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Abstract. We use differential confocal microscopy, a far-field optical
profilometry with 2-nm depth resolution, to monitor the thermal fluctua-
tions and the deformation of the bilayer membranes of lipid vesicles.
From the linear relation between the mean-square amplitudes of fluctua-
tions and temperatures, we can directly determine the phase-transition
temperatures of lipid bilayers. We then employ femtonewton optical force
to induce submicrometer deformation of the vesicle membranes. From
the deformation we obtain the bending rigidity of membranes with a
simple geometric analysis. The bending modulus changes by an order of
magnitude as the temperature is changed across the transition tempera-
ture, such that we can detect the phase transition behaviors of the bi-
layer structures. © 2001 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1401756]
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1 Introduction

Vesicles made of lipid bilayers are not only importa
model systems for cell-membrane research, but also
useful in controlled drug delivery by encapsulating the
peutic components such as fungicides, bactericides, and
netic material, and transporting them into cells or throu
the skin.1 For the study on the lipid bilayers and the app
cations of lipid vesicles, it is important to know the m
chanical properties of the bilayer structures in differe
physical and physiological conditions. In the presence
water, the lipid bilayers exhibit phase transitions when
temperature changes. When the temperature is higher
the transition temperatureTc , water penetrates between th
layers of lipid molecules and the layers can slide aga
each other. This state is often referred as the fluid st
When the membrane is cooled to belowTc , the hydrocar-
bon chains rearrange themselves into an orderly packed
tice. Since the molecules cannot move as freely as in
fluid state, these phases are often called the gel st
These phase behaviors have been verified with differen
scanning calorimetry and x-ray diffraction.2 Recently, it has
been proposed that the mechanical properties of bila
membranes, such as area compressibility and bending r
ity, may also change with the structural phase transitio3

Therefore a simple and reliable method to determine
mechanical properties of lipid bilayers in different phases
crucial for the study and applications of lipid bilayers a
vesicles.

This paper is a revision of a paper presented at the SPIE conferenc
Optical Sensing, Imaging, and Manipulation for Biological and Biome
cal Applications, July 2000, Taipei, Taiwan. The paper presented t
appears~unrefereed! in SPIE Proceedings Vol. 4082.
Opt. Eng. 40(10) 2077–2083 (October 2001) 0091-3286/2001/$15.00
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In the past two decades there have been lots of te
niques developed to measure the mechanical propertie
vesicle membranes. To date, the micropipette aspira
method4–6 and the spectral analysis of shape therm
fluctuations7,8 are the two most common techniques to d
termine the mechanical properties of vesicles’ bilayer me
branes. Both methods employ conventional optical mic
scopes to measure the fluctuation or deformation. Beca
the thermal fluctuations of gel-state membranes are in
sub 0.1-mm range, which is beyond the resolution of optic
microscopy, spectral analysis of shape fluctuations can o
determine the bending modulus of membranes in the fl
state. On the other hand, micropipette aspiration can m
sure both surface compressibility and the bending modu
However, the mechanical models used to deduce the b
ing modulus require the assumptions that the fluctuation
microscopic surface density can be neglected and that
formations are determined by surface undulations. Th
assumptions are not true if the area fluctuations of the
monolayers are coupled, as thermodynamic calculati
show for the gel states.9 Therefore the micropipette metho
is mainly used to study the mechanical properties of me
branes in the fluid state, too. Limited by the techniques,
mechanical properties of bilayer membranes in differ
phases have not been well explored.

We report an all-optical approach to detect the ph
transition of bilayer membranes of lipid vesicles by me
suring their bending rigidity in different phases. The k
technique used in these measurements is differential co
cal microscopy~DCM!, a far-field optical profilometric
technique with 2-nm depth resolution and 0.3-mm lateral
resolution.10 Because the probe of DCM is a microsco
objective lens of which the working distance is on the ord

n
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Lee, Lin, and Wang: Using differential confocal microscopy . . .
of 1 mm, the soft sample surface can be kept from be
damaged. The measurement speed of DCM can be as
as the response of optical detectors, therefore we can e
track the thermal fluctuations of lipid-bilayer membrane
The high depth resolution of DCM also enables us to de
the small deformation of membranes caused by femton
ton optical force. Since the deformation is less than 5%
diameters of vesicles, the data can be analyzed with sim
analytic geometry. With these unique features, it has b
pointed out that DCM is very suitable in the study of m
chanical properties of lipid bilayers.11

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

2 Material and Method

2.1 Preparation of Lipid-Bilayer Vesicles

Vesicles made of dimyristoyl phosphatidylcholine~DMPC!
and dipalmitoyl phosphatidylcholine~DPPC! were pre-
pared with the following procedures12: DMPC ~DPPC! and
charged phosphatidylserine were mixed at 9:1 by weigh
chloroform:methanol~2:1 by volume! to make a 10 mg/ml
lipid solution. About 0.1-ml solution was dried to form
lipid film on the bottom of a culture dish, which was the
placed in a chamber with interior air pressure of 10 torrs
6 h to remove the solvent in the lipid film. The lipid film
was then prehydrated at 45°C~50°C for DPPC! with water-
saturated nitrogen for 45 to 60 min. Next we added
aqueous solution containing 0.1-M sucrose and 0.1-M K
into the culture dish. This solution would then be enclos
in the vesicles, therefore we termed it as the ‘‘inner so
tion.’’ The culture dish was then sealed and incubated
45°C ~50°C for DPPC! for 24 h. During the incubation the
lipid film gradually stripped off the bottom surface of th
culture dish and formed a ‘‘white cloud’’ floating in th
solution, which contained the vesicles. Vesicles made w
these procedures could be stable in the culture dish for
3 days.

We then moved a drop of the vesicle ‘‘white cloud’’ int
another culture dish containing a 0.1-M glucose and 0.1
KCl aqueous solution. This dish was then placed on
inverted optical microscope. Because the density of ou
solution was less than that of the inner solution, the vesic
stayed at the dish bottom after we kept the dish at rest
one hour. Figure 1 shows an image of one DPPC ves
viewed through the phase-contrast microscope. The lam
larity of these vesicles was determined by the pha
contrast image, according to the criterion proposed in R
13. We found more than 70% of the vesicles are formed
single bilayer membranes.

2.2 Working Principle of Differential Confocal
Microscopy

The nanometer depth resolution of DCM results from
sensitive response to the height variation in the linear
2078 Optical Engineering, Vol. 40 No. 10, October 2001
st
ly

t
-

s
-
y
-

-

gion of the axial response function of conventional con
cal microscopy, as illustrated in Fig. 2. The axial respon
curve of confocal microscopy isI (z)5I (0)sin2(gz)/(gz)2,
where I is the optical power of the signal,z the distance
between the focal plane and the sample surface, ang
54p sin2(a/2)/l with sin(a) the numerical aperture of th
objective lens andl the wavelength of the probe light.14

The normalized slope of the axial response can be
pressed as:

S~z!5
1

I ~0!
UdI~z!

dz U. ~1!

In the linear slope region~shown as the black segments
Fig. 2! of the axial response curve,S(z) is practically con-
stant. Therefore the differential change of confocal signa
proportional to the displacement of the reflective surfa
The proportional constantsS and I (0) are obtained before
the measurement by scanning the focal plane through
sample surface with a high-accuracy transducer, such a
PZT-driven objective holder used in our experiment. In o

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

Fig. 2 Axial response curve of confocal microscopy. Black seg-
ments indicate the working region of differential confocal micros-
copy.
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Lee, Lin, and Wang: Using differential confocal microscopy . . .
setupS'1.0/mm in the linear slope region; hence a chan
of membrane position as small as 10 nm caused a rea
detectable 1% change of the confocal signal. Such a se
tivity enabled us to measure vesicle deformation down t
few nanometers.

The dynamic range of measurement of DCM can
approximated as the distance from the maximum to the
zero point of I (z). For a sinc2 function, this distance is
p/g, or 0.25l/sin2(a/2). For example, if the numerical ap
erture of the focusing lens is 0.75, andl5633 nm, the
dynamic range of DCM is nearly 1mm. Because the am
plitudes of ordinary thermal fluctuations of membranes
the fluid state are around the same range, and those in
gel states are smaller, DCM is suitable to monitor the fl
tuations of membranes in different phases.

2.3 Optical Setup

The experimental setup is shown in Fig. 3~a!. Our setup
bore close resemblance to a conventional confocal mi
scope, where the probe light~the 633-nm beam!, reflected
from the vesicle membrane and filtered by a 5-mm-diam
pinhole at the conjugate focal point, formed the confo
signal. For the operation of DCM, the focal plane of t
objective lens O1 was intentionally placed slightly aw

Fig. 3 (a) Experimental setup. LWP: long-wavelength-pass filter;
PBS: polarization beam splitter; PMT: photomultiplier tube; PZT:
piezo-electric transducer; and QWP: quarter wave plate. The parts
enclosed by dashed lines are for differential confocal microscopy.
(b) The arrangement of beam sizes on the vesicle. The 532-nm
beam, used to exert optical force, was prefocused such that its
beam diameter was 14 mm on the vesicle. The 633-nm beam was
expanded to fill the whole input aperture of the objective lens O1, so
that it probed the deformation only at the center of the 532-nm
beam. The spot size of the 633-nm beam on the vesicle was about
1 mm in diameter.
y
i-

t

e

-

from the vesicle surface, such that the position of the me
brane was on the steep slope of the confocal axial respo
curve. This made the signal light that entered the confo
aperture extremely sensitive to the position of t
membrane.10 Owing to the low reflectivity of lipid bilayers
(102321024) in the surrounding solution,15 the reflected
signal light was measured with a photomultiplier tube.

Two light sources of different wavelengths were used
the experiment. The 532-nm beam of 42 mW~measured
after O1! was used to exert optical force on a single vesic
giving rise to a press force of 56 femtonewtons. The forcf
was calculated directly from the momentum conservat
law: f 52Rnp/c, whereR is the reflectivity of the bilayer
membrane,n the index of refraction of the surroundin
medium,p the optical power incident on the membrana
andc the speed of light in vacuum. The 633-nm beam of
mW was used as the probe beam to measure the defo
tion. These two beams were collinearly focused by O1
403 water-immersion objective lens with 0.75 numeric
aperture ~ICS Achroplan, Carl Zeiss, Oberkochen, Ge
many! which was mounted on a piezoelectric-transdu
~PZT! driven objective holder~PIFOC, Physik Instrumente
Waldbronn, Germany!. Locations of the light spots on th
vesicle were monitored with the inverted optical micr
scope. The probe beam was expanded before entering
objective lens, such that it could be focused to a 1-mm diam
at the center of the 532-nm beam. To generate a unifo
optical force, the 532-nm beam was prefocused on the b
focal plane of the objective lens, such that its spot size w
as large as 14mm in diameter on the focal plane@see Fig.
3~b!#, and its Rayleigh range is 290mm. The optical pres-
sure produced by the 532-nm beam was practically cons
in the beam center where measurements were made,
the beam-size variation was negligible within a few m
crometers of distance along the optical axis. This arran
ment ensured that the spatial distribution of the opti
force was uniform.

The depth resolution of our system was 2 nm, limited
the 0.2% power fluctuation of the 633-nm beam from
power-stabilized He-Ne laser. As to the temporal resoluti
since DCM relies on neither feedback control nor pha
locking mechanisms, the measurement can be as fast a
response of the photomultiplier tube. However, in pract
one has to set the detection time constant large enoug
make the shot noise smaller than the power fluctuati
This is of importance for the conditions with weak optic
signal.

2.4 Procedures of Measurement

By observing the laser spots and the vesicles through
inverted microscope, we overlapped the laser beams a
single vesicle laterally. Then we descended O1 along
optical axis and monitored the change of confocal signa
the 633-nm beam. When the confocal signal reached
first maximum after O1 was immersed into the outer so
tion, we were sure that the focal plane was right on
vesicle surface. At this position we obtainedI (0). Then we
raised O1 for a few hundred nanometers to place the ves
surface at the linear slope region of the confocal axial
sponse curve. In the linear slope region, we used a trian
lar high-voltage waveform to modulate the PZT objecti
holder and recorded the optical signal. From the displa
2079Optical Engineering, Vol. 40 No. 10, October 2001
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Lee, Lin, and Wang: Using differential confocal microscopy . . .
ment of the objective holder and the change of optical s
nal, we determined the slopeS. With I (0) andS, from Eq.
~1! we can determineDz from DI . The signal amplification
and the detection time constant were controlled by the
asing voltage of the photomultiplier tube and a current a
plifier. The amplified data were stored in a personal co
puter through a 16-bit analog-to-digital converter.

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

Next we applied optical force on the vesicle membra
by turning on the 532-nm beam, and measured the de
mation of vesicle along the optical axis~the z-axis!. This
experiment was to determine the bending modulus of
vesicle membrane. To reduce the influence of thermal fl
tuations, we fixed the power of 532-nm beam to be 45 m
and set the time constant of measurement to be 50 ms
the calculation of bending modulus, the original diame
of the vesicle was measured from the image obtained w
the inverted microscope.

3 Results and Discussions

3.1 Thermal Fluctuations of Lipid Bilayer
Membranes

Figure 4~a! shows the thermal fluctuations of a DPP
vesicle measured by DCM. To understand the relation
tween the fluctuations and temperatures, we calculated
mean-square amplitudes of fluctuations at different te
peratures. Because the vesicles were stable in the solu
we repeated the measurement on the same vesicle a
temperature for four times. The average mean-square
plitudes are shown in Fig. 4~b!. As the temperature wa
decreased, the phase of the lipid bilayer transited from fl
to gel state. Near the transition point, we found the refl
tivity of membrane decreased dramatically. The reflectiv
was so low that we could not record reliable data near
transition point. Nevertheless, in the fluid state we clea
observed that the mean-square amplitudes of fluctuat
are proportional to (T2Tc), where T is the temperature
andTc the transition temperature. In the gel states the fl
tuations were small and no linear relation was found. Fr
the fitting straight line of fluctuations in the fluid state, w
could determine thatTc of DPPC is 42.1°C. From recentl
published data obtained with differential scanning calori
etry, Tc of DPPC is 41.6°C.3 The discrepancy was onl
0.5°C.

As a comparison, we performed the same measurem
on a 15-mm-diam DMPC vesicle. The results are shown
Fig. 4~c!. The linear relation between fluctuations and te
peratures in the fluid state was also obvious. For DMPC
determineTc524.4°C. This is also very close to the 24°
transition temperature of DMPC.4 These experimental re
sults demonstrate that from the mean-square amplitude
fluctuations measured by DCM, one can easily determ
2080 Optical Engineering, Vol. 40 No. 10, October 2001
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the transition temperature of lipid bilayers with an accura
of 60.5°C.

3.2 Bending Rigidity of Membranes

The second experiment was conducted to determine
bending rigidity of vesicles’ bilayer membranes. We wou
first explain how we calculated the bending modulus fro
the diameter of a vesicle and the submicrometer defor
tion caused by optical force.

Considering a vesicle surfaceV, the free energyE can
be expressed as follows:

Fig. 4 (a) Measured thermal fluctuations of a DPPC vesicle at
45.5°C. The diameter of the vesicle is 17 mm. Mean-square ampli-
tudes of thermal fluctuations at different temperatures: (b) DPPC
membrane, the transition temperature, Tc is from Ref. 3; (c) DMPC
membrane, the transition temperature Tc is from Ref. 4. For both
DPPC and DMPC the mean-square amplitudes are proportional to
(T2Tc) in the fluid state (high temperature region).
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E5
k

2 E
V

~c11c2!2dA1gE
V

c1c2dA, ~2!

where k is the bending modulus,c1 and c2 are the two
principal curvatures,dA is the surface element, andg is the
Gaussian~or saddle! rigidity. For continuous perturbation
of a closed surface, the term*Vc1c2dA reduces to a
constant.16 In this case the changes in free energy can re
only from the term of bending modulusk. When the vesicle
is deformed by external force, from energy conservation
change in free energy is equal to the workW done by the
force. In our experiment, since the optical force is kno
from the measured reflectivity, by measuring the change
diameter of the vesicle along the optical axis with differe
tial confocal microscopy, we can determineW.

In order to obtaink, the change in*V(c11c2)2dA has
to be determined independently. Because there is no in
supporting structure inside a vesicle, surface tension ma
the vesicle surface a perfect sphere.5 Thus without the op-
tical force, c15c251/r , where r is the radius of the
vesicle, andE58pk1g*Vc1c2dA. When the vesicle is
deformed along the optical axis, its shape becomes an
lipsoid. Since the optical force is applied vertically, there
only one axis shorter than the other two. Therefore the p
cipal curvature along the meridian can be calculated as17

c152

F2S dr

du D 2

2r
d2r

du2G1r 2

F S dr

du D 2

1r 2G3/2 , ~3!

whereu is the azimuthal angle of the surface element fro
the short axis, andr 5@a2b2/(a2 sin2 u1b2 cos2 u)#1/2 with a
the length of the short axis andb the length of the two long
axes. From the measured deformation along the optical
we obtaina, andb was then calculated under the assum
tion that the surface area of the vesicle is not changed
the deformation. The other principal curvature is calcula
by projecting the radius of curvature along the parallel o
the normal direction, i.e.,c252r cos(b)/b2, where the co-
sine value of the angleb between the radius of curvatur
along the parallel and the normal direction is

cosb5
2r

F4r 21S 1

r

dr2

du D 2G1/2. ~4!

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

DE5W5
k

2 E
V

~c11c2!2dA28pk. ~5!

Figure 5~a! shows the deformation of a DPPC vesic
under 56-femtonewton optical force at 27°C. The origin
diameter of this vesicle was measured to be 14mm, and the
vesicle was found to be deformed by;600 nm, less than
5% the size. Therefore the vesicle could return to its natu
shape after the measurement. In Fig. 5, the work done
t

r
s

-

s

l

optical force was 0.34 pico-erg. With these data, from E
~5! we obtainedk511 pico-erg. This measurement wa
repeated on the same vesicle at different temperatures.
ure 5~b! shows the bending rigidity of the DPPC bilaye
membrane above and belowTc . Above Tc ~in the fluid
state! the bending modulus we measured are almost
same as data obtained by x-ray scattering.18 However, be-
low Tc ~in the gel state! we found the bending modulu
increased by an order of magnitude. This is the first ti
the bending modulus of the same bilayer vesicle is m
sured in different states. The increase of bending modu
verifies the phase transition of the lipid bilayer. For DPP
vesicles of different sizes~10 to 22mm in diameter!, the

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.
2081Optical Engineering, Vol. 40 No. 10, October 2001
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Lee, Lin, and Wang: Using differential confocal microscopy . . .
variation of k was 625% in the fluid state, and610% in
the gel states; while the increase ofk from fluid to gel
states was always about an order of magnitude. There
we are confident about the reliability of this technique
detecting the phase transition of bilayer membranes.

We also performed the same measurement on a DM
vesicle with a 15-mm diam. In the fluid state~aboveTc! our
data are very close to those obtained with spectral ana
of shape fluctuation,8 as shown in Fig. 5~c!. In contrast, in
the gel state we find a 6 to 8fold increase of the bending
modulus. This measurement shows that our method is s
able for vesicles of different lipids. Although the transitio
temperatures are different, the measurement of ben
modulus can clearly reveal the phase transition behavio

The amounts of increase in the bending modulus
different for vesicles of different lipids. However, fo
vesicles of the same lipid the increase is almost const
regardless of the size of vesicles. It has been proposed
the change in bending modulus across phase transitio
related to the thermodynamic properties of the bila
itself.3 Yet a complete theoretical estimation of the chan
in bending modulus from fluid to gel states is still und
investigation.

4 Conclusion

We describe an all-optical method to detect the structu
phase transition and to determine the bending rigidity
lipid bilayer membranes. We use differential confocal m
croscopy to monitor the thermal fluctuations of a vesicle
the temperature changed. In the fluid state we found a
ear relation between the mean-square amplitudes of fl
tuations and temperatures. The mean-square amplitude
proportional to the difference between the ambient te
perature and the transition temperature, such that from
fitting straight line of the mean-square amplitudes we co
obtain an approximate value of the transition temperat
with an error of60.5°C compared with other publishe
data.

Using femtonewton optical force to deform the vesic
and differential confocal microscopy to measure the sub
crometer deformation, we can calculate the bending mo
lus of vesicles’ lipid bilayers. Because the shape of ves
changes from a sphere to an ellipsoid, we employed sim
analytic geometry to calculate the bending modulus. T
vesicle returned to its original shape after each deform
tion, therefore we could repeat the measurement on
same sample for different temperatures. We found
bending modulus changed by an order of magnitude w
the temperature was varied across the transition temp
ture. This macroscopic measurement clearly revealed
microscopic fluid-gel structural transition. The measur
amount of increase in bending modulus is constant for
layers of the same lipid, regardless of the size of
vesicles.

The technique presented is convenient for biophys
researchers to set up in laboratories. The same mea
ment procedures are suitable to characterize kinds of
lecular structures, such as unsupported bilayer membra
polymersomes,6 lipid tubules, etc. Thanks to the high res
lution and long working distance of differential confoc
microscopy, the samples can be measuredin situ, and the
data require only simple geometric models to interpret.
2082 Optical Engineering, Vol. 40 No. 10, October 2001
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believe differential confocal microscopy can serve as
daily tool for the studies related to membranes or other s
matters.
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