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Critical Dynamics of Vesicle Stretching Transition in Elongational Flow
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We present results on the stretching of single tubular vesicles in an elongation flow toward dumbbell
shapes, and on their relaxation. A critical strain rate €. exists; for strain rates € < €., the vesicle remains
tubular but fluctuates, though its steady state extension increases with the strain rate é. Above €, first a
shape transition to dumbbell occurs, and then high order shape modes become unstable, leading to a
pearling state. We have quantitatively characterized the transition and found a scaling of €, with the
system parameters. A remarkable feature of vesicle tube behavior around the critical point is a slowdown
of the vesicle relaxation to the final extended state in the vesicle stretching. Such feature is similar to that
found in continuous phase transitions and to the critical effects recently observed for polymer molecules

near the coil-stretch transition in elongation flow.
DOI: 10.1103/PhysRevLett.101.048101

Biological membranes often develop tubular structures
and form dynamical tubular networks, which play a crucial
role in many biological processes [1]. Giant unilamellar
vesicles (GUV) have been studied as a sort of artificial
proxy for biological membranes, and several techniques
have been reported for inducing the formation of tubes
from them, such as micropipette extraction [2], optical
tweezers [3], and hydrodynamic uniform flow [4,5]. Con-
formational fluctuations of a vesicle membrane define its
configuration entropy and therewith entropy-driven ten-
sion. The vesicle membrane in this respect behaves analo-
gously to a linear flexible polymer molecule, whose elas-
ticity is entropy-driven too [2]. In elongation flow, a flex-
ible polymer molecule undergoes a conformational trans-
formation from coiled to stretched state at a critical value
of the velocity gradient (strain rate). It was recently pre-
dicted theoretically [6] and confirmed experimentally [7]
that the coil-stretch transition for not very long polymer
molecules is a continuous one, and is characterized by a
critical slowing down of the relaxation towards the steady
state conformation and by enhanced critical fluctuations.
This behavior compares with the well-known critical phe-
nomena near a thermodynamic second order (continuous)
transition. Thus, the similarity in entropy-driven elasticity
for both polymer molecules and membranes may lead to a
similarity in their dynamics in an elongation flow. On the
other hand, vesicle dynamics in elongation flow is rather
unexplored. To our knowledge, the only experimental
study was conducted just recently, where a wrinkling in-
stability in time-dependent elongation flow was discovered
[8]. No rheological studies of vesicle suspensions in elon-
gation flow were ever carried out. Polymer stretching
manifestly leads to marked non-Newtonian behavior, such
as drastic viscosity enhancement [9]. Based on the sug-
gested analogy, one can expect some similarity in the
rheological behavior of polymer and vesicle suspensions
in elongation flow as well. In this Letter, we report about
the stretching of tubular shape GUVs with an initial length-
to-diameter ratio L,/D, > 4.2 by an elongation flow, from
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a floppy state to a dumbbell shape and further into a tran-
sient pearling state [10]. Measurements of the vesicle dy-
namics were conducted in the vicinity of the stagnation
point (v, = v, = v, = 0) at the middle height of a cross-slot
channel of 500 pwm wide and 320 wm high, via epifluores-
cent microscopy [11]. Experiments were performed in the
range of velocity gradients é=0.01-3s~!'. The micro
channel was produced in elastomer (PDMS) by soft lithog-
raphy [12]. Particle tracking velocimetry measurements of
the flow field confirm that the deviation of the elongation
rate (A€),,/€ across the size of the observation window is
<5%, the deviations of € in the z-direction on the scale of
the vesicle are (A€),/€é < 5%, and the ratio of shear ve-
locity gradient 7y, to € over the size of the vesicle does not
exceed (A€),/€ [11]. GUVs were prepared by the electro-
formation method [13]. The lipid solutions consisted of
85% dioleoyl-phosphatidylcholine (DOPC, Sigma) and
15% fluorescent phosphatidylcholine (NBD-PC, Molecu-
lar Probes) dissolved in 9:1 v/v chloroform-methanol sol-
vent (1.8 mg total lipids/ml), or pure DOPC in the same
solvent (1.5 mg/ml) (see for details Refs. [8,14,15]).

Vesicle samples were subjected to the strong elongation
flow, in order to obtain a high fraction of vesicles with large
excess area. Image capturing and control of stepping motor
drivers were performed by custom made Labview pro-
grams. The main limitation on the vesicle observation
time due to the photo-bleaching effect of the fluorescent
dye was overcome by reducing the illumination to a few
strobed exposures per second with an optical chopper. This
extends the observation time of an individual vesicle to up
to 30 minutes, allowing to stretch and relax (by stopping
the extensional flow) the same vesicle multiple times at
different values of €. A statistical ensemble was built by
collecting data for different vesicles and various strain
rates. The image sequences were analyzed by custom
made routines based on the Matlab Image Processing
Toolbox. The experiments were conducted at temperatures
between 22 and 24 °C to keep the membrane in a liquid
state.
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FIG. 1 (color online). Normalized vesicle extensions, L* =
L/Ly — 1, as a function of the accumulated strain, €*, for six
values of €in s~! started from the lowest curve till the highest
are shown: 0.11, 0.18, 0.21, 0.29, 0.31, 0.53. The vesicle has
Ly/Dy = 8.8. Time sequences of vesicle images for some values
of ¢ are also presented in the plot. Inset (i): relaxation time T’
versus €.

The data on the stretching of an individual vesicle, as a
function of the accumulated strain, €* = t€, for different
values of the elongation rate, €, are shown in Fig. 1 to-
gether with the corresponding image sequences. Two fac-
tors in the experiment—the observation time of a single
vesicle and the maximal extension within the field of view
of a given microscope objective—Ilimit €* < 60 and the
normalized tubular extension L* < 2. Here, L* = L/Ly —
1, where L, is the initial length. For the lowest three values
of &€ in Fig. 1, L* saturates, while for the higher values, it
apparently diverges as a function of €* in the observation
frame of the vesicle extension. The transition between
these two types of vesicle dynamics occurs at a critical
value €.. The precise value of €, for each vesicle with a
given aspect ratio is defined by measuring the dependence
of the vesicle relaxation time 7" on €, as explained in the
following, and by locating the peak [see inset (i) in Fig. 1].

Similar relaxation dynamics was observed for vesicles
with different aspect ratios Ly/D, from about 4.2 till 50.

Regarding the elongation process, for € = €., only a slight
stretching of the tubular shape vesicle is observed. At €,
tubular vesicles evolve into dumbbells. For ¢ = €., further
significant thinning and extension of the tether in the
dumbbell occurs. For even higher €, the tube becomes
unstable, and a sequence of transitions to transient pearling
configurations with different number of beads are ob-
served. The number of beads decreases during the transient
stretching, until a stationary stretched dumbbell configura-
tion is established. Different conformation transitions with
different order of unstable modes are found depending on
the value of €. Stretching sequences showing the pearling
are presented in Fig. 2.

Figure 3 summarizes our measurements for different
vesicles with different aspect ratios for 6 selected values
of €/€&.. Even though the statistic is not large, particularly
for higher values of é€/€,, it is sufficient to evidence the
large fluctuations for €/€é, = 1. These data are obtained
using different vesicles with different initial aspect ratios
as well as for the same vesicle in different runs (repeated
stretching after retraction). As it is presented in the plot at
€/é, = 0.85, one can find two pairs of tracks for two
vesicles that show rather strong fluctuations as well as in
the plot at €/é. = 1. We did not proceed further with
quantitative characterization of the apparent enhanced
fluctuations to establish their source. It definitely requires
separate investigation based on large vesicle statistics that
will face experimental difficulties particularly due to se-
vere limitations to observe a single vesicle for a long time.
For €/€é, =< 1, the higher the strain rate, the longer the time
to reach the steady state with maximum vesicle extension,
L},. In order to get a quantitative dependence on €& of the
relaxation time 7T’ of a single vesicle to its steady state,
each individual relaxation trace, similar to the ones shown
in Fig. 1, was either fitted by L*(¢) ~ 1 — exp(—1/T") for
€/é. =1, orby T' =[AL]"! for é&/é. > 1. The normal-
ized and averaged form, for all vesicles, of the dependence
of T = (T') on the scaled elongation rate, /€., was ob-
tained from either the averaged fits of the scaled individual
dependencies T'(¢/é€,) or from the fits of the ensemble
average traces in Fig. 3, and is presented in the inset in
Fig. 4. Significant increase in the vesicle relaxation time at
the conformation transition from the tubule-to-dumbbell

FIG. 2 (color online). Stretching of a
tubular vesicle. Parameters of the tube
are Ly=166 um, Dy=1.4 um,
Lo/Dy =47, n=54-10"3Pas. (a)
€=0.09s"'. (b) €=0.14s"! (dumb-
bell mode instability). (c) é = 0.19 s7!
(second mode instability—pearling).
(d) €=0.92 57!, Scale baris 10 um,
numbers are €.
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o4 A FIG. 3 (color online). Individual and
03l - - . 03 ensemble average normalized vesicle ex-
g/e, =0.65 0.85 tension versus €* for 6 values of &/é,.
*, 024 0.2 0.2 All the gray tracks represent different
vesicles, black is the average. €/€é, =
011 041 WW 01 0.65-8 tracks. &/é. = 0.85-8 tracks, 4
oor 0o 00 1.0 highlighted tracks are for the vesicle
' 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 Ly =33.8 um, Dy = 1.8 um, and the
124—— —— 12 12 vesicle Ly =129.3 um, Dy = 2.5 um.
1.1 1.4 €/€&. = 1-11 tracks, 2 highlighted tracks
0.8 are for the vesicle Ly =54.5 um,
. Dy=17 um. €/é. = 1.1-5 tracks.
oa €/é. = 1.2-6 tracks, 4 highlighted
' tracks are for the vesicle Ly, = 32 um,
Dy = 1.9 pum, and for the vesicle Ly =

0.0

shape, which indicates the critical slowdown, is noticeable.
We found also that the critical €, for the transition first to
dumbbell and further transition to pearling strongly depend
on Ly/Dy (see Fig. 4). To collapse the data, the values of &,
are scaled, in the main plot, by the characteristic retraction
time of the vesicle to its equilibrium state, after flow
cessation. This characteristic time 7 is defined below
from a simple model, though it could be found also ex-
perimentally (see inset in Fig. 5). We could not observe
vesicle stretching for Ly/Dy < 4.2, since &, diverges at
small Ly/D,, as seen from Fig. 4. Because of this aspect

FIG. 4. Normalized critical elongation rate,

€.T, Versus
Ly/D, for both tubular-dumbbell transition (full squares) and
tube instability to pearling state (open squares). The dashed line
is €.7 ~ (Dy/Ly)In(Ly/Dy). Inset: Normalized relaxation time

of all vesicles, €T, versus €&/é€,.. Full squares are for data
obtained from ensemble averaging of individual 7’ from the
exponential fits, while the open squares are defined from en-
semble averaging of the initial slope of relaxation curves (see
Fig. 3).

33.8 um, Dy = 1.8 um. €/é, = 1.44
. tracks.

ratio dependence, the traces of different vesicles with
different aspect ratios can be presented on a single plot
in Fig. 3 only after rescaling € with €.(Ly/Dy).

In order to characterize quantitatively the recover of the
tubular vesicle to its rest state, we measure the relaxation
(retraction) time of each vesicle by first stretching it with
the elongation flow and then ceasing the flow, as was done
for polymer molecules [16,17]. In the inset in Fig. 5, we
show the data for one individual vesicle recoil together
with its exponential fit. Such exponential decay is observed
if the elongation rate does not exceed the critical value for
the onset of the tube pearling instability. Finally, the steady
state vesicle extension, L},, grows continuously as a func-
tion of €/€&. through the conformation transition onset as
shown in Fig. 5.
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FIG. 5. Ensemble averaged maximum vesicle extension, L,
versus €/€é. (up to tube instability threshold). Inset: L*(z)
during the retraction of an individual vesicle to the rest state,
together with the exponential fit. The time sequence of images
during relaxation is also shown.
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To estimate the vesicle retraction time from the dumb-
bell to the rest configuration, let us consider a dumbbell
object like that attained by a vesicle stretched above the
stretching transition. It can be modeled by two spheres of
radius R and a tether of length L and radius . As the largest
part of the vesicle volume is contained in the spheres and
almost does not change, R remains unchanged during
stretching, due to volume conservation. At the same time,
most of the membrane surface area S ~ rL, which remains
constant too, is accounted for by the tether. Each sphere is
pulled back by the entropic force of the vesicle membrane,
fo~ro~k/r~kL/S. Here, o is the surface tension,
and « is the membrane bending elasticity, which for DOPC
is measured as k = 1072 erg [18]. This force balances the
Stokes drag on the moving spheres, fg ~ nRL. The bal-
ance gives then the equation for the vesicle retraction
—L/L ~ «/(RSn), whose solution is the exponential de-
cay observed experimentally (see inset in Fig. 5): L ~
exp(—1t/7), where 7~ RSn/k is the vesicle relaxation
(retraction) time.

The critical elongation rate for the dumbbell transition
can be estimated by a similar argument. Let us consider a
tubular shape vesicle before the transition, having length
L, and diameter D, placed in an extensional flow with
strain rate €. The stretching Stokes force along the cylinder
fsi ~ L3én/In(Ly/Dy) is balanced by the entropic force
f. ~ Dgo ~ kLy/S, where S ~ DyL,. Transition occurs
when the hydrodynamical drag force exceeds the entrop-
ical tension of the tube, i.e., for €,7 ~ (Dy/L¢) In(Ly/Dy).
The inverse dependence of the normalized critical elonga-
tion rate, €,7, on the vesicle aspect ratio, Ly/D,, agrees
well with the experimental observation (see Fig. 4), where
7 = D3Lyn/4k.

To summarize, we found and investigated the sequence
of conformational transitions underwent by a tubular ves-
icle stretched by an elongation flow. First, we quantita-
tively analyzed the transition from the tubule to the
dumbbell vesicle configuration, which is accompanied by
the slowing down of the dynamics of the vesicle extension
near the threshold value of the elongation rate, é.. We
guess that the observed slowing down occurs due to pres-
ence of a large number of possible vesicle configurations
available close to the transition point, when the entropic
force (elasticity) is balanced by the hydrodynamic drag
(stretching force). This critical effect is a characteristic
feature and unique signature of the stretching transition
and show, strikingly, how a simple elongation flow has a
nontrivial influence on the dynamics of a single vesicle. We
furthermore observe that vesicle stretching is strongly non-
affine since, for example, at an accumulated strain of €* =
30, the stretching of a passive fluid element at the location
of the vesicle is already many orders of magnitude larger
than the extension attained by the vesicle.

The remarkable critical feature of the stretching transi-
tion is similar to those, well known, seen in continuous
thermodynamic phase transitions. Thus, we suggest that
the critical effect is a universal dynamical phenomenon,

which occurs in any microscopic and mesoscopic objects,
where thermal noise leads to large variety of accessible
configurations close to the conformation transition. At € >
€., higher order modes become unstable, leading to the
further different conformation transitions with different
numbers of unstable modes. The latter results in the pre-
viously observed transient pearling states with different
number of beads [10].
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