and phosphatidylglycerol) that do not readily form giant liposomes from traditional, droplet-derived films. We
compared liposomes from a spin-coated film of lipids to liposomes formed from traditional droplet-derived films and found that spin-coated
films produced larger (by factor of 2-5) and more abundant liposomes than droplet-derived films of lipids. Electroformation from spin-coated,
homogenous lipid films of optimal thickness provided a reproducible way to obtain liposomes with diameters that are predominantly larger
than 30uwm over the entire surface of formation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction >20um)[16,17] Also, Yamashita et al. crystallized proteins
within giant liposomes, and the formation of many, large li-
Giant liposomes are large (>10n diameter), spherical posomes is desirable for this proced[k2].
enclosures consisting of one or more phospholipid bilayers  Electroformation is a very useful technique for generat-
surrounding an aqueous centg2]. These vesicles are use- ing giant liposomes. Originally developed by Angelova and
ful models for studying membranes of cells, as vesicle size Dimitrov, this method employs ac fields to form liposomes
is comparable to cellular dimensions and allows for exam- from a film of lipids deposited onto the surface of an electrode
ination of phospholipid bilayers under a light microscope (platinum wire or indium tin oxide (ITO)}18,19] Electro-
[1]. Applications of giant liposomes include: (1) studying formation succeeds in the formation of giant liposomes that
osmotic stress on membran&$; (2) examining membrane  are predominantly unilamell§8,19,20]
curvature and elasticity under varying conditidass]; (3) Several parameters affect the process of electroformation
forming “nano-fluidic” networkd6,7]; (4) studying interac-  including the peak-to-peak voltage and frequency of the ap-
tions and distances between lipid membranes and surfaceglied ac field and the duration of electroformation. Another
[8]; (5) recording activity from reconstituted ion channels important factor is the thickness of the film of lipifis8,19]
[9-11]; (6) making micro-scale bioreactof$2,13] (7) de- Estimates of the appropriate thickness range from 5 to 10
livering enclosed drugd.4]. In our group, we are using lipo- lipid bilayers (approximately 30—60 nrf1)8,19], 30-50 lipid
somes to form planar lipid bilayers on microfabricated pores bilayers[1,21], or 10-50 bilayers (approximately 8—45 nm)
[15], and this procedure requires the formation of a high con- [22,23]
centration of liposomes that are as large as possible (ideally These estimates are, however, not based on direct mea-
surements of the actual thickness of the lipid film. Tradition-
* Corresponding author. Tel.: +1 734 763 4609; fax: +1 734 763 4371.  ally, liposomes form on electrodes of ITO (or platinum) from
E-mail addressmimayer@umich.edu (M. Mayer). films of lipids created by depositing a droplet (AB) of
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a solution of lipids onto the surface of the electr¢@g 9].

The estimated thickness of the film results from a calculation
that takes into account the amount of lipid deposited and the ] =
area of the dried droplet. This calculation assumes that the

film of lipids from the deposition of a droplet is homogenous

[19,22] The lipid films from dried droplets, however, span g

a wide range of thicknesses across the area of the lipid spot ]

[19]. This range has the advantage that it usually results in n ’
successful formation of giant liposomes, as some regions of -
the film have suitable thicknessgs8]. Other regions of the .

film, however, are too thick or too thin and thus exhibit ei- ’ <o

ther no growth of liposomes, the formation of vesicles with 4

diameters <1Qum, or aggregates of lipids that do not form -
liposomes.

While electroformation is a very successful technique for I
forming giant liposomes, certain lipids do not readily form
liposomes through electroformation. Electroformation from Fig. 1. Spin-coating procedure for generating thin films of lipids. (1) The
films of pure phosphatidylserine or pure phosphatidylglyc— s_ubstratewas placed onto the r_otary platform of the spln—co_ate!’a_mdwas_ held

LT ) : tightly by a vacuum, (2) the entire substrate was covered with lipid solution,
erol is difficult or impossibld22], and we found no reports (3 spinning (50-1200 rpm) was initiatee? s after lipid deposition and (4)
of electroformation of giant liposomes from asolectin lipids, after 4-10 min, spinning was stopped, leaving a homogenous lipid film on
a natural lipid mixture widely used in lipid bilayer experi- the substrate surface.
ments[24].

Ideally, electroformation would occur from uniform films  and 1200 rpmKig. 1). Solutions consisted of either asolectin
of lipids of optimal thickness that span the entire surface of lipids (Fluka, Switzerland), mixtures of 1-palmitoyl-
ITO. In this case, liposome growth would occur not from 2-oleoylsnglycero-3-phosphocholine (POPC) and 1-
localized spots of lipids but rather across the entire surface palmitoyl-2-oleoylsnglycero-[phosphaac-(1-glycerol)]
of formation, thus increasing the number of resulting giant (POPG), pure POPG, punea-phosphatidylcholine (egg,
vesicles. Also, a uniform film would allow for the direct mea- chicken) (eggPC), and pure 1,2-diolesylglycero-3-
surement of thicknesses of lipid films that result in successful [phosphor-serine] (DOPS) (all from Avanti Polar Lipids,
formation of giant liposomes. Alabaster, AL) dissolved in 100% chloroform (Acros,

Here we employ spin-coating, a techniqgue commonly NJ), 95% chloroform/5% acetonitrile (HLPC grade, Fisher
used in photolithographf25-27] to produce thin, macro-  Scientific), 95% chloroform/5% methanol, or 90% chloro-
scopically homogenous films of lipids on a surface of form/10% methanol (Burdick & Jackson, Muskegon, MI).
ITO. Previous studies have employed spin-coated films We prepared all solutions freshly every day, and during the
of lipids for the preparation of supported lipid bilayers day we stored lipid solutions at —2C. After the formation
[28-30] Here we measure the thicknesses of spin-coatedof the films of lipids, we dried the films under vacuum
films of lipids to determine the optimal range for elec- (—740Torr) for 1-2 h to remove traces of solvent.
troformation, and we employ these films to form lipo- We deposited the solutions of lipids (typically 0.6—0.8 mL)
somes from lipids and lipid mixtures that do not read- onto fourtypes of substrate: 25 maR25 mmx 1.1 mm glass
ily form giant liposomes from droplet-derived spots, such with a coating of conductive ITO; 50 mm50 mmx 1.1 mm
as asolectin, 100% 1,2-dioleogtrglycero-3-[phospha- glass with a coating of conductive ITO (both from Delta
serine] (DOPS), and 100% 1-palmitoyl-2-ole®yiglycero- Technologies, Stillwater, MN); silicon wafers (Silicon
[phosphorac-(1-glycerol)] (POPG). We compare growth of Sense, Nashua, NH) with a 3nm layer of $j@ut into
liposomes from spin-coated films to the growth of liposomes 25 mmx 25 mm squares; silicon wafers with a 120 nm coat-
from the droplet-deposition technique, discuss parameters afing of ITO on top of a 3nm layer of Si§) cut into
fecting the thickness of spin-coated films of lipids, and pro- 25 mmx 25 mm squarel81]. We cleaned all substrates prior
vide a method for the formation of films of lipids of desired to deposition of solution by rinsing the surface with methanol
thickness. and drying under a stream of argon (repeat twice). We cleaned

the glass substrates with surfaces of ITO with the following
protocol: Ix H»0O rinse; Z ethanol (95%, VWR Interna-

2. Experimental tional) rinse and dried under a stream of argon; sonication for
10 min with glass slides in a solution of 50% methanol/50%
2.1. Spin-coating of solutions of lipids chloroform; 2< methanol rinse and dried after each rinse

under a stream of argon.
We used a Speedline Technologies (Franklin, MA) Model As an alternative method to spin-coating, we tested
P-6000 to spin-coat solutions of lipids at speeds between 50dip-coating to form films of lipids. We submerged a
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glass with film of the glass substrate in white light revealed distinct reflected
“— of ITO colors from the films of lipids. We used a Nikon SMZ 1500
aﬁ PDMS spacer stereomicroscope fitted with a color camera (Evolution MP
Color from Media Cybernetics, Silver Spring, MD) to capture
; ' ITO w/ film color images of lipid filmg33].
B — off lipids We measured thicknesses of films of lipids using a model

_ . . VASE ellipsometer (J.A. Woollam Co. Inc., Lincoln, NE).
Fig. 2. Electroformation set-up. Two surfaces of ITO (one or both with a Eqreach film we took single-scan eIIipsometry measurements

film of lipids) were separated by a PDMS spaced (6 mm thick) forming ¢, five different regions of the film (corresponding to mid-
a chamber for electroformation. Two binder-clips (Officemate International

Corp., Edison, NJ) held together the two plates and the spacer. The chamberdl_ev top, left, right, anq bottom of the Sl_JbStrate) to pbtain a
was filled with water, and an ac field (typically 1.7V peak-to-peak) was thickness representative of the entire film. These five mea-

applied to the surfaces of ITO to initiate electroformation. surements provided an average and standard deviation for
the thickness of each film. For silicon wafers coated with
50 mmx 50 mmglass slide witha coating of ITOinasolution | TO, we performed ellipsometry measurements both before
of lipids (3.75 mg mL* in 95% chloroform/5% acetonitrile)  and after formation of the film of lipids because the thick-
for ~5s, lifted the glass plate out of the solvent, and imme- ness of the layer of ITO varied significantly between each
diately held the plate vertically to allow for excess solution 25 mmx 25 mm section cut from the ITO-coated wafer. We
to drop off of the slide. The plate remained in this vertical ysed standard propagation of error to compute final average
position for approximately 2 min to allow for the evaporation - and standard deviation values for film thickness.
of solvent and formation of a lipid film across the surface of  Tg examine the topography of films of lipids, we used a

ITO. NanoScope lllaatomic force microscope (AFM) from Digital
Instruments (Woodbury, NY). Scanning the maximum region
2.2. Electroformation of liposomes accessible by the device (13 x 13.5um), AFM pro-

vided images of spin-coated films and droplet-derived spots
We formed liposomes from films of lipids using a oflipids (using a softtip (UltraSharp Non-Contact Cantilever,
configuration similar to that first described by Angelova MikroMasch, Madrid, Spain) with resonance frequency of
et al. Fig. 2 [19]. A rectangular frame created from 371.014 kHz in tapping-mode). Image analysis software flat-
poly(dimethylsiloxane) (PDMSB2] (Sylgard 184 Silicone,  tened the topographic images to produce representations of
Dow Corning, Midland, MI) served as a spacer of thickness |ipid contours of a spin-coated film of lipids.
~1.6 mm between two opposing glass substrates each coated
with ITO (with one or both ITO surfaces having afilm of lipids
and with both ITO surfaces facing each other). We filled the 3. Results and discussion
chamber with de-ionized water (18.2dtm) through a hole
in the PDMS spacer and immediately applied a 1.7V (peak- 3.1. Formation of lipid films with homogenous surface
to-peak), 10 Hz ac field to the ITO electrodes using a func- coverage
tion generator (National Instruments PCI-6711 High-Speed
Analog Output Board using LabView). Liposomes formed  We used spin-coating to deposit thin films of lipids onto
quickly (10 min), but we allowed electroformation to con- glass slides and silicon wafers covered with a film of ITO
tinue for at least 1.5h until liposomes grew to large sizes and onto silicon wafers with a layer of 3nm SiOlo ob-
over most of the surface of ITO. tain lipid films with homogenous coverage, we spread the
We observed liposomes during electroformation using a lipid solution over the entire substrate surface and initiated
Nikon Eclipse TE 2000-U inverted microscope using €10  spinning~2 s after depositiof84]. During the spin-coating
and 20« objective with extra-long working distance in phase- procedure, excess lipid solution ejected from the surface, and
contrast mode. We captured images of liposomes using athe solvent evaporated, leaving behind a thin film of lipids.
Photometrics CoolSnap HQ camera from Roper Scientific  Solutions of lipids in 95% chloroform/5% acetonitrile pro-
(Trenton, NJ), and image analysis software (Metamorph from duced the most uniform films by spin-coating. Initially, we
Universal Imaging Corporation, Downington, PA) allowed attempted to spin-coat lipids in solutions of 90% chloro-

for determination of the diameter of liposomes. form/10% methanol, which represents the solution most com-
monly used in droplet-deposition experimefig]; however,
2.3. Characterization of films of lipids these solutions did not effectively wet the ITO surfaces, leav-

ing behind non-uniform, thin films with thicknesse0 nm
In addition to ellipsometry and atomic force microscopy after spin-coating. Changing the solution to 95% chloro-
(AFM) studies (see below), we used visual inspection of films form/5% methanol did improve film formation during spin-
of lipid to assess the homogeneity of the film across the en- coating, but visible regions of non-homogeneity (especially
tire surface of the substrate. While films of lipids on glass near the center of the plate) comprisedi0% of the film. We
substrates with coatings of ITO appeared transparent, tilting replaced methanol with acetonitrile, assuming that the more
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10% MeOH 5% acetonitrile
90% CHCI, 95% CHCI,

Fig. 3. Comparison of liposomes formed using the traditional droplet-deposition technique with different solvents. Films of lipids were foepeditygd
2.5uL droplets of 1.0 mgmt? lipids (eggPC, asolectin, or DOPS) dissolved in 10% MeOH/90% chloroform or 5% acetonitrile/95% chloroform onto ITO.
Micrographs in the same row represent the same composition of lipids, and micrographs in the same column indicate the same solvent. Sqate.bars =50

polar acetonitrile[35] would wet the hydrophilic surfaces ter case, liposomes stacked on top of each other to form ver-
of ITO or SiO, more effectively. We obtained the following tical “layers”. Few liposomes formed from films from either
results with spin-coating of lipids in different ratios of chloro-  solvent using DOPS. While the use of acetonitrile appeared
form/acetonitrile: 100% chloroform left behind non-uniform, to improve homogeneity of deposited droplets (fewer aggre-
thin films; 95% chloroform/5% acetonitrile provided an ef- gates of lipids), it did not noticeably improve the formation of
fective balance between dissolving the lipids and wetting the liposomes formed by using the droplet-deposition technique.
substrate and allowed for the formation of thin, uniform films

of lipids with controllable thickness; 90% chloroform/10% 3.2. Macroscopic uniformity of lipid films

acetonitrile resulted in films with apparent non-uniformities.

Throughout this work we used lipid solutions in 95% chlo- We examined the uniformity of films on ITO surfaces by
roform/5% acetonitrile for spin-coating. inspecting the color of reflected light from the samligy( 4).

To test whether 95% chloroform/5% acetonitrile as a sol- Thin films reflect different wavelengths of light depending on
vent would also yield better results using the traditional the thickness of the fillf86]. Films formed at low spin-speeds
droplet-deposition technique, we formed liposomes from (<200rpm) varied in color and showed rindgsd. 4D) be-
films of various lipids and compared the results to flms cause the spin-speed was too slow to eject excess solution.
made from the same lipids in 90% chloroform/10% methanol Films formed from high spin-speeds (>1000rpm) showed
(Fig. 3). Using 3u.L droplets of 1.0 mg mL? lipids (eggPC, some regions of uniform color but also contained areas with
asolectin, or DOPS), we found that fewer aggregates of lipid no apparent films of lipids. In contrast, films from inter-
formed from films deposited from 5% acetonitrile, especially mediate spin-speeds (300-800 rpm) contained large regions
for liposomes of asolectin. Liposomes from eggPC deposited (~90% of the entire surface) of the same colbig( 4B),
from 5% acetonitrile formed in less abundance than lipo- indicating that spin-coating can create areas of homogenous
somes from eggPC deposited from 10% methanol; in the lat- thickness. The color of these uniform films ranged between
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Fig. 4. Comparison of the homogeneity of lipid films formed by different methods on ITO. The optical micrographs of reflected light from films ofblpids sh
(A) non-homogenous film formed by the evaporation of five droplets (volumaLl2.Bf 0.5 mg mL~! asolectin lipids in 90% chloroform/10% methanol;
(B) homogenous film (center of the ITO plate) formed from 2.5 mgthasolectin lipids in 95% chloroform/5% acetonitrile spin-coated at 300 rpm; (C)
non-homogenous film formed by dip-coating an ITO plate (50x89 mm) into 3.75mgmt?! asolectin lipids in 95% chloroform/5% acetonitrile; (D)
non-homogenous film from a spin-speed (100 rpm) that was too slow to eject excess lipid solution (2.5HgSuale bars =4.0 mm.

light green, green-gold, gold, blue, and purple depending on centration when spun at a constant speed of 600 Fig b

the thickness of the films of lipids. inset). The thickness of lipid films was proportional to the
The traditional method of deposition of droplets of lipid initial concentration of lipids. Using the exponential spin-

onto ITO plates, by contrast, formed isolated regions of vary- curves and the dependence of the film thickness on the lipid

ing thickness of the lipid filmFKig. 4A). After evaporation of 110 - _
the solvent, the drops left behind concentric rings of lipids eol .
(so-called coffee-ring effe¢B7]). Several groups have used 100 g E 5l .
techniques (e.g. using a glass rod) to spread lipid solution ol " %% 0/ "
over the surface of IT(38,39] to improve homogeneity g EE 5| =
and increase the area of the lipid film; however, the thick- £ 80 D' —
ness of r’:he resulting film cannot be controlled with this = 70| a awliig\mﬁonc.,
approach. ©

We also compared spin-coated films to dip-coated films 8. 604
of lipids (Fig. 4C) and found that dip-coating produced less B 50! “le
homogenous films than spin-coating. Although dip-coating B
did result in the formation of lipid films across the entire @ 491
surface of ITO, solvent evaporated at different rates while S a0
the solution of lipids dripped from the vertically held slide; £ i
consequently, streaks of lipid film of differing thicknesses 201 \‘\rﬁt—k—.t___‘_
formed on the dip-coated ITO surfadeéig. 4C). 10

0 200 400 60C 800 1000 1200

3.3. Average thickness of spin-coated films of lipids spin speed, rpm

. . . Fig. 5. Thickness of lipid films as a function of spin-speed at three different
We used ellipsometry to measure the thickness of films ¢oncentrations of asolectin lipidsa) 1.0 mg mL; (@) 2.5 mg mL-L; ()
of asolectin lipids on ITO surfaces covering silicon wafers. 5.0mgml=1. The error bars reflect the standard deviation of measured thick-
Fig. 5shows spin-curves for concentrations of 5.0, 2.5, and nesses from five different regions of the films of lipids. The solid lines repre-
1.0mg mL-1 asolectin in 95% chloroform/5% acetonitrile. Sent best curve fits using first-order exponential decay functions. Inset: thick-
. . . _ . ness of films as a function of concentration of asolectin lipids, spin-coated
First-order eXponentlal decay functioysiyo + Ae (x/k)) f_lt' at a constant speed of 600 rpm. The data were fitted linearly: film thickness
ted all curves for spin speeds >200 rpm. We also examined thenm) = 13.8 (nm (mg/mL)?) x concentration of asolectin (mg/mLNE 6,
thickness of asolectin films as a function of initial lipid con- R2=0.99).
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Table 1
Success of liposome formation from various lipids as a function of the thick-
ness of lipid films

Lipid Concentration Thickness of  Quality of
(mgmL~1) film (nm) liposome8

Asolectin 1.0 142 —

Asolectin 25 306t 3 +

Asolectin 3.75 493 ++

Asolectin 5.0 63t 1 0

DOPS 3.75 445 0o/+

EggPC 3.75 3t4 ++

POPG 3.75 44 6 +

90% POPC/10% POPG 2.5 5 0

90% POPC/10% POPG 3.0 266 ++

90% POPC/10% POPG 3.75 20 ++

All lipid films were obtained by spin-coating solutions of lipids at 600 rpm.

2 We define quality of liposomes as: (-) little or no liposome growth; (0)
some regions of liposome growth (ekdg. 7D); (+) large regions of liposome
growth; (++) growth of liposomes with a majority of diameter80um
across most of the surface (ekdg. 7A).

concentration, lipid films of desired thickness could be ob-
tained reproduciblyTable J).

3.4. Thickness of films as a function of composition of
lipid mixture

We prepared films from solutions of different lipids to
investigate the effect of the lipid composition on the thick-
ness of the films. Different solutions resulted in films with
thicknesses from 32 to 49 nm from the same initial concen-
tration of solution of lipids (3.75 mgmt!) and spin-speed  Fig. 6. Atomic force microscopy (AFM) images of spin-coated lipid
(600 rpm) [Table ). To investigate the effect of varying head- films. These films were formed from a solgtion of 2.5 mgTﬁLa_soIectin_
group and charge of the lipids on the thickness of spin-coated3P-coated at 600rpm. Image (A) depicts three-dimensional micro-
linid films. we varied the ratio of POPC and POPG in the scopic contours of the film of lipids across Fh_e entire region scanned

p_ T . ) (13.5um x 13.5um). In (B), the contours of the lipid aggregates are shown
mixture of lipids and measured the resulting thicknesses of by color contrast indicating the uniform height of the highest and lowest
films of lipids. Films formed from lipids containing 99% regions of the film.

POPG/1% POPC were30% thicker than films containing
80% POPC/20% POPG. Therefore, the thickness of films yniform thickness. AFM analysis performed on asolectin

depends on the lipid composition; achieving a desired film fiims formed on three different substrates created under the
thickness requires optimization of the lipid concentration for same conditions yielded almost identical topographic im-
different lipid mixtures. We found, however, that spin-coating ages. These results are in agreement with findings by Muller-
solutions of lipids with concentrations of 3.75 mg miLat Buschbaum et af40], who reported significant roughness
600 rpm generally produced homogenous films that were ef- of spin-coated films of polystyrene using chloroform as a
fective for electroformationTable J). Also, once optimized  solvent; solvents of high vapor pressure (volatility) did not
for a given lipid mixture, spin-coating provides a way of ob-  allow for sufficient diffusion to form microscopically uni-
taining desired thicknesses of lipid films with a precision of form films[40]. Presumably, the same mechanism applies to

a few nanometers(g. Sinset). spin-coated films of lipids from 95% chloroform/5% acetoni-
trile.
3.5. Microscopic uniformity of lipid films We also performed AFM on films created from droplet-

derived lipid films on SiQ (e.g. Fig. 4A). The maximum
We performed AFM analysis of lipid films spin-coated region observable by AFM was a 1345 x 13.5um area.
onto surfaces of Si@to characterize the microscopic uni- This limited region could not depict the non-uniform sec-
formity of the films. AFM imagesKig. 6) show that macro-  tions in the droplet area, namely the concentric rings ex-
scopically homogenous spin-coated films (é:iy. 4B and tending from the droplet center, since the rings themselves
C) consist of closely spaced aggregates of lipids at the were 30—10Q.m wide. Instead, AFM images showed smooth
micro-scale. These aggregates generally have the same heigHipid contours over the scanned region that appeared more
(Fig. 6B), thus appearing macroscopically as a film of homogenous on the micro-scale than the lipid aggregates
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Liposomes from spin-coated films
of lipid

121

Liposomes from lipid films obtained
by droplets of lipid solution
By : E

Fig. 7. Phase-contrast images of liposomes formed on ITO surfaces. The column on the left (A, B) shows liposomes grown from two different regions of a
spin-coated film of asolectin. The column on the right (C, D) shows liposomes grown from two different regions of a spot of asolectin formed byevaporati

of solvent from a droplet of lipid solution. Inset in (C) shows an expanded image of a region in the lower left part of C (scale bar of ipsgt The
experimental conditions and duration (1.5 h) of liposome growth were identical for spin-coated and droplet-deposited films. Note that spimso&lipitis

result in the formation of liposomes with average diameters 2-5 times larger than liposomes formed from droplet-derived films. Asolectin waselmsen h
illustrate the benefit of electroformation from spin-coated vs. droplet-derived film for certain lipid mixtures. Liposomes from eggPC, on thedthgeow

very well from droplet-derived films (sd€g. 3). Scale bars =7pm.

of spin-coated films. Scanning three different films from

Liposomes from the spin-coated lipid film formed over

droplets, however, showed strongly varying thicknesses (75,the entire surface of the ITO electrode and grew to larger

45 and 20nm) of the lipid films depending on whether

sizes than liposomes grown from the droplet-derived film.

the scanned area was close to the center or to the edgé&Ve measured the average diameters of liposomes shown in

of the dried droplet of lipid. These differences in thick-
ness confirm the macroscopically visible variability in thick-

Fig. 7; liposomes grown from spin-coated films of asolectin
exhibited average diameters of 3420.0pm (Fig. 7A,

nesses of films created from evaporation of droplets of lipid N=88) and 31.1%6.5um (Fig. 7B, N=146), while lipo-

solution.

3.6. Formation of giant liposomes from spin-coated films
of asolectin lipids

Using electroformation, we compared growth of lipo-
somes from a spin-coated film of asolectin lipids to growth
from spots of asolectin lipids formed by dropletsd. 7).
We spin-coated a solution of 3.75 mg mLasolectin onto a
glass slide with alayer of ITO at 600 rpm. The resulting thick-
ness of the lipid film was 5& 3 nm. On another ITO surface
we deposited five separate droplets (2L of 0.5 mgmL1

somes grown from droplet-derived films had average diam-
eters of 5.4 3.1um (Fig. 7C, N=448, examining only the
lower left quadrant) and 66 3.7um (Fig. 7D, N=477). In
general (except for eggPC), liposomes from the spin-coated
lipid films exhibited average diameters that were a factor
of 2-5 larger than liposomes from droplet-derived films and
grew from the entire surface of the ITO electrode.

One disadvantage of the spin-coating procedure is that it
requires more lipids than the droplet-deposition technique.
For a substrate with an area of 25%m3 mg of lipids were
used for spin-coating. In comparison, the droplet-deposition
technique requires onky2 g of lipids per droplet. To cover

asolectin in 90% chloroform/10% methanol. We used these an area of 25cf) ~100 droplets would be needed (see
two ITO plates as the top and bottom electrodes of the elec-Fig. 4A). Therefore, spin-coating requires approximately 15

troformation set-upKig. 2) to compare both methods of Ii-

times more lipids per area of substrate than the droplet-

posome formation under the same experimental conditions. deposition technique.
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3.7. Optimal thickness of lipid films for electroformation (from AFM); some areas of these spots presumably exhib-
of liposomes ited thicknesses of 25-50 nm, and these regions seemed to
grow liposomes of size comparable to liposomes from spin-
To determine optimum conditions for electroformation, coated films. Other regions of the droplet-derived spots of
we tested liposome growth from different thicknesses of lipid, however, exhibited film thicknesses outside the opti-
lipid films and from different mixtures of lipidsTable 1. mal range, and electroformation resulted in small liposomes
Lipid films with thicknesses of 25-50 nm produced large (<10um, seeFig. 7C), sporadic lipid aggregates, or regions
(>30um) liposomes over~90% of the surface for both  of no growth. We observed similar artifacts when growing
asolectin and 90% POPC/10% POPG and were optimal for liposomes from films of lipids generated by dip-coating, due
liposome growth. This range of thicknesses corresponds toto variations in thickness across these films.
30-60 layers of lipid41,42) Thicknesses of lipid regions

in droplet-derived spots of lipids ranged from 0 to 70nm 38 Growth of giant liposomes from uniform films of
optimal thickness

Using optimal thicknesses of lipid films, we formed li-
posomes from several different mixtures of lipidsale J).
Spin-coated films of eggPC produced exceptionally large li-
posomes (average diameter 49.24.1.m, N=218) across
the entire surface of ITGHjg. 8A). Most hotably, however, we
formed giant liposomes from two solutions with 100% neg-
atively charged lipids: phosphatidylserine (we used DOPS)
and POPG. Spin-coated films of pure DOPS produced large
liposomes (50-10am) (Fig. 8B) but also resulted in regions
of noliposome growth and in smaller liposomes that appeared
to be multilamellar. Spin-coated films of pure POPG resulted
in giant liposomes over most of the surface of formation,
with sizes ranging from 10 to 1Q0m (Fig. 8C). Previous
reports indicate difficulties in forming liposomes using elec-
troformation from these two lipids. The successful forma-
tion of liposomes from spin-coated films of pure DOPS and
POPG demonstrates the effectiveness of growing liposomes
from a macroscopically uniform lipid film of optimal thick-
ness.

4, Conclusions

Spin-coating solutions of lipids generates uniform lipid
films over large areas. Optimizing the concentration of the
lipid solution and the spin-speed makes it possible to control
the thickness of films with a precision of a few nanometers.
Spin-coating affords a reproducible procedure to obtain films
with a thickness of 25-50 nm, which is optimal for electrofor-
mation. These films make it possible to generate liposomes
that are on average 2-5 times larger than liposomes formed
with standard techniques and allow for the formation of lipo-
somes from lipids that do not readily form giant liposomes
with standard techniques.

There are several drawbacks of spin-coating.

(1) This technique requires access to a spin-coater.

(2) Compared to the amount of lipid used for the droplet-
ition techni in- ing requir nincr

Fig. 8. Phase-contrast images of giant liposomes formed from the follow- depos tion technique, spin-coating requires a creased

ing lipids: (A) 100% eggPC: (B) 100% DOPS; (C) 100% POPG. Scale amount of lipid solution to cover the surface of ITO.

bars = 10m. Lipid solutions were spin-coated at 600 rpm from initial con-  (3) Different mixtures _Of lipids genera_te different sp-in-
centrations of 3.75 mg mt?. curves; thus, obtaining precise thicknesses of films
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requires optimizing the conditions of spin-coating for
a given lipid mixture.

Despite these drawbacks, spin-coating offers an effective
technique for producing homogenous films of lipids that form
many, exceptionally large liposomes through electroforma-
tion from a variety of lipid mixtures including pure phos-
phatidylserine and phosphatidylglycerol.
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