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All-optical measurements of the bending rigidity of lipid-vesicle membranes
across structural phase transitions
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By exploiting the nanometer sensitivity of the confocal response to the position of an in-focus reflecting
surface, we measured the bending rigidity of lipid-bilayer vesicles with a noninvasive all-optical method. The
vesicles were weakly deformed with femtonewton optical force, and the bending rigidity was measured con-
tinuously from thel, through theP,, to thel 5, phases on the same specimen for the first time. The bending
modulus is found to increase by an order of magnitude froniLthehase to thé 5 phase, as a result of the
increasing area-compressibility modulus and bilayer thickness. The dips of bending modulus give precisely the
main-transition and pretransition temperatures, which supports the recently proposed chain-melting model of
pretransition.
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Lipid vesicles have attracted much interest as an idealizefll4,15], with resolution down to a few nanometers. How-
model system in biophysics research. They not only serve asver, the application of atomic force microscopy to unsup-
simple models for gaining insight into real biomembranesported bilayer membranes was not successful because of
but also hold the promise of important medical applicationsmembrane damage by the probe. To circumvent these limi-
such as controlled drug delivefit]. A subject of consider- tations and concerns, a general purpose, noninvasive, high
able interest in lipid vesicle research is the mechanical andesolution and all-optical method is much desired.
thermodynamical properties of vesicle membranes. In the A fundamental macroscopic property of lipid bilayers is
past two decades, several methods for studying these profihie bending rigidity, which is closely related to the shape,
erties have been developed. Microscopic methods includstability, strength, and structural phases. Quantitative study
neutron diffraction[2], x-ray diffraction[3], and electron- of bending rigidity in different phases is also important for
spin resonancé4]; whereas macroscopic methods includethe applicationg16]. The macroscopic methods mentioned
differential scanning calorimetry[3], the micropipette above have all been employed to study the bending rigidity.
method[5-7], spectral analysis of shape fluctuati¢fs-10], In the micropipette methods, the bending rigidity is derived
atomic force microscopyf11], and optical dynamometry from the slope of the logarithmic function of surface tension
[12]. Microscopic methods provide structural data at the mo~versus the area dilation, under the assumptions of uniform
lecular level, yet numerical modeling or molecular dynamicstension and symmetric bilayers without spontaneous curva-
simulations are required to relate these data to macroscoptare effects6]. The two assumptions are known to be both
propertied 13]. Macroscopic methods offer more direct mea-valid only for the fluid L,) phase; therefore, this method
surements on membrane response to external perturbatiosggs not been applied to membranes in the gel state. The
but contact methods are mostly invasive, which may drivemethod of spectral analysis of shape fluctuations uses con-
the specimen out of its natural state. For example, largeentional optical microscopy to observe the deformation, but
bending of bilayer membranes can lead to lipid exchangdecause the deformation is driven by thermal fluctuations,
between the two monolayef§]. On the other hand, pure this method is applicable only for the well-deformalile
optical methods are so far limited by resolution. For ex-phasg8,9,17,18. Measurements for the rippledg) phase
ample, spectral analysis of shape fluctuations is an elegaare even more complicated and model-dependent. For the
noninvasive optical method, but for lipid vesicles in the gelmicropipette method, bending rigidity is estimated from the
phase the fluctuations are in the nanometer range, too smaltea compressibility modulu&, and the amplitude of the
to be resolved by conventional optical microscopy. Opticalsurface ripples measured by x-ray diffractiff]. Because
dynamometry has been successfully applied to large vesicléhese two parameters cannot be measured for the same speci-
(radii >40 um), but it cannot be applied to much smaller men, this method has limited accuracy. In two-bead optical
ones because data interpretation requires that the beads sitdynamometry[12], membrane elastic stiffnesgin the P4,

a flat surface. Atomic force microscopy is a powerful methodphase is measured and then translated into the bending
for studying the viscoelastic properties of soft condensednodulusx through a linear relationy~Ck/ 82, whereé is
matters, e.g., supported lipid bilayel$l] and living cells  the bead radius an@ is an empirical proportional constant.
But this method cannot be applied to bilayers in thephase
becausen does not exist for fluid bilayers. Moreover, the
*Corresponding author. FAX: 886-2-2782-6680. Email addressproportional constant is determined from measurements of
clee@gate.sinica.edu.tw large systemgsuch as a rubber sheetwhether the same
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FIG. 1. Experimental setup. LWP, long-wavelength-pass filter
PBS, polarization beam splitter; PMT, photo-multiplier tube; PZT,

LWP

/

pin-hole =& [ <
inverted
microscope

deformation (nm)

RAPID COMMUNICATIONS

PHYSICAL REVIEW E64 020901R)

200 T T T T T T T 70
60
50
40
30
20
10
0

-200

-400

-600

(uoymauolwa}) 8210} [eando

0 5 10 15 20 25 30 35 40
time (sec)

FIG. 2. DPPC vesicle deformation along the optical axis under

'53-femtonewton optical force at 30°C. The original diameter of
' this vesicle is 15um. Solid line, membrane deformation; dashed

piezoelectric transducer; QWP, quarter wave plate. Inset: phaseﬁ-ne optical force
contrast image of a DPPC bilayer vesicle. ' '

value can be applied to vesicles is still an open questiongn the entrance pupil of the objective lens, such that its di-

owing to the lack of an appropriate thed2]. As to the gel

ameter was 14m on the focal plane of the objective lens.

(Lg) phase, no method of measuring the bending rigidityThe probe beam was expanded before entering the objective
lens in order to be focused to a/dm diameter at the center

has been reported yet.

In this Rapid Communication we developed an all-opticalof the 532-nm beam. Because the size of the 532-nm beam
method for measuring the bending rigidity of lipid bilayers was much larger than the 633-nm beam, and its Rayleigh
across all phases. Bending rigidity was studied by pressingange is as large as 29am, the membrane deformation was
the vesicle noninvasively with optical force and measuringmeasured under uniform optical pressure. The 633-nm probe
its deformation directly with a nanometer-resolution opticallight reflected from the vesicle membrane was filtered by a
technique. Data interpretation for such direct measuremenfs-um diameter pin-hole at the conjugate focal point. The
does not rely on specific models; therefore, this method ighroughput was measured as the signal, which reached a
suitable for bilayers in different phases. The temperature demaximum when the membrane was exactly at the focal
pendence of bending rigidity was measured continuouslyplane. For the objective lens and the pin-hole we used, away
across the main transition and the pretransition on the sanfeom the focal plane by 1.2um the signal dropped to near
specimen by the same method. Nanometer resolution in theero. We intentionally placed the vesicle surface about
measurement of membrane deformation was achieved with.5 um away from the focal plane to make the signal
the differential confocal techniqué9]. In this technique the change sensitively with the membrane position. A 10-nm
membrane is illuminated with a tightly focused low-power change of membrane position along the optical axis causes
laser beam. When the membrane is placed slightly above @bout 1% change of signal. We have used a similar setup to
below the focal plane, the size and divergence of the remeasure the viscoelastic susceptibility curves of living-cell
flected beam change sensitively with the distance betweemembranes under different conditions of the cytoskeleton
the membrane and the focal plane. By refocusing the retrord20], and the potential of this technique for studying me-
flected beam at a pin-hole spatial filter and measuring thehanical properties and morphology of lipid bilayers has
transmitted power, the position of the membrane can be adeen pointed out in Ref21].
curately determined. The technique is different from conven-
tional confocal microscopy in that the surface is intentionallyRef. [22]. We controlled the diameters of vesicles in the
placed at a distance on the order of wavelength away fromange of 10—20um by setting appropriate incubation tem-
the focal plane, so that the sharp slopes of the confocal axigleratures. Phase-contrast microscf$] was used to verify
response curve are utilized to improve the depth resolutiothat the vesicles were unilamellar. The inset in Fig. 1 shows
from ~\ to ~\/300. In contrast to interferometry, the dif- a phase-contrastimage of a typical dipalmitoyl phosphatidyl-
ferential confocal technique does not compare phases of disholine (DPPQ vesicle. As we turned on the 532-nm beam,
ferent optical paths, therefore no servo-control on opticathe vesicle shape changed from a sphere to an oblate spher-
path length is needed. Simplicity makes the technique highlyid, with the top membrane shifting along the optical axis to
a new equilibrium position, as shown in Fig. 2. The power of

The experimental setup is shown in Fig. 1. A 532-nm cwthe 532-nm beam was 40 mW, and that of the probe beam
Nd:YAG laser(GCL-100-S, CrystaLasgwas used to apply was only 80 uW, both measured after the water-immersion
the optical force on the vesicle, and a 633-nm He-Ne laseobjective lens. The power fluctuation of the probe beam was
(25LHP151, Melles Grigtwas used to measure the deforma-controlled by an electro-optical stabilizdtS-PRO, CR] to
tion. Both beams were focused on the vesicle membransmaller than 0.02%. The bandwidth of the stabilizer was DC
with a 40%, 0.75 N.A. water-immersion objective le(kCS  to
Achroplan, Carl Zeisgs The 532-nm beam was pre-focused minute using a 16-bit analog-to-digital converter at a 40-Hz

reliable and versatile.
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Vesicles were prepared with the procedures described in

2 MHz, and the power fluctuation was measured in one
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sampling rate. Because the membrane reflectivity was only T
1.5x 104, the reflected probe-beam power on the photomul-
tiplier tube was a few nanowatts. Therefore, we set the de-
tection time constant to one second such that shot noise was
less than 0.01%. Both the power fluctuation and the shot
noise were controlled to be much smaller than the fluctua-
tions of the vesicle membrane. In Fig. 2 the vesicle was
found to be deformed by-600 nm under 53-femtonewton
force. The optical force was calculated from momentum con-
servation of the reflected photons. In a medium with refrac-
tive indexn, the momentum of a photon rgh/\, whereh is L L L L
Planck’s constanf24]. For normal reflection on a surface 5 30 35 40 45 50
with reflectivity R the optical force is thusi2PR/c, whereP temperature (°C)
is the incident optical power andis the speed of light in
vacuum([25]. Because the absorption of lipid bilayers at the ~FIG. 3. Bending modulus of a DPPC vesicle bilayer as a func-
laser wavelengths is much smaller than reflection, we contion of temperature. Closed circles, data measured in this work;
sider reflection as the only source of optical force. TheoPen squares, data measured in IRET]. Solid curve, estimation in
change in membrane free energy was equal to the work dorfRef- [32]
by the optical force, bending modulus was then derived di-
rectly from the energy conservation law.

Considering a vesicle surfa€g, the free energ¥ can be
expressed as:
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wherex is the bending modulus;,; andc, are the principal C2= " 5 s —t 3
curvatures of the membraneA is the surface element, and b[4r“+r~=(dr</de)]

« is the Gaussian rigidit}26]. For continuous perturbations
of a closed surfacef,c,c,dA=4m, independent of the
principal curvature$27]. In this case the change in free en-
ergy results only from the change of the first integral in Eq
(1). Therefore, once the values pf(c, + ¢,)?dA before and
after the deformation are obtained, the valuexotan be

determined. Before the deformation no external stress is ap- = 2W , (4
plied on the membrane, and a unilamellar lipid vesicle forms 2

an almost perfect sphef@8], such thatc,;=cy,=— 1/ , fg(cdﬁcdz) dA-16m

wherer, is the original radius of the vesicle. In this case we

have E=8w«+4mk. While the vesicle is deformed along whereW is the work done by the optical force. To check the
the optical axis, its shape becomes an oblate spheroid witteliability of our method, we compare our data with previ-
the length of the short axisa2and that of the long axesb2  ously established methods. We used the bending moduli of
In our experiments the change in diameter was withinthe dimyristoyl phosphatidylcholinddMPC) bilayer vesicle
4-11% when the vesicle was deformed, which means th& the fluid phase for the comparison because for this sample
optical force and the supporting force from the bottom aremore data are available in the literature. For DMPC we mea-
only small perturbations compared with the surface tensionsured«=1.41+0.13 picoergs at 27 °C and 1.39.12 pico-
Therefore, an oblate spheroid is a good approximation. Thergs at 30 °C. With spectral analysis of shape fluctuatiens,
volume of the vesicle can change during the deformatiorof DMPC was measured to be 1:5P.06 picoergs at 27 °C
because of the suspected pore formation at the transitioand 1.3@-0.08 picoergs at 30 °€18]. No discrepancy was
point [29]. In contrast, because the area compressibilityfound between the two measurements.

modulus of lipid bilayers is as large as 1§ newton/nm For studying phase transitions, DPPC is more convenient
[5,30], the femtonewton optical force cannot change the surbecause of its higher transition temperatures. In Fig. 3, we
face area. Therefore the constant-surface-area constraint ishow the bending moduli of a DPPC bilayer measured from
stead of the constant-volume constraint should be used t80°C down to 27°C. The temperature accuracy was
determineb from the measured value af In practice, inour *0.1°C. The temperature was varied with a gradient of
experiments the deformation was so small that the difference-0.2 °C/min, and at each temperature stop the temperature
in b calculated from the two constraints is smaller than 0.2%was maintained for one hour for shape relaxation before the
of the vesicle diameter. This is smaller than the uncertaintyneasurement. Because the diameter of the vesicle changed
of the measurements, which is 0.6% of the vesicle diameteas the temperature was varied, at each temperature we mea-

where @ is the azimuthal angle of the surface element from
the short axis, andr(6)=abl/(a’sirf+b’cosh)*?. The
bending modulusc can then be directly calculated with the
‘following equation:
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sured the individual diameter and deformation of the vesiclel. ;» phase K, has been measured to increase by 6.9 folds
then calculatedc with the procedure described above. Theandl by 1.3 folds[30]. Combining these two factors, Ep)
bending modulus as a function of temperature makes twsuggests that the bending modulus of DPPC bilayers in-
clear dips exactly at the pretransition temperaflyand the ~ creases by 11.7 folds frot, phase tol g phase. This is
main-transition temperaturg,, previously measured by dif- indeed observed in our measurements. The interesting part is
ferential scanning calorimetfy32]. This is in agreement with  that Eq.(5) was only known previously to work for thee,
the recently proposed chain-melting model of pretransitiorPhase[17,32, and in the gel phase the coupling between the
[33]. In theL, phase T>T,,) where previous measurements ftwo r_nonolayers has been syspected to make thl_s scaling law
are availabld17), the data also compares well, as shown bymvahd [32]. It was not possible to check its validity for the
the open squares in Fig. 3. In tRg, phase T,>T>T,), « gel phase owing to the lack of measurement techniques. Our
increases monotonically as the temperature is decreasgdi€asurements indicate that the coupling between the two
From 41.9°C to 36.1°Ge increases by more than an order monolayers is not an important effect, at least when the cur-
of magnitude. This trend agrees with the estimationcah ~ Vature of the bilayer is small. _
the P, phase from the specific heat of the bilay8g], and In summary, we have developed an all-optical method to
is consistent with optical dynamometry study on DMPC pi-detect the structural phase transitions and to determine the
layers[12]. Below T, the bilayer is in thel 5, phase and bending rigidity of lipid bilayers. The difficulty of measuring
becomes insensitivg to the temperature. We measkrefl sub-micrometer deformation on the less deformable gel state
over 30 DPPC vesicles, and the results in Fig. 3 are typicaf'F‘ overcome with t_he differe_ntial confocal technique. After
values. From vesicle to vesicle the variationcofs = 8.5% the weak perturbation of optical force, the vesicle returns to
The. near tenfold increase of bending modulas .frorr; theits natural shape; therefore, we could repeat the measurement
L, phase to thé. ; phase is an interesting result. According on the same vesicle while changing ambient conditions con-

to the classical elasticity theory, for an isotropic bilayer with tinuously. The same measurement procedures can be applied

symmetric and decoupled monolayers, the bending moduld? various kinds of soft condensed matters, such as lipid

x scales with the area compressibility modukig and the twbules, polymersome85], etc. Thanks to the high resolu-

bilayer thicknessl according to the following equation tion a_nd long working distance of th_e d_iffere_ntial cpnfocal
[13.34): technique, the samples can be measuresitu, with straight-

forward data interpretation. The high spatial resolution and
kK12, (5) real-time capability can also be utilized to explore dynamic
properties of vesicles, such as budding, fission, or fusion. We
Equation(5) is good for calculating in the limit of small  believe the method presented here can serve as a powerful
curvature[32], such as the case in this work. When the general tool for the investigation of soft condensed matters in
DPPC membrane makes transition from thephase to the the micrometer scale.
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