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Partially polymerized membranes display a striking mechanical transition at low temperature known as
the wrinkling transition. Fluorescence and scanning electron microscopy as well as profile measurements
using an atomic force microscope revealed the existence of three degrees of wrinkling depending on the
degree of the membrane polymerization. At low polymerization the membrane undergoes a cascade of
wrinkling to form a folded phase with a characteristic exponent 7 equal to 3, at intermediate polymer-
ization, the membrane is in an intermediate-wrinkled phase (similar to the crumpling of an elastic sheet)
with  ~ 2.5, while at high polymerization the membrane undergoes an abrupt ‘“‘compaction’ to the

wrinkled-rough phase with n ~ 2.
DOI: 10.1103/PhysRevLett.96.078101

The large deformations of a regular sheet of paper, when
crumpled inside the palm of a hand, generate an irregular
network of creases and ridges. If the operation is repeated,
the structure of the ridges and singularities becomes more
uniform and scale independent [1,2]. In spite of the exten-
sive work on large deformations and crumpling of elastic
sheets, the mechanisms that drive the formation of such
patterns are still unclear and so are the kinematics of such
morphological transformation [1,3,4].

Unlike large-scale elastic sheets, and similar to poly-
mers, thermally fluctuating membranes assume folded and
collapsed conformations as a result of a competition be-
tween entropy and elasticity [5,6]. Most studies have fo-
cused on tethered membranes [7]. Examples of real-life
tethered membranes are the skeleton of red blood cells
(RBC) [8], molybdenum sulfide sheets [9], and graphite
oxide (GO). Unlike polymers, however, tethered mem-
branes exhibit a low-temperature flat phase characterized
by a long-range orientational order [6]. A transition be-
tween this flat phase and a crumpled phase has been
predicted theoretically but not observed in computer simu-
lations, for dimensional space smaller than 4, probably due
to the implemented self-avoidance interactions that favor a
flat phase [10-12]. Few experiments have attempted to
show evidence of the existence of both the flat phase and
the crumpled phase. By measuring a roughness exponent,
light and x-ray scattering revealed a flat phase in the RBC
cytoskeleton [13]. On the other hand, GO membranes were
reported to exhibit a crumpled conformation in a good
solvent and a compact conformation in a bad solvent
[14], but the results were inconclusive since the large
persistence length of GO membranes hinders the occur-
rence of a crumpled phase [15].

In contrast to fixed connectivity membranes, partially
polymerized membranes made of diacetylenic phospholi-
pids exhibit a remarkable low-temperature wrinkled phase
[16] characterized by randomly frozen normals [17-19]
distinct from the high-temperature crumpled phase where
the normals fluctuate in time [6]. This transition from a
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fluctuating vesicle at high temperature to a wrinkled mem-
brane at low temperature might be due to the randomness
created in the local curvature of the membrane after poly-
merization [17]. Furthermore, it has been argued that this
partial polymerization generates a quenched-in disorder
[17,18,20,21] in the form of grain boundaries between
quenched-in dislocations [19] or randomness in the elastic
properties of the membranes [21] or in the spontaneous
curvature [16,22]. It was further assumed that this low-
temperature phase is an analog to a spin-glass phase in
magnetic systems [21] driven by frustration [18] where a
“roughened” glassy phase with a roughness exponent
different from that for systems with no defects may appear
and where the roughness would be coupled to the disorder
created after polymerization [20]. Here we report a discov-
ery of a folding transition at low polymerization, as well as
multiple “phases” characterized by different roughness
exponents depending on the degree of polymerization of
the membrane. These wrinkling phases are similar to glass
phases in jammed granular materials and colloidal suspen-
sions, where the built-up geometrical constraints restrict
the system’s access to the phase space [23].

We use polymerizable lipids [1,2-bis(10,12-
tricosadiynoyl)-sn-glycero-3-phosphocholine] purchased
from Avanti Lipids in powder or dissolved in chloroform
and stored at —20 °C. These lipids have triple bonds in
their aliphatic tails that can be photopolymerized. When
spherical vesicles, made of these lipids, are cooled, they
undergo a shape transformation to helical ribbons at the
chain melting temperature T,, which is around 37 °C upon
cooling and 43 °C when heating. This transformation is
thought to be due to the chirality of these lipids [24]
although weakly [25]. In the present experiment vesicles
are prepared in the high-temperature phase. Large unila-
mellar vesicles were prepared using electroformation:
We dissolve the lipids in chloroform and brush the solu-
tion on the electrodes, which we store in vacuum over-
night for the solvent to evaporate. The electrodes biased at
a 10 V/10 Hz ac are then dipped in pure water at 50 °C
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and left for 1-3 h for the vesicles to grow to a size of
10-100 pm. Small unilamellar vesicles of uniform sizes
ranging from 100 to 500 nm are made via extrusion of
larger vesicles. We cool the vesicles below T, and poly-
merize the aliphatic tails by exposing them to uv radiation
at 254 nm, which breaks the multiple bonds of the aliphatic
tails and creates new covalent bonds between the various
lipid molecules. We then heat the vesicles to 50 °C, where-
upon they become spherical. The cooled vesicles wrinkle
at a temperature 7, << T,,. To characterize the transition,
we used two-photon confocal scanning fluorescence mi-
croscopy and the fluorescent amphiphilic molecule
(Laurdan) as the probe, which, when excited by a two-
photon 770 nm, has an emission spectrum centered around
449 nm (blue) when the membrane is in the low-
temperature gel phase and centered around 499 nm (green)
when the membrane is in the high-temperature liquid
crystalline phase. The transition is characterized by the
change in the sign of the generalized polarization defined
as GP = (I, — I))/(I, + I,), where I, and I, are the inten-
sities at the maximum emission wavelengths in the gel
phase and the liquid crystalline phase [26].

When partially polymerized vesicles are cooled, the
change in the GP occurs at the nucleation of the first folds.
The transition temperature corresponds to the jump in the
GP value (data not shown). Surprisingly, after polymeriza-
tion, the jump at 37 °C disappears, and instead a jump in
the GP value appears at lower temperatures corresponding
to the wrinkling transition (7). Because this transition
involves a folding process, T, is defined as the temperature
at onset. The “unwrinkling” may take an order of magni-
tude longer, depending on the polymerization.

The wrinkling process depends on the amount of poly-
mer network created in the vesicle’s bilayer (Fig. 1). Let ¢
be the degree of polymerization measured using absorption
spectra of the polymer created. At low polymerization
(¢ < 10%), the cooled vesicle undergoes a folding cascade
in the form of a succession of large creases. Each crease is
of the order of the vesicle’s size. When ¢ is increased, a
pattern of smaller creases takes place (Fig. 2). At higher ¢,
the wrinkling was so sudden that we were not able to record
any type of folding cascade. The floppy vesicle jumps
abruptly to a compacted and rigid structure (Fig. 1).

Wrinkling is accompanied by surface roughening
[2,20,27]. The surface topography was investigated using
a tapping-mode atomic force microscope (AFM). The
radius of the Si tip is about 10 nm, and the side angle is
about 10°. Repeated scans with a small force set point less
than 1 nN were carried out in order to ensure no obvious
distortion caused by tip-sample interaction. The vesicles of
sizes ranging from 300 nm to 40 pwm are cooled in the
aqueous solution and then transferred to a substrate to be
scanned. In the case of vesicles larger than 10 pwm, we use
a scanning window of the order of 10 wm, which is the
maximum lateral distance the AFM scanner can achieve.
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FIG. 1 (color). Two-photon confocal images of vesicles under-
going a wrinkling transformation. The amount of polymerization
is measured in time of exposure to uv light. The bottom row
shows the formation of cylindrical ribbons at 37 °C for unpoly-
merized membranes. The middle row represents the folding
transformation corresponding to 10 s of exposure (low polymer-
ization) and the transformation occurs at 18 °C. The white arrow
points to the location where the domains migrate and where the
vesicle ruptures during the wrinkling. The top row represents the
wrinkling of a vesicle polymerized for 100 s (No large folds
observed). The clear spots are domains (rafts) of polymerized
lipids.

With the increase of ¢, the overall surface features change,
and the folds and creases become shallower and smaller,
respectively. For 10 wm size vesicles, the creases are on
average 500 nm deep for low-polymerization membranes
and 20 nm for high-polymerization membranes with an
rms ranging from 20 to 5 nm, respectively. The quantitative
information of the surface morphology can be extracted
from the equal-time height-height correlation function
H(r,t) [10], defined as H(r) = {{h(r) — h(0)]*?) where
h(r) is the surface height at position r{= (x,y)] on the
surface relative to the mean surface height. The notation
(- - -) means a spatial average. We report the Fourier trans-
form of H(r, ), or the power spectrum P(k) where k is the
wave number. In conjunction with AFM measurements the
wrinkled vesicles were observed using an environmental
scanning electron microscopy (ESEM) where water vapor
is the imaging gas and where no coating is necessary.
The surface of the vesicle is scanned at various regions, a
power spectrum is retrieved, and an average is taken. This
average is taken for 12 to 15 vesicles. Each vesicle is
scanned at various regions and the power spectrum is the
average of these scans. The power spectrum is presented in
Fig. 2 as well as ESEM images of the wrinkled vesicles.
The best fit of the data is a power law of the form P(k) ~
k=7, where m can be related simply to a roughness ex-
ponent in the case of univalued surfaces, depending on ¢.
The amplitude of the folds decreases when the irradiation
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FIG. 2 (color). The power spectrum follows a scaling relation
P(k) ~ k~7. Colors correspond to various irradiation times. The
various curves in each color category correspond to different
vesicles and different runs. The irradiation times decrease from
top to bottom. 1 ~ 2.00 for the red curve, which corresponds to a
40% polymerization; n ~ 2.5 for the green curve, which corre-
sponds to an intermediate polymerization of about 30%; and
n ~ 3 for the blue curve, which corresponds to a 9% polymer-
ization. Insets are ESEM pictures that correspond to the three
different phases. The high curving of the plot at high wave
number is due to the resolution of the AFM tip. The size of
the images is 4 pum.

time increases, whereupon the amount of polymer pro-
duced increases. For ¢ < 30%, the surface is smoother at
small scales but presents large deformations, and the wrin-
kling occurs through a succession of folding events. The
exponent 7 is equal to 2.9 = 0.1. The intermediate region
for ¢ between 30% and 32% corresponds to a membrane
smoother (at smaller scales) than the fully polymerized one
but exhibits a topology that resembles that of a crumpled
elastic sheet [1,3], and 7 is equal to 2.51 * 0.03. For
higher ¢ (¢ ~ 32% and 40%) the exponent 7 is equal to
2 £ (.06 and the surface of the vesicle is rougher at smaller
scales and looks like a growth pattern. The folds are of a
finer size, surprisingly similar to the “crumpling” of metal
sheets, where denser foils crumple in denser coils [27]. In
Fig. 2 every group of curves (color coded for every poly-
merization) corresponds to independent experiments and
different vesicles. The monodisperse vesicles were taken at
random from the solution and scanned. It is evident from
these curves that the wrinkled surfaces are statistically
equivalent within the same range of polymerization since
the power spectrum of every run follows the same power
law within 5%—10%. The fact that we have the same power
law within the same range of polymerization, where the
membrane locks into a similar configuration for this
range of polymerization, due in this case to geometri-
cal constraints expressed in terms of the random sponta-
neous curvature, might be a signature of a glassy phase
[18,20,23].

We have systematically investigated the dependence of
n versus the amount of polymerization. In Fig. 3, the
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FIG. 3. The 7 exponent versus polymerization.

exponent 7 of the wrinkled vesicle is constant around the
value of 3 over a range of polymerization until a critical
polymerization of around 28% where it drops to its lowest
value of 2 at the percolation threshold. Notice that, at 30%,
n ~ 2.5 similar to the value found for a crumpled elastic
sheet [2,28]. The transition at 28% is similar to a super-
critical transition where ¢ resembles an order parameter.
The membrane is in a mixed flat phase characterized by a
roughness exponent equal to 3 over a large range of poly-
merization, and at a critical value drops abruptly to its
lowest value going through an intermediate crumpled
phase where the exponent is 2.5. As predicted in [18,29],
the locally flat phase, characterized here by = 3, spans a
certain range in the disorder phase space before the mem-
brane enters a mixed phase, which is characterized here by
a short entrance in the crumpled phase after which the
exponent drops to 2. At low polymerization, the long-range
order responsible for the formation of ribbons is destroyed
by the presence of the polymer network. The organization
of the membrane into large folds stems from the large
deformations the membranes suffer when the ribbons
form. When ¢ is increased, the polymer network increases
in size and in density (as seen in Fig. 1), which span an area
of the order of the radius of curvature of the unpolymerized
ribbons. In this case the membrane undergoes a mechanical
instability similar to the ribbon formation [30] but of the
buckling type whereby the roughness is more sensitive to
¢. As a last note, in their tour de force renormalization
group analysis, Radzihovksy and Nelson [21] found that
((h(K)P) ~ k~**"« where 7, depends on the disorder
introduced as a perturbation to the metric of the space
embedding the membrane [31].

Contrary to an earlier claim [17,18], the disorder in the
form of a polymer network is not quenched in one location
of the vesicle but diffuses to different locations. At the
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transition to ribbons, the patches, supposedly polymerized
in a given curvature, might be in a location where the
ribbon will adopt a curvature of different sign. This con-
figuration represents a frustration with respect to ribbons
formation, due to the above geometrical constraint. The
minimum energy corresponding to the ribbon phase is
never achieved, and a wrinkled configuration takes place
via a buckling instability [19]. The crossover between these
three phases is probably due to the appearance of a new
length scale or a correlation length scale that increases as
we increase the polymerization [29]. At low polymeriza-
tion this correlation scale is of the order of the separation
between two lipids’ molecules. At higher polymer density,
this length scale becomes of the order of the size of the
ribbon radius that causes the instability. Another scenario
would be that the polymer network is modifying the
Gaussian curvature of the membranes, which induces
more stretching that balances the pure bending in the
absence of polymerization and that creates an instability
[32,33].
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