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the phase transition of lipid vesicle
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1 Introduction In the past two decades there have been lots of tech-

t hiques developed to measure the mechanical properties of

Vesicles made of lipid bilayers are not only importan : _ X L
model systems for cell-membrane research, but also are/€SiCle membranes. To date, the micropipette aspiration
method=® and the spectral analysis of shape thermal

useful in controlled drug delivery by encapsulating thera- iond 8 i
peutic components such as fungicides, bactericides, and gefluctuations™are the two most common techniques to de-
netic material, and transporting them into cells or through termine the mechanical properties of vesicles’ bilayer mem-

the skin® For the study on the lipid bilayers and the appli- branes. Both methods employ ponventional optical micro-
cations of lipid vesicles, it is important to know the me- SCOPes to measure the fluctuation or deformation. Because

chanical properties of the bilayer structures in different the thermal fluctuations of gel-state membranes are in the

physical and physiological conditions. In the presence of Sub 0.1um range, which is beyond the resolution of optical

water, the lipid bilayers exhibit phase transitions when the Microscopy, spectral analysis of shape fluctuations can only
temperature changes. When the temperature is higher tharfi€termine the bending modulus of membranes in the fluid
the transition temperatufg,, water penetrates between the state. On the other hand, micropipette aspiration can mea-

layers of lipid molecules and the layers can slide against SU'® both surface com.pressibility and the bending modulus.
each other. This state is often referred as the fluid state. 1oWever, the mechanical models used to deduce the bend-

When the membrane is cooled to beldw, the hydrocar- ing modulus require the assumptions that the fluctuations in
bon chains rearrange themselves into an orderly packed lat

microscopic surface density can be neglected and that con-
tice. Since the molecules cannot move as freely as in theformatlons are determined by surface undulations. These
fluid state, these phases are often called the gel states:

assumptions are not true if the area fluctuations of the two
These phase behaviors have been verified with differential n;onolfaye:}s arel cou l_ﬁ? afs thehrmOQynar_nlc calculﬁtlgns
scanning calorimetry and x-ray diffractidrRecently, ithas ~ SNOW for the gel stateSTheretore the micropipette metho

been proposed that the mechanical properties of bilayeriS Mainly used to study the mechanical properties of mem-

membranes, such as area compressibility and bending rigig-2ranes in the fluid state, too. Limited by the techniques, the
ity, may also change with the structural phase transttion. mechanical properties of bilayer membranes in different
Therefore a simple and reliable method to determine the Phases have not been well explored.

mechanical properties of lipid bilayers in different phases is e report an all-optical approach to detect the phase

crucial for the study and applications of lipid bilayers and transition of bilayer membranes of lipid vesicles by mea-
vesicles. suring their bending rigidity in different phases. The key

technique used in these measurements is differential confo-
_— cal microscopy(DCM), a far-field optical profilometric
This paper is a revision of a paper presented at the SPIE conference ontechnique with 2-nm depth resolution and @8 lateral
Optical Sensing, Imaging, and Manipulation for Biological and Biomedi- resolution’® Because the probe of DCM is a microscope

cal Applications, July 2000, Taipei, Taiwan. The paper presented there > . . ’ ¢
appeargunrefereeflin SPIE Proceedings Vol. 4082. objective lens of which the working distance is on the order
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of 1 mm, the soft sample surface can be kept from being s i N !‘1‘
damaged. The measurement speed of DCM can be as fast - t": e

F:‘
as the response of optical detectors, therefore we can easily e 1 a2 ‘
!
“'l

track the thermal fluctuations of lipid-bilayer membranes.
The high depth resolution of DCM also enables us to detect
the small deformation of membranes caused by femtonew-
ton optical force. Since the deformation is less than 5% the
diameters of vesicles, the data can be analyzed with simple
analytic geometry. With these unique features, it has been
pointed out that DCM is very suitable in the study of me-
chanical properties of lipid bilayers.

In Sec. 2 we describe the sample preparation and the
experimental setup. We also briefly explain the working
principle of DCM. We show the experimental data on
vesicles made of different lipids and discuss the procedures
to calculate the bending modulus in Sec. 3. The measure-
ments on the same vesicle at different temperatures clearly
show the phase transition behavior, and the measured bend-
ing modulus in the fluid state is consistent with that ob-
tained previously with other techniques.

Fig. 1 Phase-contrast image of a DPPC bilayer vesicle.

2 Material and Method gion of the axial response function of conventional confo-
. S . cal microscopy, as illustrated in Fig. 2. The axial response
2.1. Preparation of L/R/d-B//ayer VE'SI(?/E'S . curve of confocal microscopy i(z)=1(0)sir(g2)/(g2?,
Vesicles made of dimyristoyl phosphatidylcholi@MPC)  wherel is the optical power of the signat, the distance
and dipalmitoyl phosphatidylcholinéDPPQ were pre- between the focal plane and the sample surface, gand
pared with the following procedurfs DMPC (DPPQ and ~ _ sir’(a/2)/\ with sin(e) the numerical aperture of the
charged phosphatidylserine were mixed at 9:1 by weight in objective lens and\ the wavelength of the probe light.

chloroform:methano(2:1 by volume to make a 10 mg/ml  the hormalized slope of the axial response can be ex-
lipid solution. About 0.1-ml solution was dried to form a pressed as:

lipid film on the bottom of a culture dish, which was then
placed in a chamber with interior air pressure of 10 torrs for 1 |di(2)
6 h to remove the solvent in the lipid film. The lipid film  S(z)= _‘_
was then prehydrated at 45Y60°C for DPPQ with water- 1(0)] dz
saturated nitrogen for 45 to 60 min. Next we added an . . .
aqueous solution containing 0.1-M sucrose and 0.1-M Kl N the linear slope regiofshown as the black segments in
into the culture dish. This solution would then be enclosed Fi9- 2 of the axial response curvg(z) is practically con-

in the vesicles, therefore we termed it as the “inner solu- Stant. Therefore the differential change of confocal signal is
tion.” The culture dish was then sealed and incubated at Proportional to the displacement of the reflective surface.
45°C (50°C for DPPQ for 24 h. During the incubation the ~ The proportional constanSand1(0) are obtained before
lipid film gradually stripped off the bottom surface of the the measurement by scanning the focal plane through the
culture dish and formed a “white cloud” floating in the sample surface with a high-accuracy transducer, such as the
solution, which contained the vesicles. Vesicles made with PZT-driven objective holder used in our experiment. In our
these procedures could be stable in the culture dish for 2 to

3 days.

We then moved a drop of the vesicle “white cloud” into i
another culture dish containing a 0.1-M glucose and 0.1-M
KCI aqueous solution. This dish was then placed on an 5
inverted optical microscope. Because the density of outer
solution was less than that of the inner solution, the vesicles
stayed at the dish bottom after we kept the dish at rest for
one hour. Figure 1 shows an image of one DPPC vesicle
viewed through the phase-contrast microscope. The lamel-
larity of these vesicles was determined by the phase-
contrast image, according to the criterion proposed in Ref. u
13. We found more than 70% of the vesicles are formed of
single bilayer membranes.

@

intensity

—t— 1 - ]

2.2 Working Principle of Differential Confocal displacement along optical axis

Microscopy
. Fig. 2 Axial response curve of confocal microscopy. Black seg-
The nanometer depth resolution of DCM results from the ments indicate the working region of differential confocal micros-

sensitive response to the height variation in the linear re- copy.
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variable focusing from the vesicle surface, such that the position of the mem-
attenuator Shutter lens 95% beam .
p——— f 0 splitter brane was on the steep slope_ of the confocal axial response
for optical force L Xi U curve. This made the signal light that entered the confocal
awp phatodioce aperture extremely sensitive to the position of the
Horaiar 5"'5‘_3_3"“1“"_"_"11 membrané? Oyvmg to the low _reflectlvn_y of lipid bilayers
s boam g [ M ! (10 2—10"*%) in the surrounding solutiof?, the reflected
for DCM detection I LAV ] diclirole mimor signal light was measured with a photomultiplier tube.
: | Two light sources of different wavelengths were used in
s PZT oy | the experiment. The 532-nm beam of 42 mWeasured
| Lwp ii;‘/:/vesicle after O was used to exert optical force on a single vesicle,
| OE ___________ : giving rise to a press force of 56 femtonewtons. The fdrce
! pinhole~Z. was calculated directly from the momentum conservation

law: f=2Rnp/c, whereR is the reflectivity of the bilayer
membrane,n the index of refraction of the surrounding
(@) medium, p the optical power incident on the membranae,
andc the speed of light in vacuum. The 633-nm beam of 70
MW was used as the probe beam to measure the deforma-
633nm_—_, tion. These two beams were collinearly focused by O1, a

. 40X water-immersion objective lens with 0.75 numerical

_ aperture (ICS Achroplan, Carl Zeiss, Oberkochen, Ger-

R - many) which was mounted on a piezoelectric-transducer
(PZT) driven objective holde(PIFOC, Physik Instrumente,

inverted microscope

532 nm

= deformation Waldbronn, Germany Locations of the light spots on the
Wk vesicle were monitored with the inverted optical micro-
vesicle scope. The probe beam was expanded before entering the
(b) objective lens, such that it could be focused to ari-diam
Fig. 3 (a) Experimental setup. LWP: | enth i at the center of the 532-nm beam. To generate a uniform
ig. a) Experimental setup. . long-wavelength-pass filter; ;
P_SS: polari_zagon beam splittper; PMT: phgotomultipliger tF:Jbe; PZT: ]E)ptl(ial Iforce’ft?he 53[3-”? belam was [r)]l’ter:O::l_Jtsed 0? t.he back
piezo-electric transducer; and QWP: quarter wave plate. The parts ocal plane or the ,O l‘?C Ive lens, suc at Its spo S'Z_e was
enclosed by dashed lines are for differential confocal microscopy. as large as 14m in diameter on the focal plarisee Fig.
(b) The arrangement of beam sizes on the vesicle. The 532-nm 3(b)], and its Rayleigh range is 29%m. The optical pres-
ngm'd?:gité? x;g“l fptirﬁa(')rmcsrvg?;epf;’;f;ﬂéz%dnrsnu‘gg;ga;vgg sure produced by the 532-nm beam was practically constant
expanded to fill the Wholginput aperture of the objective lens O1, so in the beam Ceme.r V.Vhere measu.re.mems. W.ere made, .and
that it probed the deformation only at the center of the 532-nm the beam-size variation was negligible within a few mi-
beam. The spot size of the 633-nm beam on the vesicle was about crometers of distance along the optical axis. This arrange-
1 wm in diameter. ment ensured that the spatial distribution of the optical

force was uniform.
The depth resolution of our system was 2 nm, limited by

setupS~1.0/um in the linear slope region; hence a change the 0.2% power fluctuation of the 633-nm beam from a
of membrane position as small as 10 nm caused a readilypower-stabilized He-Ne laser. As to the temporal resolution,
detectable 1% change of the confocal signal. Such a sensisince DCM relies on neither feedback control nor phase-
tivity enabled us to measure vesicle deformation down to a locking mechanisms, the measurement can be as fast as the
few nanometers. response of the photomultiplier tube. However, in practice

The dynamic range of measurement of DCM can be one has to set the detection time constant large enough to
approximated as the distance from the maximum to the first make the shot noise smaller than the power fluctuation.
zero point ofl(z). For a siné function, this distance is  This is of importance for the conditions with weak optical
wlg, or 0.25\/sir?(a/2). For example, if the numerical ap-  signal.
erture of the focusing lens is 0.75, and=633 nm, the
dynamic range of DCM is nearly m. Because the am- 2.4 Procedures of Measurement
plitudes of ordinary thermal fluctuations of membranes in By observing the laser spots and the vesicles through the
the fluid state are around the same range, and those in thenverted microscope, we overlapped the laser beams and a
gel states are smaller, DCM is suitable to monitor the fluc- single vesicle laterally. Then we descended O1 along the

tuations of membranes in different phases. optical axis and monitored the change of confocal signal of
. the 633-nm beam. When the confocal signal reached the
2.3 Optical Setup first maximum after O1 was immersed into the outer solu-

The experimental setup is shown in FigaB Our setup tion, we were sure that the focal plane was right on the
bore close resemblance to a conventional confocal micro- vesicle surface. At this position we obtaing®). Then we
scope, where the probe ligfthe 633-nm beain reflected raised O1 for a few hundred nanometers to place the vesicle
from the vesicle membrane and filtered by auB-diam surface at the linear slope region of the confocal axial re-
pinhole at the conjugate focal point, formed the confocal sponse curve. In the linear slope region, we used a triangu-
signal. For the operation of DCM, the focal plane of the lar high-voltage waveform to modulate the PZT objective
objective lens O1 was intentionally placed slightly away holder and recorded the optical signal. From the displace-
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ment of the objective holder and the change of optical sig-
nal, we determined the slof& With I(0) andS, from Eq.

(1) we can determindz from Al. The signal amplification
and the detection time constant were controlled by the bi-
asing voltage of the photomultiplier tube and a current am-
plifier. The amplified data were stored in a personal com-
puter through a 16-bit analog-to-digital converter.

We monitored the thermal fluctuations of the membrane
before applying optical force to induce the deformation. To
obtain sufficient signal-to-noise ratio and to cover the band-
width of these fluctuations, we set the measurement time
constant to be 5 ms. Based on the high resolution of DCM,
we would directly observe the amplitudes of thermal fluc-
tuations along with the temperature changes. This experi-
ment can indicate the phase state of the lipid bilayers and
give the transition temperature.

Next we applied optical force on the vesicle membrane
by turning on the 532-nm beam, and measured the defor-
mation of vesicle along the optical axithe z-axis). This
experiment was to determine the bending modulus of the
vesicle membrane. To reduce the influence of thermal fluc-
tuations, we fixed the power of 532-nm beam to be 45 mwW
and set the time constant of measurement to be 50 ms. For
the calculation of bending modulus, the original diameter
of the vesicle was measured from the image obtained with
the inverted microscope.

3 Results and Discussions

3.1 Thermal Fluctuations of Lipid Bilayer
Membranes

Figure 4a) shows the thermal fluctuations of a DPPC
vesicle measured by DCM. To understand the relation be-
tween the fluctuations and temperatures, we calculated the
mean-square amplitudes of fluctuations at different tem-
peratures. Because the vesicles were stable in the solution,

we repeated the measurement on the same vesicle at one

temperature for four times. The average mean-square am-
plitudes are shown in Fig.(8). As the temperature was

decreased, the phase of the lipid bilayer transited from fluid
to gel state. Near the transition point, we found the reflec-

tivity of membrane decreased dramatically. The reflectivity 4
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Fig. 4 (a) Measured thermal fluctuations of a DPPC vesicle at
5.5°C. The diameter of the vesicle is 17 um. Mean-square ampli-

was so low that we could not record reliable data near the tudes of thermal fluctuations at different temperatures: (b) DPPC
transition point. Nevertheless, in the fluid state we clearly membrane, the transition temperature, T, is from Ref. 3; (c) DMPC
observed that the mean-square amplitudes of fluctuationsmembrane, the transition temperature T, is from Ref. 4. For both

are proportional to T—T.), whereT is the temperature
andT, the transition temperature. In the gel states the fluc-
tuations were small and no linear relation was found. From
the fitting straight line of fluctuations in the fluid state, we
could determine that . of DPPC is 42.1°C. From recently

published data obtained with differential scanning calorim- of +0.5°C.

etry, T, of DPPC is 41.6°C. The discrepancy was only
0.5°C.

DPPC and DMPC the mean-square amplitudes are proportional to
(T—T,) in the fluid state (high temperature region).

the transition temperature of lipid bilayers with an accuracy

As a comparison, we performed the same measurement3-2 Bending Rigidity of Membranes
on a 15um-diam DMPC vesicle. The results are shown in The second experiment was conducted to determine the
Fig. 4c). The linear relation between fluctuations and tem- bending rigidity of vesicles’ bilayer membranes. We would
peratures in the fluid state was also obvious. For DMPC we first explain how we calculated the bending modulus from

determineT.=24.4°C. This is also very close to the 24°C
transition temperature of DMPEThese experimental re-
sults demonstrate that from the mean-square amplitudes of

the diameter of a vesicle and the submicrometer deforma-
tion caused by optical force.
Considering a vesicle surfade, the free energy can

fluctuations measured by DCM, one can easily determine be expressed as follows:
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K
E:—f (01+C2)2dA+7f C1C,dA, 2
2Jo a

where « is the bending modulus;; and ¢, are the two
principal curvaturesjA is the surface element, ands the
Gaussian(or saddle rigidity. For continuous perturbations
of a closed surface, the terrfinc,c,dA reduces to a

constant® In this case the changes in free energy can result

only from the term of bending modulus When the vesicle

is deformed by external force, from energy conservation the

change in free energy is equal to the wakkdone by the
force. In our experiment, since the optical force is known

from the measured reflectivity, by measuring the changes in

diameter of the vesicle along the optical axis with differen-
tial confocal microscopy, we can determiwé
In order to obtaink, the change irf o(c;+¢,)2dA has

to be determined independently. Because there is no inner
supporting structure inside a vesicle, surface tension makes

the vesicle surface a perfect sph&fBhus without the op-
tical force, c;=c,=1/r, wherer is the radius of the
vesicle, andE=8m«+ y[nc1C,dA. When the vesicle is

deformed along the optical axis, its shape becomes an el-

lipsoid. Since the optical force is applied vertically, there is

only one axis shorter than the other two. Therefore the prin-

cipal curvature along the meridian can be calculatéd as

R 2
2d0 rd02+r

Ci=— ar 7T )
[E

where@ is the azimuthal angle of the surface element from
the short axis, and=[a’b?/(a? sir? 6+b? cog 6)]*? with a
the length of the short axis arfthe length of the two long

dr)2 d?r

2
+r2

axes. From the measured deformation along the optical axis

we obtaina, andb was then calculated under the assump-

tion that the surface area of the vesicle is not changed by
the deformation. The other principal curvature is calculated

by projecting the radius of curvature along the parallel onto
the normal direction, i.eG,= —r cos(B)/b?, where the co-
sine value of the angl@ between the radius of curvature
along the parallel and the normal direction is

2r

1 dr2\ 2172 (4)
4r2+(——) }

cosB=

After we obtain the new principal curvatures, the change in
free energy is

AE:w:gf (C1+C,)2dA— 8. (5)
Q

Figure 5a) shows the deformation of a DPPC vesicle
under 56-femtonewton optical force at 27°C. The original
diameter of this vesicle was measured to beubd, and the
vesicle was found to be deformed by600 nm, less than
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Fig. 5 (a) Deformation of a DPPC vesicle along the optical axis
under 56-femtonewton optical force at 27°C. Solid lines is the mem-
brane displacement; and the dashed line is the optical force. (b)
Bending modulus of DPPC membrane. Crosses are data obtained
in this study; the square is the data measured by x-ray scattering in
Ref. 18. (c) Bending modulus of DMPC membrane. Circles are data
measured by spectral analysis of shape fluctuation in Ref. 8.

optical force was 0.34 pico-erg. With these data, from Eq.
(5) we obtainedk=11 pico-erg. This measurement was
repeated on the same vesicle at different temperatures. Fig-
ure 5b) shows the bending rigidity of the DPPC bilayer
membrane above and beloW.. Above T, (in the fluid
statg the bending modulus we measured are almost the
same as data obtained by x-ray scattetfhglowever, be-
low T, (in the gel statewe found the bending modulus
increased by an order of magnitude. This is the first time
the bending modulus of the same bilayer vesicle is mea-
sured in different states. The increase of bending modulus

5% the size. Therefore the vesicle could return to its natural verifies the phase transition of the lipid bilayer. For DPPC
shape after the measurement. In Fig. 5, the work done byvesicles of different size§€l0 to 22 um in diametey, the
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variation of k was =25% in the fluid state, and=10% in
the gel states; while the increase effrom fluid to gel

believe differential confocal microscopy can serve as a
daily tool for the studies related to membranes or other soft

states was always about an order of magnitude. Thereforematters.

we are confident about the reliability of this technique on
detecting the phase transition of bilayer membranes.

We also performed the same measurement on a DMPC
vesicle with a 15um diam. In the fluid statéaboveT.) our
data are very close to those obtained with spectral analysis
of shape fluctuatiofi,as shown in Fig. &). In contrast, in
the gel state we fiha 6 to 8fold increase of the bending
modulus. This measurement shows that our method is sui

of

able for vesicles of different lipids. Although the transition 1.

temperatures are different, the measurement of bending
modulus can clearly reveal the phase transition behaviors.
The amounts of increase in the bending modulus are

different for vesicles of different lipids. However, for 3

vesicles of the same lipid the increase is almost constant,
regardless of the size of vesicles. It has been proposed that
the change in bending modulus across phase transition is
related to the thermodynamic properties of the bilayer
itself3 Yet a complete theoretical estimation of the change
in bending modulus from fluid to gel states is still under
investigation.

4 Conclusion

We describe an all-optical method to detect the structural
phase transition and to determine the bending rigidity of
lipid bilayer membranes. We use differential confocal mi-

croscopy to monitor the thermal fluctuations of a vesicle as
the temperature changed. In the fluid state we found a lin-
ear relation between the mean-square amplitudes of fluc-
tuations and temperatures. The mean-square amplitudes are
proportional to the difference between the ambient tem-

perature and the transition temperature, such that from theuo.

fitting straight line of the mean-square amplitudes we could

obtain an approximate value of the transition temperature 11

with an error of £0.5°C compared with other published
data.
Using femtonewton optical force to deform the vesicle

and differential confocal microscopy to measure the submi- 13.

crometer deformation, we can calculate the bending modu-

lus of vesicles’ lipid bilayers. Because the shape of vesicle 14.

changes from a sphere to an ellipsoid, we employed simple
analytic geometry to calculate the bending modulus. The

vesicle returned to its original shape after each deforma- 16.

tion, therefore we could repeat the measurement on the
same sample for different temperatures. We found the

bending modulus changed by an order of magnitude when18.

the temperature was varied across the transition tempera-
ture. This macroscopic measurement clearly revealed the
microscopic fluid-gel structural transition. The measured
amount of increase in bending modulus is constant for bi-
layers of the same lipid, regardless of the size of the
vesicles.

The technique presented is convenient for biophysical
researchers to set up in laboratories. The same measure
ment procedures are suitable to characterize kinds of mo-
lecular structures, such as unsupported bilayer membranes
polymersome$ lipid tubules, etc. Thanks to the high reso-
lution and long working distance of differential confocal
microscopy, the samples can be measureditu, and the

. M. D. Mitov, J. F. Faucon, P. Meleard, and P. Bothorel,

9.

15.
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