
of !" are found to be in good agreement with Eq. (1) but the
results were never presented. Reference [1] provides also
the equation of motion for the complex amplitudes of the
spherical harmonics that parametrize an instantaneous ves-
icle shape. From the phase of the complex amplitude of the
second harmonics one can derive the rms of fluctuations of
the vesicle inclination angle caused by the thermal fluctua-
tions, h!!"!0#2i1=2 $ "!, at " % 1:

"! &
!
24

55

1

4a1=2#

"
1=2

’ 0:28#"1=2; (2)

where # $ "$ !"1=2=kBT is the dimensionless shear rate.
Measurements of the vesicle dynamics were conducted

in a near-wall shear flow at a half height of a microchannel
via epifluorescent microscopy. The rectangular channel
with 250 %m height and 150 %m width was manufactured
in an elastomer polydimethylsiloxane by a soft lithography
[8]. An observation area 90' 67 %m2 was captured by
Panasonic CCD camera and digitized via Ellips Rio frame
grabber. A mechanical chopper, synchronized with CCD
camera and installed in the Ar-ion laser beam path, reduced
actual exposure time down to (1 msec. It allowed to
capture vesicles with velocity up to hundreds of %m= sec
without noticeable smearing of the vesicle image. The
microchannel can be translated in the direction of the
flow. Image processing and control of stepping motor
drivers were performed under Matlab.

Vesicles were prepared by electroformation method [9].
Two different lipid solutions for the vesicle preparation
were used. The first lipid solution consisted of 1:5 mg=ml
of dioleoyl-phosphatidylcholine (DOPC, Sigma) with
0:3 mg=ml of fluorescent phosphatidylcholine (PC) lipid
(Molecular Probes) dissolved in 9:1 v=v chloroform-
methanol solvent. As an inner fluid, either a glucose-water
solution ( ( 5% w=w) or a pure water, in which the

vesicles were swollen, were used [see Fig. 1(c) and 1(d)].
To increase the fluid viscosity dextran of 500 kDa molecu-
lar weight in various concentrations up to 6% w=w was
added (variation in viscosity from 10"3 until 10"2 Pa ) s
was achieved in such way). The viscosity contrast different
from unity was achieved by centrifugation of a vesicle out
of a glucose-water-dextran solution and replacing it by a
sucrose-water solution of the same osmolarity ((9% w=w)
to compensate for a density difference. The viscosity mea-
surements of every solution were carried out on a viscom-
eter Vilastic-3.

The second lipid solution, which was mainly used for
measurements of a membrane tank-treading velocity, con-
sisted of 1:5 mg=ml of dimyristoyl-phosphatidylcholine
(DMPC, Sigma), 0:3 mg=ml of fluorescent phosphaetha-
nolamine (PE) lipid (Avanti Lipids, Inc.), and 0:05 mg=ml
of Biotinyl PE (biotinated lipid used to attach avidin
coated beads, Avanti Lipids, Inc.) dissolved in 9:1 v=v
chloroform-methanol solvent. As a solvent 44% w=w
glucose-water solution was used with 20 ppm of fluores-
cent, avidin coated beads (0:5 %m). The experiments were
conducted at temperatures above 25 *C to keep the mem-
brane in a liquid state. Such three-component lipid mem-
brane bears three functions: to be a vesicle shell, to produce
fluorescent image, and to provide means for attachment of
fluorescent beads used for measurements of the membrane
tank-treading velocity [see Fig. 1(b)].

A dilute solution of deflated vesicles was driven through
a microchannel by a microsyringe pump at a constant flow
rate. The profile of the horizontal velocity was measured
by particle tracking velocimetry (PTV) with 1 %m fluo-
rescent beads [see inset in Fig. 2(b)]. The measurements of
vesicle dynamics were performed at a distance between
about 5 and 45 %m from the wall. The deviation of the
shear rate from a constant was at the most +8% on the
vesicle size. The lift force, that results in a vesicle drift
comparable with those caused by various experimental
factors, does not introduce any noticeable problem in the
measurements.

We conducted two types of measurements of the vesicle
inclination angles: in a laboratory frame collecting vesicle
ensemble statistics for & & 1 at two viscosities ' & 10"3

and 10"2 Pa ) s, and in a frame moving with a velocity of a
single captured vesicle to collect statistics in time for
various viscosity contrasts. The latter measurements were
performed in the following way. Image processing, first
commenced at the grabbing rate 1.5 fps, until the program
identified a proper vesicle to follow. Then the translation
stage velocity was adjusted to move with the velocity of the
captured vesicle, and the grabbing rate was switched to
25 fps. A vesicle can be usually traced for 10–20 sec that
allowed to collect up to 500 measurements on a single
vesicle. A series of the experiments were carried out on the
membrane tank-treading velocities with a fluorescent bead
attached to the vesicle membrane [Fig. 1(b)].

FIG. 1. (a) Image analysis of a vesicle and definitions of ! and
(. (b) Time series of snap shots of a vesicle with an attached
fluorescent bead (at !" & 1). (c) Time series of snap shots of a
vesicle with low viscosity ' & 10"3 Pa ) s at !" & 1:4 and # ’
65. (d) The same with high viscosity ' & 10"2 Pa ) s at !" & 0:4
and # ’ 1300; numbers in the left corners of each image are
elapsing time in sec.
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