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Abstract. We show how to greatly improve precision when determining bending elasticity of giant unilamel-
lar vesicles. Taking advantage of the well-known quasi-spherical model of liposome flickering, we analyze
the full probability distributions of the configurational fluctuations instead of limiting the analysis to the
second moment measurements only as usually done in previously published works. This leads to objective
criteria to reject vesicles that do not behave according to the model. As a result, the confidence in the
bending elasticity determination of individual vesicles that fit the model is improved and, consequently,
the reproducibility of this measurement for a given membrane system. This approach uncovers new pos-
sibilities for bending elasticity studies like detection of minute influences by solutes in the buffer or into
the membrane. In the same way, we are now able to detect the inhomogeneous behavior of giant vesicle
systems such as the hazardous production of peroxide in bilayers containing fluorescent dyes.

1 Introduction in membrane systems by Helfrich in 1973 [23], its very first
estimation was made in 1975 on red blood cell membranes,
using the flickering phenomenon originating from thermal
fluctuations [24]. From then on, different approaches in-
volving bilayer model systems of defined composition have
led to various methods to estimate bending elasticity. The
first category is based on the observation of freely mov-
ing vesicles submitted to thermal fluctuations using ei-
ther tubular [1,25,26] or quasi-spherical vesicles [2,4,14,
27-35]. The second category measures the response of the
membrane to mechanical deformation originating from mi-
cropipette aspiration techniques [3,5,36-38], tether forma-
tion [39-41], bead diffusion [42], optical force in a confocal
microscope [43-45] or electric field [46]. The last category
involves peak shape analysis of X-ray diffraction by mul-
tilamellar systems [47].

About 20 years ago, we developed a method based on
the observation and the measurement of thermal fluctu-
ations of GUVs seen by phase-contrast video-microscopy
and evaluated by digitized image analysis. Simply, we were

Giant unilamellar vesicles, GUVs, have been intensively
used for the last 30 years by physics and biophysics. As
model membranes with a controlled composition, they
were employed to investigate behaviors known to be im-
portant for biological activity like mechanical proper-
ties [1-5] and raft hypothesis [6-9]. Quite generally, these
studies involved one-component lipid bilayers, lipid mix-
tures, lipid and protein mixtures and rarely, membrane
extracts [6,10-15]. GUVs made of simple lipid bilayers
were also involved when investigating the effects of non-
absorbing chemicals [16,17] or additional components par-
titioning between the buffer and the vesicle bilayer (for
example, see [18]). The reasons why GUVs became one
of the most popular vesicle systems are twofold. First,
their huge size allows direct observation using optical mi-
croscopy, and second, GUV production methods are nowa-
days easy to reproduce [16,17,19-22].

The ability of membrane systems to bend under very

low stress is perhaps the most obvious mechanical prop-
erty of such soft materials. This softness is characterized
by bending elasticity, k., whose measurement is intrinsi-
cally difficult due to its very small value (from a few kT
to about 100kgT depending on the bilayer composition).
Following the introduction of the role of bending elasticity
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computing the autocorrelation function of the GUV con-
tour fluctuations and worked on the amplitudes obtained
after Legendre polynomials decomposition [4]. At that
time, we had to take into account important technical
limits. The video signal was analog and the total num-
ber of digitized images was small (= 400). Also, the mea-
sured amplitudes had to be corrected for the video inte-
gration time [4]. Finally, analysis was restricted to a small
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number of GUVs for a given system, due to the inefficient
GUV production method based on spontaneous swelling
(adapted from [48]).

Nowadays, the bending elasticity of a given GUV is ob-
tained from a much larger number of digitized images (sev-
eral 2000 images over 1 min series [33]; 3000 to 4000 images
over 2 to 3min [18]; about 15000 images over 10 min [49])
which improves the accuracy of the measurement. Other
technical refinements were also made, like an optical sys-
tem [50] or a simpler stroboscopic illumination set-up [51],
to limit the exposure time of the video camera. Ultimately,
GUYV can now be produced quite efficiently using different
methods recently published in the literature [16,17,19-22].

Despite these numerous improvements, a weak point
persists in the measurement of k. from fluctuating quasi-
spherical GUVs. Whatever the precise details of the meth-
ods, it always starts with a selection of GUVs that should
be considered for analysis. Ideally, the GUV should indeed
be quasi-spherical, exhibiting measurable thermal fluctu-
ations and without any attachment in order to agree with
the theory used for the analysis. Yet, these criteria are not
that clearly defined. It is the user who decides whether
a GUV is too floppy or too tense for analysis. Likewise,
the question remains whether a GUV can be reasonably
considered as quasi-spherical and useful for analysis or
as ellipsoidal and therefore excluded for k. measurement.
Further, only the GUV contour is observed, meaning that
possible attachments elsewhere may be overlooked. More-
over, there might be cases of tiny defects associated to
vesicle bilayer that cannot be detected using classical op-
tical microscopy. A given vesicle may also be bilamellar
rather than unilamellar, the image quality being usually
not sufficient to distinguish easily between these two cases.
To overcome all these difficulties, it is usually necessary
to analyze typically 10 to 30 GUVs of a given system un-
der chosen environment and to take the average k. as the
bending elasticity of the system [18]. It should be stressed
that k. values of individual GUVs may be quite scattered
around such a mean value, especially if the user is not very
rigorous in his selection process. In such cases the k. value
of an individual GUV poorly reflects the bending elasticity
of the system, meaning that one has to increase dramati-
cally the number of GUVs to track down subtle effects on
membrane mechanical properties, such as small variations
in membrane composition or solute concentration. A fur-
ther difficulty arises from the fact that any method that
obtains precision by measuring k. as an average over sev-
eral GUVs does not allow the detection of individual vari-
ations in the bending elasticity. For instance, small vari-
ations in composition of GUVs from the same batch may
lead to scattered individual k. values that cannot be dis-
tinguished from variations due to poor selection criteria.

Herein we present in details an improved method for
measuring k. from thermal fluctuations of GUVs. The
main point of this improvement lies in the data analysis,
that allows to judge GUV behaviors by their coherence
with the theoretical description of thermal fluctuations
of quasi-spherical vesicles. This results in a rigorous vesi-
cle selection based on objective criteria making user bias
negligible. Notably, the analysis reinforces the confidence
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in the determination of bending elasticity of individual
GUVs. This has already been proven in the context of
photo-induced lipid peroxidation [49]. Therein we showed
that GUVs from the same batch gave different k. values,
ranging from about 1.2 x 10719 J to about 2 x 10719 J re-
lated to the amount of lipid peroxidation that depends on
the intensity and duration of the light exposure of each
individual GUV.

In the following, we present the statistical description
used for analyzing GUV fluctuations, followed by a de-
tailed picture of experimentally observed thermal fluctu-
ations of quasi-spherical vesicles. Based on the statistical
behavior of GUVs, we present criteria that can be used
to eliminate GUVs that do not fulfill the requirements for
being treated according to the theory (quasi-spherical, ab-
sence of defects, etc.). Comparison with the earlier method
highlights the advantages of the new one: all individual k.
values are close to the average bending elasticity, which it-
self is measured with largely increased precision. We con-
clude with a short presentation of the usefulness of the
new method to detect true k. variations in a given pool of
GUVs, such as those caused by photo-induced lipid per-
oxidation [49].

2 Materials and methods

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1, 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC)
were purchased from Avanti Polar Lipids Inc.(Birmingham,
AL). 6-dodecanoyl-2-dimethylaminonaphthalene (LAURD-
AN), Texas Red 1,2-dipalmitoyl-sn-glycero-3-phosphoeth-
anolamine, triethylammonium salt (TR-DPPE), 2-(6+7-ni-
trobenz-2-oxa-1,3-diazol-4-yl) amino) hexanoyl-1-hexade-
canoyl-sn-glycero-3-phosphocholine (NBD C6-HPC named
NBD-PC in this work), lissamine rhodamine B 1,2-dihex-
adecanoyl-sn-glycero-3-phosphoethanolamine, triethylam-
monium salt (Rh-DPPE), 1,1’-dioctadecyl-3,3,3’, 3'-te-
tramethylindocarbocyanine perchlorate (DiIC18(3) named
DiIC18 in this work) and 2-(4,4-difluoro-5,7-dimethyl-4bo-
ra-3a,4a-diaza-s-indacene-3pentanoyl)-1-hexadecanoyl-sn-
glycero-3-phosphocholine (5-BODIPY FL C5-HPC named
Bodipy-PC in this work) were obtained from Invitrogen,
Denmark or France. Fluorophore stock concentrations
were quantified by absorption spectroscopy using pub-
lished absorption coefficients.

Giant unilamellar vesicles (GUVs) were prepared ac-
cording to an already published protocol [16,17] using
electroformation method. Briefly, a LUV suspension in wa-
ter is prepared using a grinder mill (Retsch, Inc., Newton,
PA) with a final lipid concentration of about 0.2mg/mL.
5 deposits of 2 uL are made on each electrode [17]. After
water evaporation, the electroformation cell is filled with
water or a buffer solution at 1 mmol/L Tris (Trizma Base,
Sigma-Aldrich Chimie, France) and 1mmol/L. EDTA
(ethylenediaminetetraacetic acid, Sigma-Aldrich Chimie,
France) adjusted to pH 7.4. Next, an electrical field is ap-
plied using “low salinity” conditions as defined in [16,17].

At the end of the electroformation protocol, GUVs are
detached from the electrodes and observed as freely mov-
ing objects under an Axiovert 135 microscope equipped
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Fig. 1. Phase-contrast image of a giant vesicle after back-
ground subtraction. The bar at the top corresponds to 10 um.
At the bottom, the contour found after the extraction proce-
dure is fluctuating around the mean radius (vertical axis), as
a function of the angle ¢ (horizontal axis).

with a x 63/0.75 phase contrast objective (Zeiss, Germa-
ny). If necessary, the temperature inside the GUV cham-
ber can be monitored. Stroboscopic illumination by a
xenon flash lamp (flash FWHM = 2.9us, L7684 and
its power supply, Hamamatsu, Japan) was used when
studying GUV thermal fluctuations [50-52]. Video images
were produced by a CCD C2400-77 (Hamamatsu, Japan)
or a CCD DXC C33P (Sony, Japan) video-camera and
recorded on a DSR-20P DVCAM recorder (Sony, Japan)
for about 10 min.

The video image sequence of the GUV thermal fluctu-
ations is analyzed on Apple™ laptop computers using a
home-made software bundle developed under the MacOS
X Leopard environment. Extraction of the vesicle con-
tours is straightforward due to good contrast produced
by phase-contrast microscopy after background subtrac-
tion, fig. 1. First, background images are obtained in a
region free of GUVs using the settings of the optical mi-
croscope and video-camera chosen for GUV recording. We
typically record 10 seconds of this region and make an
average image of the corresponding 250 images. The ob-
tained background image is smooth with intensity vari-
ation from place to place associated to optical defects in
the optical path. During the following step of image analy-
sis, this background is subtracted from every image of the
contour fluctuations. This procedure leads to the images
shown in fig. 2. The intensity variation as a function of
the pixel position along a radius anchored at the contour
center at a given angle ¢ is measured and the membrane
position is obtained by fitting the intensity profile with
a Lorentzian function. The number of images analyzed is
typically 15000 (10 minutes at the European video fre-
quency of 25Hz) and the obtained contour radii, p(,t)
(t is the time associated with the image), are then used
for bending elasticity determination as detailed in the fol-
lowing. With fixed video-camera settings, the image illu-
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mination is reproducible from one recording to the other
because the flash lamp brilliance does not decrease mea-
surably for weeks. This allows possible intensity compari-
son of the contour contrast obtained from different GUV
recordings.

No correction was applied to the fluctuation measure-
ments because of the stroboscopic illumination (FWHM =
2.9 us) that produces instantaneous snapshots of the vesi-
cle deformations, removing any blurring effect associated
with the video integration time [50-52]. This can be
proved by comparing typical relaxation times 7, as es-
timated by Milner and Safran’s theory [53] (7., ~ 4nR3/
(kem?) for large enough fluctuation mode m, where 7 is
the solvent viscosity and R the vesicle radius) with this
FWHM. Choosing m = 40, n = 1072 Pas, R = 10 ym and
ke =1.2 x 107 J, one finds 749/FWHM > 150.

3 Statistical description of GUV flickering

The commonly used model for understanding thermal
fluctuations of GUVs is to consider quasi-spherical vesi-
cles, i.e., vesicles whose fluctuations are not strong enough
to lose the apparent mean spherical shape [4,53]. Using
notations already introduced in [4], one gets consequently

(0,0, t) = R[1 + (0, ¢) + du(0, ¢, 1)), (1)

where 6 and ¢ are the spherical angles, ug and du being
the static mean shape and the time-dependent deforma-
tion of the vesicle. Using spherical harmonics Y,)" as base
functions [54], one obtains

r(0,,t) = R|1+4 (AJ + Ug (1) Yy

Mmax

Y

n22,|m|<n

Ut ()Y, (0, 9) | (2)

where the only contribution to ug is a constant term,
ASYY, when considering quasi-spherical shapes [4]. Defin-
ing the time-dependent real functions a?*(¢) and b (t) by
UM (t) = (a™(t) — ib™(t))/2 with i = /=1, one can write
eq. (2) as

r(@,p,t) = R <1 + (A + UJ(t) Yy

+ Za%(t)Pﬁ”(cos 0)+ Z (al™*(t) cos(myp)
n>2 0o<m<n

+b" (t) sin(me)) P (cos 0)] ) , (3)

with P} (cos ) related to the associated Legendre func-
tion P} (cos ) [54]

Pt (cosf) = (—1)m1 / 2n4: L MPZL”(COS 0),
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Fig. 2. Phase-contrast images of 3 typical DLPC giant vesicles in water. (A) GUV 1, a small flaccid vesicle with R = 8.7 pum,
the vesicles inside and outside seeming unconnected. (B) GUV 2, a tense vesicle with R = 13.8 um. (C) GUV 3, a flaccid vesicle
with R = 15.8 um, close to a bean-shaped vesicle below the focal plane apparently unconnected. The bar represents 10 pm.

leading to the expression for the spherical harmonics
Y (0,0) = P(cos @) - e [54] and

2@ = a0
U OF + U7 OF = 5 lar @) + 0],
1<m<n. (4)

The free energy F{ug,du} of a given shape defined by
up+0u with respect to that of the equilibrium one, F{ug},
is simply [4,55]

F{ug, du} — F{up} =

%f%(a)(%(tw% > [|a$<t>|2+|b$<t>|2]>,
n=2

1<m<n
(5)

where A, () = (n+2)(n — 1)[g + n(n + 1)] and 7 is
the reduced membrane tension [4,55]. Every al* (or b)),
1 < m < n, is an independent mode with a Boltzmann
statistics proportional to exp(—k.\, (5)z?/4kpT) (z rep-
resenting the possible a!* or b7 values) and a time average
(lap (®)1?) = 2kpT/(kcAn(5))-

Unfortunately, phase-contrast video-microscopy gives
access to the contour only, i.e., an equatorial cross-section
defined by 6 = n/2 (fig. 1). This contour is well defined
(see bottom of fig. 1) and image analysis leads to a nice de-
scription of the contour fluctuations, r(7/2, ¢, t) = p(p,t),
as a function of the angle ¢, and the time, ¢t. Typically 300
points per contour are kept, corresponding to 300 discrete
radii regularly distributed as a function of the ¢ direc-
tions (taking 600 or more contour points did not result
in a better statistical description of GUV thermal fluctua-
tions). Introducing p(t) as the angle average of the contour
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for a given image recorded at time t, and R = (p(t)) as
the corresponding time average, we can write the relative
contour fluctuations, v(p,t) = (p(p,t) — p(t))/R, as

Mmax

W)=Y > Uy (5e).  ©

n=2 0<|m|<n

Equivalently, v(p,t) can also be written using Fourier de-
composition [28]. Rearranging, we find

Mmax Mmax

olpt) = > feostmp) S az(t) - PIO)

o<m n>m

Mmax

+sin(mp) Y (1) - Pr(0) (7)

n>m

and writing a™(t) = Y2 o™ (¢) - Pm(0) and 7(t) =

n>m -'n
Don i b (t) - P (0), we get
v(p t) = Y a™(t)cos(mep) + 7 (1) sin(me),  (8)
o<m

which describes the fluctuations of the contour that cor-
responds to GUV equatorial cross-section.

The Fourier decomposition of the contour fluctuations,
eq. (8), is a linear combination of a large number of in-
dependent fluctuation modes with Boltzmann-type statis-
tics. Consequently, o™ (t) (respectively, 3™ (t)) above has
also a Boltzmann-type statistics named A™(y) (respec-
tively, B™(y)), that can be expressed as

2
A (y) = B (y) xcexp | it | (9)
> [Pr0)or
n>m
with y = a™ or ™ and
o AkpT
" ke(n+2)(n—1)[ +n(n+1))
AkpT 1
=B 1
W) (10

Classically, we are using the autocorrelation function of
the vesicle contour fluctuations, £(v,t), to access a mea-
surement of the bending elasticity, k., and the reduced
membrane tension, &, of a given giant vesicle [4]. Using
the already introduced o™ (t) and 5™ (t), we have [4,55]

€010 = 5o [ [ple 200 = plo)
< [o(e,t)—p(B)dp=S - X"(t) cos(mn), (11)
o<m

with x™(t) = ([@™(t)]? + [3™(t)]?)/2. Therefore, the au-
tocorrelation function should be experimentally a sum of
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positive terms when using Fourier decomposition. More-
over, a™(t) and 8™ (t) having a Boltzmann statistics, x™,
should be characterized by a monoexponential distribu-

tion, I"™(x™)

(™) o exp [—R%/kBT, a>>‘ﬂ )
with
R™ (ko k5T, &) — k];CT x— ! . (3)
Z [P (0)]*/An(5)

4 Results and discussion

The idea behind the statistical approach to contour fluc-
tuation analysis was not only to gain precision in the
determination of k. but also to identify clear criteria of
how perfectly, or imperfectly, a given GUV relates to the
theory. To illustrate our approach, GUVs that possibly
had some problems (attachments, ellipsoidal contour, etc.)
were therefore recorded and analyzed intentionally. Fig-
ure 2 shows three typical freely moving DLPC GUVs as
obtained by electroformation in water. It can easily be
noticed that each of these three GUVs is in rather close
contact with another vesicle. Unfortunately, from the im-
ages alone it is not possible to decide whether they are
connected or not. Vesicle 1, shown in fig. 2A, is small, fluc-
tuating and quasi-spherical. This GUV contains a smaller
GUYV in its inner volume that is apparently moving in-
dependently. Vesicle 2, fig. 2B, is much more tense and
fluctuates poorly. During prolonged observation one can
notice some small vesicles in its close vicinity, apparently
freely moving without any direct contact to the GUV.
Vesicle 3, fig. 2C, is rather flaccid but gives a strong
contrast. The bean-shaped vesicle below the focal plane
seems to be unconnected as far as can be judged from
the images. Consequently, direct observations using opti-
cal video-microscopy indicated freely moving GUVs with-
out obvious defects. Yet, all three GUVs are at risk of
having a connection with another vesicle, which is a kind
of defect that cannot be taken into account by the quasi-
spherical vesicle model. These 3 vesicles were therefore
good candidates to illustrate the advantages of the new
method for k. measurement.

4.1 Analysis of the fluctuation distributions

Due to the predicted monoexponential behavior of the
'™ (x™) distributions (obtained from cosine decomposi-
tion of the autocorrelation function of the contour fluc-
tuation £(vy,t)), the following presentation focuses on the
study of the different I'"™(x™) as a function of m instead
on either A™(a™) or B™(4™), the distributions of the
contour fluctuations themselves. Fourier analysis of the
autocorrelation function gives a series of x"* for every dig-
itized contours, with typically 2 < m < 30, eq. (11). For
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a given mode m, we thus obtained N different x”* values as
a function of the recorded time, ¢, some of them being very
small in a range corresponding to frequent measurements,
while others are very large and sparse. This frequency may
be represented by simply using data binning (i.e., a repre-
sentation of the fraction of contours satisfying x; — Ay /2 <
X" < x; + Ax/2 for increasing x; (= iAy) of the exper-
imentally determined x™ values). Likewise, one may use
a direct frequency representation. Using an appropriate
normalization factor, the N obtained x”* are sorted in in-
creasing order, the smaller x. (close to 0) being most
probable (I (x™.) = 1) and the larger x7,, being un-
likely (I'"(x™,..) = 1/N). Due to the very large number of
contours analyzed per vesicle, IV, we used this direct fre-
quency representation. As will be shown in the following,
such a representation allows easy identification of GUVs
that deviate from the theoretically expected behavior.

Figure 3 depicts direct frequency representation of
X"™ /2 for vesicles 1, 2 and 3 already shown in fig. 2. In the
case of the small flaccid GUV 1, the distributions of the
selected modes, '™, as a function of the measured time-
dependent amplitudes, x"/2, follow nicely the expected
monoexponential behavior (fig. 3A). However, one can no-
tice some deviations from the monoexponential behavior
for the 1% largest and uncommon amplitudes (I < 0.01
corresponds typically to only & 150 images). This can be
attributed to the lack of statistics for these rare events.
The I'™ distributions of the tenser GUV 2 also exhibit
monoexponential behavior with the only exceptions being
the occasional large amplitudes. However, one has to note
that the range of the abscissa for the tense GUV 2 (fig. 3B)
differs by a factor of about 4 when compared to the flaccid
GUV 1 (fig. 3A). This is due to the strong reduction of the
measurable fluctuations when working with a tense vesi-
cle, that is characterized by a small excess area (large 7).
Indeed a large 7, eq. (10), is a damper for large thermal
fluctuations typically up to n ~ 10 [4] (more precisely,
up to n ~ /). Finer analysis of the I'"™ distributions
of vesicle 2 shows that I'? oscillates slightly but persis-
tently around the expected monoexponential curve. Such
a behavior is no longer detected for modes > 3, which
are clearly monoexponential. The peculiar behavior of the
2nd mode can be understood considering typical relax-
ation times of thermal fluctuation as estimated by Milner
& Safran’s model [53]. For large GUVs, the second mode is
characterized by relaxation times of about 30s [56,57]. In
this case a recording of around 10 min is too short to gain
a good statistical description of this second mode. Con-
sequently, GUVs with a radius larger than 10 pm often
show non-ideal behavior for the 2nd mode, while show-
ing the expected monoexpondential decay for modes > 3
(data not shown). In this case the 2nd mode should be
reasonably rejected for k. analysis, as every mode with
poor statistical description.

Generally, monoexponential I distributions are in-
deed found for the vast majority of recorded GUVs which
shows clearly that the thermal fluctuations of these GUVs
can be adequately described by the theory. This is not the
case for GUV 3. The '™ distributions for this vesicle differ
significantly from the expected monoexponential behavior
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Fig. 3. Normalized distributions of the x™/2, 2 < m < 8 for
the 3 typical DLPC vesicles previously shown in fig. 2. (A)
Small flaccid GUV 1 with R = 8.7 um. (B) Tense GUV 2 with
R =13.8 um. (C) Flaccid GUV 3 with R = 15.8 pm.

whatever the frequency region (fig. 3C). Obviously GUV
3 has some kind of defect that results in thermal fluctua-
tions that cannot be described by the quasi-spherical vesi-
cle model. It might be speculated that GUV 3 is connected
to the bean-shaped object below the focal plane (fig. 2C).
In this case, its apparent membrane area (that correspond-
ing to the quasi-spherical shape in the focus plane) would
not be constant and could strongly fluctuate. These shape
transformations are generally slow and do not occur often.
Therefore, parts of the video could possibly correspond
to apparent large excess areas (small &) whereas others
might be characterized by apparent smaller excess areas
(high &). Such different states of the membrane tension
would give very different statistical distributions of the
vesicle fluctuations that would be particularly visible for
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smaller modes where the membrane tension is strongly in-
fluencing the mean fluctuation amplitude. However, even
though we cannot be sure about the nature of the defect,
the data clearly shows that this GUV should be excluded
from analysis. In the following vesicle 3 will nevertheless
be kept to show that our method retains this information
about vesicle abnormality and that, more generally, our
new method provides criteria for the objective rejections
of GUVs without the need to examine individually the
distributions of I'™ as a function of the measured time-
dependent amplitudes, x™ /2.

In order to determine bending elasticity from the ex-
perimental distributions of x™ /2, the decays observed in
fig. 3 are fitted using a monoexponential. Obviously, this
should be done by limiting the influence of outlier am-
plitudes. As already stated above, huge amplitudes are
rare events with poor statistics. Therefore, they should be
excluded from the fitting procedure. Amplitudes close to
zero are the most frequent events but are also problematic.
Contrariwise to huge amplitudes that can be measured
precisely with an optical microscope, very small ampli-
tudes are comparable to the resolution. Hence, they are
noisy and should not be included in the fit. So the fitting
procedure includes only amplitudes of a given order m,
X™/2, that are in the “middle of the distribution”, i.e.,
0.4 > I'"™ > 0.08 (almost 30% of the digitized contours).
The parameters obtained from the monoexponential fit
are then used to determine the residuals over the full data
range. A true monoexponential behavior will therefore
lead to very small residuals on the whole data range while,
on the contrary, an anomalous statistical distribution will
show large residuals. This is illustrated in fig. 4 showing
the 8th mode of the 3 different vesicles already discussed.
For GUV 1 and 2, the fit of the middle of the distribu-
tion describes well the monoexponential behavior over the
whole range of I'® (see fig. 4A where the open symbols
correspond to the fitted middle of the distribution). In
the case of GUV 3, the test function obtained from the fit
describes well the distribution of the higher amplitudes,
but diverges strongly for the small ones. Figure 4B shows
the residuals obtained for the 8th mode of these three
vesicles. To simplify the comparison between them, the
abscissa was rescaled using R®, eq. (13), obtained from
the fitting procedure for the 3 GUVs. The window corre-
sponding to 0.4 > I'® > 0.08 is included in fig. 4 (verti-
cal lines at R® - x8/2 = 0.92 and 2.52). Vesicles 1 and 2
have very small residuals over the full range of amplitudes.
It can therefore be concluded that the 0.4 > I'® > 0.08
region (=~ 30% of the images) predicts nicely the statis-
tics of the full distribution. This is obviously not the case
for vesicle 3. The corresponding residuals are minimized
in the fitted region only, then strongly diverge for small
amplitudes, i.e., for 0.4 < I'® (R® - x8/2 < 0.92). This
discrepancy between fitted curve and experimental data
is used to rank the quality of the fitted exponentials, as a
function of the order m. More precisely, the error estima-
tion of the experimentally determined R™, obtained from
the exponential distribution of x™, as a function of m is
calculated from what it should be for the linearized dis-
tribution (In(I"™) = a — R™ - x™ /2, a being the logarithm
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Fig. 4. (A) 8th-order distributions for the 3 DLPC GUVs
presented in the previous figures. For clarity, the rare high-
amplitude events are not represented. The continuous line cor-
responds to the exponential fit of the middle of the distribution,
i.e., the interval 0.08 < I'® < 0.4 (open symbols). (B) Compar-
ison of the residuals obtained for the 8th mode of these 3 GUVs
over the whole data range in comparison with the exponential
fit of the middle of the distribution (corresponding, after data
rescaling, to the common window 0.92 < R® x x%/2 < 2.52).

of the exponential prefactor that should be close to 0 for
normalized data) with the uncertainty, ogm, associated
with the slope R™ [58]

N Rr™

~

00027~ (Su02) YN

ORm —

9

the last term on the right being obtained in the case of
an exponential distribution, j identifying the image index.
To include the discrepancy between the obtained fitted pa-
rameters when considering 0.4 > I > 0.08 and the full
data range, the above uncertainty, orm, is multiplied by
a dimensionless number giving an estimation of the good-
ness of the fit. This number is directly the square root of
the sum of the squares of the linearized distribution resid-

uals, \/Zj (In[I'™ (X} /2)] = a + R™ - X" /2)?. Therefore,
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the error AR™ used in the following is eventually

A= o \/ 3 (P 2] =+ R/

This accounts explicitly for any deviation, huge or small,
from the expected behavior. As can be seen in fig. 4B,
the residuals of GUV 2 are slightly larger than those of
GUV 1, a fact that will be preserved when determining
bending elasticity for these vesicles.

4.2 Bending elasticity measurement of individual
vesicles

The analysis of the amplitude statistics obtained from the
Fourier decomposition of £(7,t), eq. (11), gave experimen-
tally determined R} and AR, for typically 2 < m < 30,
used directly for the determination of bending elasticity.
For a given vesicle, eq. (13) indicates that RJ. depends
only on 2 parameters, k./kpT and &, that can be ob-
tained by a non-linear fitting procedure using a Levenberg-

Marquardt method [58] that minimizes the merit function:

Mmax

M (ke/kpT,5) = > [

Mmin

m m 2
Rex — “Y%h
AR '

In this expression, mmuyin and my.x are, respectively, the
first and last relevant modes to consider in the analysis of
the contour fluctuation statistics (see below) while R} is
the theoretical expression obtained in eq. (13). Note that
in the denominator of the relation giving R}, eq. (13),
we also find a sum of a large number of positive terms

depending on & only, > "= [P™(0)]2 /), (5), that slows

n>m
down the fitting procedure leading to k./kpT and &. For-
tunately, the expression [Pm(0)]?/\, () is rapidly con-
verging to zero when n increases compared to m for typi-
cal & values and the summation can be limited to the first
few terms. In our case, we chose to sum from n = m to
n = m + 10, knowing that P .. ,(0) = 0 for j > 0.

At the end of this procedure, each vesicle is charac-
terized by a particular bending elasticity at a given tem-
perature, k., and a reduced membrane tension, . These
parameters are associated to error estimations for indi-
vidual vesicle, Ak, and Ag. From the covariance matrix,
we also obtain the corresponding correlation coefficient,
Cor(k., ), which testifies how strongly the estimates of
k. and & are coupled.

The result of this procedure is illustrated in fig. 5 us-
ing the data of GUV 1 and 3 to demonstrate the effect
of measured thermal fluctuations that are either statis-
tically correct, i.e., GUV 1, or anomalous, i.e., GUV 3.
Figure 5A shows the R™ dependence as a function of m
for vesicle 1. As already stated, this vesicle is character-
ized by individual R™ that are all associated with small
error estimates, AR™, as reflected by the error bars. The
first mode to consider in the minimization of the merit
function M (k./kgT,&) for k./kpT and & determination,
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Fig. 5. (A) R™ values obtained from statistical analysis of
the DLPC vesicle 1. The continuous line corresponds to a fit
that includes the high m dependences (2 < m < 30) by taking
into account the contributing noise. One obtains k. = (1.20 &+
0.02) x 107" J and & = 5.40 4 0.63 (Cor(k., &) = —0.81). The
dashed line corresponds to a fit of 2 < m < 10 that does not
account for the noise. (B) Same representation as in (A) for
GUYV 3 showing anomalous thermal fluctuations that translate
into huge error bars for R™.

Mmin, that is the lowest mode with a good statistical de-
scription, is here muyi, = 2. The gradual increase of My ax
(Mmax > Mmin) first improves the goodness of the fit [58]
up to mmax = 10 (see the dashed line in fig. 5A and in-
sert), then it worsens for higher m,,x. Taking into account
the statistical probability @ that the obtained merit func-
tion M (k./kpT, &) should be exceeded by chance [58], we
found in the case of vesicle 1, @ = 0.35 for 2 < m < 10
with k. = (1.09 4 0.02) x 10719 J.

In the case of GUV 2 (data not shown), the fitting
procedure took into account the modes 2 < m < 8, giv-
ing @ = 040 and k. = (3.21 £ 0.43) x 10712J, id.e.,
a value for the bending elasticity much higher than for
GUV 1. However, it should be noted that the situation
is very different as well. The correlation coefficient be-
tween k. and & for vesicle 2 is very close to —1. This
means that the analysis of this tense vesicle yields a quite
good estimation of the product k. x &, but not for the
individual contributions of k. or & (measurable fluctua-
tion amplitude averages (|U™(t)|?) were mainly controlled
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in such cases by the reduced membrane tension, i.e.,
(UM #)|?) ~ kpT/[keo(n + 2)(n — 1)] [4]). So k. itself
cannot be determined precisely. Consequently, the corre-
lation coefficient is a first criterion for GUV exclusion for
bending elasticity measurements. This criterion will ob-
jectively reject vesicles that are too tense for k. measure-
ment albeit they are nice objects for micromanipulation
experiments [59] or optical observations using fluorescence
microscopy [6]. From the numerous measurements done by
our group, we conclude that GUVs with a correlation co-
efficient < —0.85 are inappropriate for k. measurements
despite the fact that these GUVs may exhibit observable
thermal fluctuations.

Taking now vesicle 3 as a counter example, we found
Mmin = 2 and an optimized goodness of the fit for
Mmax = 12 (dashed line in fig. 5B and insert). Contrary to
vesicle 1, this large and flaccid vesicle 3 leads to @ = 1.00
associated to a very small relative chi-squared value (“too
good to be true” [58]) with k. = (1.40 £ 0.17) x 10719 J.
Indeed, this @ value is easily explained by the very large
error bars as estimated by the fitting procedure of the am-
plitude probabilities obtained from the Fourier analysis of
&(7,t). Consequently the obtained k. is associated to a
large error estimate. As already stated earlier, this vesicle
does not conform to the quasi-spherical model, probably
because of a defect that could not be detected with the
optical microscope, such as a large variation in the excess
area that would be incompatible with the quasi-spherical
model. Anyhow, from the analysis it becomes clear that
there is no need to detect such a defect clearly. The “too
good to be true” value of Q = 1.00 reflects perfectly the
poor quality of the individual R™ values and the underly-
ing anomalous statistics and is as such a strong exclusion
criterion.

More generally, we have to have a closer look on the
choices made for the first and last modes mpyin and Mmax
considered in the fitting procedure. While vesicles 1 to
3 gave positive estimated &, this is not always the case.
In the case of negative & values corresponding to highly
fluctuating vesicles, one cannot take into account the 2nd
mode (and possibly the 3rd one) in the fitting procedure
to increase the “goodness of the fit” that leads to bend-
ing elasticity and reduced membrane tension estimations.
Also, depending on the vesicle, the fitting procedure can
only be carried out on a given limited number of ampli-
tudes (see fig. 5). Precisely, depending on & and the mean
radius of the vesicle, mpyax could be found to be as large
as 18 or as low as 5 or 6. Looking at higher modes (say,
m > 20), one clearly detects a saturation in the values
of R™ associated with the increasing dominance of noise
(see fig. 5A, the fitted dashed lines and the corresponding
experimentally determined R™). This is a general feature
revealed by the analysis. The measured R™ reached a lim-
iting value roughly independent of the studied vesicle but
dependent on the experimental set-up (objective magnifi-
cation or video-camera) seemingly associated with noise.
Intuitively one expects noise to come into play at some
point, at least when coming close to the optical resolution.

At this point we have to come back to the experimen-
tally determined A™ or B™ distributions introduced in the
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theoretical section above. We observed Gaussian statistics
whatever the value of m, with a width decreasing first with
m, than becoming constant at high enough m values (data
not shown). This is a white noise signature, the corre-
sponding width oy, being defined by the set-up resolution
and the electronic noise mainly associated with the video-
camera. The measured x™ /2 shown in fig. 3 being a sum
of the squares of o™ and 3™, x™/2 = [(a™)? + (8™)?]/4,
high m values should correspond to exponential statistics
characterized by R™ ~ 1/02, while for smaller m, R™
should be mainly controlled by thermal fluctuations as
predicted by eq. (13).

In the intermediate m range, any measured R™ results
from a superposition of thermal fluctuations, 1/Rf =
kT /ko(> "= [Pm(0)]2 /A, (7)) from eq. (13), and white

n>m
noise, 1/R™, = o2 . Accordingly, the fitting procedure
should include the contribution of white noise by a modi-
fication of eq. (13) with 1/R™ = 1/R§* + 1/R7,
R™(kc/kpT,0,0un) =
1

ke T/ke (Snz PR OP/An(0)) + 0%

This relation can be used directly to determine the bend-
ing elasticity k./kpT, the reduced membrane tension, &,
and the white noise parameter owy,. This 3-parameters-
fitting procedure works generally very nicely as illustrated
in fig. 5A (dashed line) using the data of vesicle 1. The
number of modes maximizing @) up to 0.98 was this time
much higher (2 < m < 30) for a bending elasticity, k.,
equal to (1.20 4 0.02) x 10719 J and a reduced membrane
tension, &, equal to 5.40 £ 0.63. We like to stress that
using this fitting procedure a smaller mpy.x (with also a
smaller @) hardly affects the values obtained for k. and
0, as soon as Mmax > 16. Conversely, taking mmyax < 16
leads to a badly defined white noise contribution associ-
ated to unpredictable modifications in the determined k.
and . Amagzingly, the noise contribution found for this
vesicle corresponded approximately to the 40th mode am-
plitude, i.e., a half-wavelength of about 0.6 pm (= T7R/m),
which is very close to the optical resolution of our micro-
scope set-up. In the case of GUV 3 that does not obey to
the quasi-spherical model, the inclusion of the white noise
contribution in the fitting procedure does not change the
situation. The fit is still characterized by @ = 1.00, i.e.,
a “too good to be true” value as expected from the huge
error bars for R™ for large m.

A recently published model introduced another term
in the description of the spectrum of GUV thermal fluc-
tuations [60,61], arising from hydrid modes that involve
monolayer dilatational elasticity. Unfortunately, we were
not able to detect the influence of this second term. This
may be due to our experimental setup, which requires the
choice of GUVs with a typical radius smaller than 15 um
and muyax usually smaller than 30 where white noise dom-
inates the measured fluctuations.

In summary, this method works very well and gives
stable and precise k. values for GUVs that shows thermal
fluctuation statistics that fit the theoretical model. For

(14)
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Fig. 6. Left side: individual bending elasticities of 16 different
DLCP GUVs in deionized water that were recorded and ana-
lyzed without any prior selection based on size, membrane ten-
sion or possible connection. The classical method (o) results in
highly dispersed bending elasticity values while the statistical
method (e) rejects about half the vesicles. Right side: bend-
ing elasticity averages when using the classical method (o) or
the statistical approach (e). The bilamellar vesicle 13 was not
taken into account (see text for details).

vesicles that do not match this model, the method yields
strong and objective rejection criteria. As a simple “rule
of thumb” for a given number of individual k. values, we
generally need to analyze twice, or thrice, the number of
vesicles. Albeit this may be considered as somewhat ar-
duous, this method has the clear advantage of not only
determining bending elasticity with a very high accuracy
but also of obtaining k. of individual GUVs that are ex-
tremely close to the mean k. value as we will show in the
following.

4.3 Comparison of the statistically based method for
bending elasticity measurements with the classical
approach

Figure 6 shows the bending elasticities obtained by the
classical approach and the new statistical method for 16
different DLPC GUVs in water where vesicles 1, 2 and
3 correspond to those we already discussed earlier in the
text. We like to stress that all vesicles were recorded as
soon as they were found in the observation chamber, with-
out any consideration of their “quality”. Precisely, we
kept indifferently small, huge, highly or poorly fluctuating
GUVs. Obviously, this is not the usual procedure. Gen-
erally a selection on medium size GUVs (radius from 7
to 15 um) with a reasonable membrane tension (G ~ 0)
and no apparent contact with neighboring vesicles is made
prior to recording. The seemingly hazardous approach to
liposome recording employed herein is used to test the ro-
bustness of the statistically based method to distinguish
between GUVs that are coherent with the theoretical de-
scription of thermal fluctuations of quasi-spherical vesicles
and those that are not.
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As can be seen in fig. 6 (open dots), the individual
bending elasticity measurements of DLPC GUVs using
the classical method based on the Legendre polynomials
decomposition of £(v,t) [4] yield very scattered k. val-
ues comprised between 0.98 x 10719 J and 3.21 x 10717 J.
Naturally, this results in a badly defined mean value of
ket = (1.38 £0.39) x 10719 J. With k. that poorly
defined, it would of course be impossible to detect any
subtle effect on bending elasticity caused by the addition
of a membrane inclusion or aqueous solutes [62]. Exami-
nation of the k. data obtained by the statistical method
to the very same vesicle set (fig. 6, black dots) reveals
the rejection of half of all recorded GUVs. Only 8 vesi-
cles were kept, the other ones being eliminated based
on objective criteria, i.e., statistics incompatible with the
quasi-spherical vesicle theory, overall poor statistics (low
number of intact vesicle contours or high noise level) or
strong correlation between k. and & (Cor(k.,7) ~ —1). In
other words, the statistical method suppresses k. values of
GUVs with hidden defects, GUVs with recordings of poor
quality and GUVs that are too tense. It should be empha-
sized that recordings of poor quality are quite frequent.
For instance, for large and floppy vesicles, it is generally
extremely difficult to maintain the whole contour line in
the focal plane of the optical microscope. This leads to
a large number of incomplete contours that are rejected
during the analysis and ends up with a poor statistical de-
scription of the GUVs thermal fluctuations. Similarly, very
small vesicles (R < 7 pm) lead to poor statistics albeit not
for the same reasons. Small GUVs are easy to record and
yield large numbers of complete contours. Nevertheless,
their small size and their associated small amplitude ther-
mal fluctuations translate into high noise levels, justifying
their exclusion in the statistical-based treatment.

We will now focus on some individual vesicles, espe-
cially the three GUVs already discussed in the previous
section. Vesicle 1 gave very small error estimates both for
bending elasticity and reduced membrane tension when
including a large mode number (2 < m < 30, kitat =
(1.20+0.02) x 10719 J). Actually, this value is a bit higher
but better defined than what can be obtained with the
classical method of bending elasticity measurement based
on Legendre polynomials decomposition of the autocorre-
lation function [4,55], i.e. kS12551¢ = (1.024:0.04) x 10719 J.
The difference between the two values arises from the
number of modes included into the analysis. In the case
of the classical method, the noise contribution cannot be
taken into account which limits the analysis to the 10th
mode. Consequently, the statistical method extracts more
information from this GUV than the classical one. Also, in
the classical analysis, k. is obtained by fitting the mean B,,
with their associated errors simply defined as the standard
error. This standard error for a given B,, does not include
any information about the actual quality of the statis-
tics with respect to the theory. The statistical method
solves this intrinsic problem. One can notice for exam-
ple in fig. 5A that the amplitude probabilities obtained
from the Fourier analysis, R™, are less well defined for
m = 15 and 20 than those of the modes close to them,
meaning that their influence in the fitting procedure will
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be reduced. Therefore, we conclude that the new statis-
tical method leads to a much better description of in-
dividual k. measurements with an associated error that
includes significant information about the quality of the
GUV. This point can also be nicely demonstrated us-
ing GUV 2 and 3. The statistical analysis rejects them
both, GUV 2 due to Cor(k.,0) ~ —1 and GUV 3 due to
statistics incompatible with the theory. Using the classi-
cal method, they gave kS13ssi¢ = (2,15 4 0.02) x 10719 J
and kS1%ssi¢ = (1.50 4 0.01) x 10719 J, respectively. It may
be noticed that both error bars are unrealistic small and
do not reflect the quality of the data. This is especially
obvious for vesicle 3 that did not fluctuate like a quasi-
spherical GUV, probably due to a connection with the
flaccid bean-shaped vesicle seen in fig. 2C. In the classical
analysis this important information does simply not show
up and GUVs like this are retained and finally add up to
the uncertainty of the mean k. value of a system.

From fig. 6 it can also be seen that the classical method
leads to three k. values that are higher than 2 x 1071°J
(GUV 2, 8 and 13) and clearly not in accordance with pub-
lished values [29,63]. A typical approach in such cases is to
exclude them using the argument that the corresponding
vesicles should be bi- or multi-lamellar, yet typically with-
out any real proof of this multilamellarity. In the statisti-
cal method, vesicles 2 and 8 are excluded due to objective
criteria not related to multilamellarity. GUV 13 had good
statistics with thermal fluctuations obeying the quasi-
spherical vesicle theory. Its individual bending elasticity
was found to be equal to k5%t = (2.35 4 0.09) x 1071%J
and is the only outlier found by the statistical method.
All other vesicles retained in the statistical method gave
very similar results with k. values around 1.2 x 10719 J. It
is usually assumed that the effective bending elasticity of
a bilamellar quasi-spherical GUV is twice that of a unil-
amellar one [64,65], just what we found for this vesicle. If
GUV 13 is truly bilamellar this should also be observable
from the images. Precisely, under identical optical param-
eters the intensity variation across the membrane position
for a bilamellar GUV should be characterized either by a
higher contrast (i.e., a higher peak with respect to back-
ground), or by a larger width compared to a unilamellar
GUV. Figure 7 compares the intensity variation from 2
video images of vesicle 13 (R = 7.93 um) with that of
vesicle 9 characterized by a similar radius (R = 7.68 ym)
after background subtraction. The intensity (vertical axis)
is dependent on the pixel position (horizontal axis) when
crossing the vesicle membrane, the peaks localizing the
membrane position. Indeed, the intensity of the peaks of
these 2 GUVs are similar but the contour thickness of
GUV 13 is found to be significantly larger than that of
GUV 9, which confirms the idea of a bilamellar vesicle.
Excluding this bilamellar vesicle in the statistical analy-
sis gives k3R pe = (1.21 £0.09) x 107 J as the average
bending elasticity of the system. This is somewhat higher
than the 0.92 x 10719 J found about 15 years ago [29].
There are several reasons for this discrepancy. The num-
ber of images at the time was very low (less than 500)
compared to nowadays (about 15000), the resolution was
also smaller and there was a correction factor accounting
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Fig. 7. Comparison of the intensity profile (vertical axis where
high intensity corresponds to membrane localization) as a func-
tion of the pixel position (horizontal axis) on a horizontal line
crossing the membrane contour for 2 vesicles with comparable
radii. The dashed line corresponds to a unilamellar GUV with
a bending elasticity close to the average (GUV 9), the contin-
uous line to GUV 13 with a bending elasticity about twice the
average.

for the video integration time [4,31] that is not needed
for the instantaneous-like images obtained by the strobo-
scopic illumination. Also, the ITO-electrodes used 15 years
ago have since long been replaced by Pt-electrodes as ITO
electrodes were shown to increase the peroxidation rate of
unsaturated lipids [66].

We can now summarize the different GUV selection
criteria discussed before. The first criterion to consider
is the vesicle size. Small vesicles (R < 10 X Ropg, where
R,py is the optical resolution) should not be considered to
maintain a good precision in the membrane position and
large vesicle should not be recorded because their defor-
mations are too slow to relax. In the case of our set-up,
we limit the analysis to GUVs with a radius from 7 to
20 pm. The second criterion is related to the statistical de-
pendence of the bending elasticity modulus and reduced
membrane tension. This dependence is estimated by the
correlation coefficient Cor(k., ). We found that reliable
bending elasticity measurements are obtained when the
results are characterized by Cor(k.,5) > —0.85. The last
criterion concerns the quality of the fitting procedure as
measured by the @ factor. We considered the data from a
given GUV to be considered when @ > 0.2. Care must be
taken when @) approaches 1. If such value is due to badly
defined mode analysis due to poor statistics like GUV 3,
the obtained bending elasticity modulus should not be
considered any longer. These 2 last criteria are strongly
dependent on the chosen My and mpmax that should be
optimized to improve the value of either Cor(k.,d) or Q.

Finally, it is worthwhile to comment on the dispersions
of the individual bending elasticity values for this batch of
not so carefully selected GUVs. Using the classical method
the dispersion is extremely large. Eliminating manually
the so-called outliers (GUV 2, 8 and 13) reduces signifi-
cantly the dispersion to k55 = (1.2740.17) x 10719.J.
Although this kind of manual selection is not unusual, it
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is scientifically not satisfying because of the absence of
any explanation why these outliers occur. The statistical
method gives k58" o = (1.21 £ 0.09) x 107 J meaning
that the dispersion is about the half of the latter. Besides
the already mentioned help for an unbiased choice of the
well-behaved vesicles, this is another essential advantage
of our new approach. We definitively obtained a smaller
dispersion of the bending elasticity measurements from
one vesicle to the other (improved reproducibility) that
could help the observation of tiny dependences of bending
elasticity with physical or chemical factors (temperature
effects [29,63], membrane additives [14,18,49]).

4.4 Bending elasticity of POPC bilayers containing
different fluorescent dyes

As already mentioned, this new statistical analysis rein-
forces the confidence in the determination of bending elas-
ticity of individual GUVs, making possible the tracking
of changes in the bending elasticity between individual
GUVs in the same electroformation cell. One may imag-
ine such changes resulting from differences in composi-
tion that arise during electroformation or other processes
that affect the GUVs after formation. For example, photo-
induced phenomena, such as lipid peroxidation, will nec-
essarily individualize GUVs observed by video-microscopy
as they depend on the intensity and duration of the light
exposure of each individual GUV. Indeed, focusing on the
influence of fluorescent dyes on the bending elasticity of
POPC GUVs and using this new statistical method, we
were able to highlight photo-induced lipid peroxidation
triggered by some membrane fluorescent dyes [38]. These
results are briefly presented in the following to illustrate
the advantage of the statistical method to detect inhomo-
geneous systems (for details on the study, see [38]).

Six different fluorescent dyes were chosen according
to their frequent usage as membrane probes (see for
instance [6] and references therein), namely Rh-DPPE,
DilC18, TR-DPPE, Bodipy-PC, NBD-PC and LAUR-
DAN. POPC containing 2mol% of one of these dyes was
used to produce GUVs in buffer (1mmol/L Tris and
1mmol/L EDTA adjusted to pH 7.4). In the absence of
fluorescent dyes, we obtained a mean bending elasticity
value of k¥Bope = (1.29 £ 0.04) x 107'?J for POPC
bilayers in low concentration Tris/EDTA buffer. As for
DLPC in water, the dispersion of individual k. values is
much smaller using the statistical method than the classi-
cal one. Again, this shows the improved reproducibility in
bending elasticity measurements from one vesicle to the
other. Using the statistical method, small dispersions in
individual k. values were also found in the case of POPC
GUVs containing 2mol% LAURDAN, DiIC18 or TR-
DPPE. For these admittedly high dyes concentrations,
LAURDAN and DiIC18 induced only very slight changes
in overall bending elasticity, whereas TR-DPPE leads to
a small but significant reduction in k.. A very different
behavior was observed for GUVs containing 2mol%
Rh-DPPE, NBD-PC or Bodipy-PC. For the latter, the
dispersions in k. values were found to be anomalously
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Fig. 8. Comparison of the individual bending elasticities ob-
tained with POPC GUVs containing 2mol% of DiIC18 (e),
TR-DPPE (o), Rh-DPPE (4) or NBD-PC (¢) fluorescent dyes.

large despite the use of the statistical method. Figure 8
shows the individual k. values obtained in the case of
DiIC18, TR-DPPE, Rh-DPPE and NBD-PC, while those
with LAURDAN and Bodipy-PC are not displayed to ease
up the presentation. As can be seen, the reproducibility
in bending elasticity measurements is good for DiIC18
and TR-DPPE containing GUVs. Individual k. values
fluctuate around a well-defined mean value as can be
expected for a homogeneous system. This is not the case
for Rh-DPPE and NBD-PC containing GUVs. Individual
k. values are extremely scattered. A verification of the
vesicle quality kept by the analysis confirmed that they
all had good statistics, fluctuated according to the quasi-
spherical vesicle theory and fulfilled all selection criteria.
Also, error bars of individual GUVs are overall very small
for these systems, showing that k. determination is accu-
rate. So, for Rh-DPPE, NBD-PC and Bodipy-PC (data
not shown) containing GUVs, this lack of reproducibility
has to be based on a true individualization of the GUV
behavior. This has been attributed to dye-triggered
light-induced peroxide formation, leading to GUVs with
varying peroxide content depending on the illumination
power and exposure length they received individually [38].

In fact, light-induced domain formation has already
been reported in GUVs containing several lipids [66-69].
With respect to the new method, we like to stress that
this detection of variations in peroxide content in vesi-
cle bilayers might have been minimized or masked with
the classical method based only on the averages of the
fluctuation amplitudes [4], due to its inherently low relia-
bility in the measurement of individual k. values (see also
fig. 6) and its absence of objective selection criteria. In the
context of membrane anchored fluorescent dyes, the new
statistical method for the measurement of bending elastic-
ity has shown its usefulness. By use of this technique we
detected lipid-peroxide formation at levels too low to re-
sult in macroscopic domain formation, that would actually
prohibit k. measurements. This highlights the sensibility
of bending elasticity to small changes in lipid composition
and underlines the need for high-precision measurement
of k..
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5 Conclusion

In this work, we showed that the statistical analysis of
giant unilamellar vesicle thermal fluctuations results in
a large improvement of the reproducibility in the bend-
ing elasticity measurement. This new method is based on
the intrinsic Gaussian distributions of the thermal fluctu-
ations, understood using the well-known quasi-spherical
model still valid since its first application in this context [4,
53]. The statistical analysis allows proper selection, based
on unbiased criteria, of GUV for which the quasi-spherical
model applies objectively. Also, the new method accounts
explicitly for the uncertainty in the statistics of each mode
used to determine bending elasticity as well as the contri-
bution of white noise. Together, these improvements yield
average bending elasticities of unprecedented high preci-
sion as well as a confident measurement of k. from individ-
ual GUVs. This is crucial to detect small changes in the
bending elasticity caused, for instance, by environment al-
terations such as temperature, pH or solute concentration
or by changes in the bilayer composition. A further advan-
tage is that the statistical method can also be used when
a GUV system becomes inhomogeneous, a situation that
may arise due to a chemical reaction or some slow molecu-
lar rearrangement that affect individual GUVs differently.
This was demonstrated herein by the example of photo-
induced lipid peroxidation triggered by some fluorescent
dyes and may be useful in the context of lipid raft, domain
formation or other complex phenomenon.
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the Danish National Research Foundation (Grundforsknings-
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