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Hidden linear defects in surfactant onions revealed by coalescence into lamellar layers
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The onion-like multilamellar structure is ubiquitous in various soft materials, such as surfactant solutions,
biological membranes, and block copolymers, as well as hard materials such as carbon. Onions appear to
be perfectly spherical, giving the impression that it has a point-symmetric, seamless, and defect-free internal
structure. Here, we focus on surfactant onions formed in the sponge phase and experimentally study whether
the interior of surfactant onions is defect-free and isolated from the surrounding matrix or not. By directly
observing the coalescence process between onions and a planar lamellar domain with optical microscopy, we
have demonstrated that the onions do not have a completely closed structure but have a linear array of defects
along the radial direction formed upon onion formation. In other words, the onion structure is symmetric axially
but not spherically, like the plant-onion structure. This discovery of the hidden breakdown of spherical symmetry
sheds fresh light on the onion’s internal topology and formation mechanism.

DOI: 10.1103/PhysRevResearch.3.043094

I. INTRODUCTION

Amphiphilic molecules such as surfactants are known to
spontaneously form various types of self-organized structures
in aqueous solutions, such as the lamellar (lyotropic smectic),
onion (or multilamellar vesicle), and sponge structures [1].
Multilamellar structures are also an essential organization of
biological bilayer membranes, i.e., lipid-protein complexes
[2,3]. For example, the onion-like topology of double-layer
mitochondrial inner membranes has been known to form in-
stead of cristae organization when membranes cannot bend
sharply, e.g., in the absence of ATP synthase dimerization
[4-6]. Multilamellar vesicles are also important for various
applications, such as drug delivery [7,8] and microreactors
[9,10]. Furthermore, the formation of onion-like structures is
not limited to soft materials and can be seen in monoatomic
systems such as carbon [11-13], which have attracted a re-
newed interest in this organization’s intriguing structure.

The onion-like multilamellar vesicle has long been known
to be formed from the lamellar phase of lipid or surfactant
systems either spontaneously or by shaking them [14—17].
Later, it was found that the onion structure is formed from the
lamellar phase of surfactant solutions by shear-induced me-
chanical instability [18]. Such shear-induced onion formation
can occur directly from the planar lamellar phase or through
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an intermediate phase (cylindrical onions or leeks) [19,20].
However, the formation mechanism of onions by shearing
the lamellar phase of surfactant solutions has remained a
long-standing mystery in soft matter science, despite exten-
sive experimental [21-31], theoretical [32—-36], and numerical
studies [37]. The onion size R decreases with an increase
in the shear rate y as R o< y~'/3 when onions are formed
from a lamellar phase. On the other hand, it was shown that
R o< y~! when onions are formed from a phase-separating
lamellar-sponge mixture (see, e.g., Ref. [38]).

Later, we found another route of onion formation via spon-
taneous nucleation of a lamellar domain from the isotropic
sponge phase [39]. We revealed the sponge-to-onion trans-
formation pathway by direct optical-microscopy observation
of the transformation process. This thermodynamic route is
free from mechanical perturbation such as shear. The onion
formation from a micellar phase was also reported [40,41].
We point out that onions can be formed in not only surfactant
solutions but also other amphiphilic systems such as block
copolymers [42—46] and Janus dendrimers [47]. Recently the
sponge-to-lamellar transition, including onion formation, has
also been discovered for Janus dendrimers [48], indicating
the ubiquity of such spontaneous onion formation from the
sponge phase.

These onions are often regarded as spherical multilamellar
vesicles whose inside is entirely isolated from the outside.
Onions locally have lamellar (or smectic) order but are topo-
logically distinct from the planar lamellar phase. Thus, the
transformation between onions and planar lamellar domains
must involve a topological change of membrane organization.
Based on the closed nature of the onion structures, appli-
cations of onions to drug delivery are proposed. However,
when onions spontaneously form from the sponge phase, they
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coexist with the sponge phase, an isotropic bicontinuous phase
characterized by the negative Gaussian curvature. Since the
energy cost forming edges of bilayer surfactant membranes
far exceeds the thermal energy, it is considered that surfactant
membranes do not have any edges, and thus, are seamlessly
connected [49]. It suggests a possibility that the onion struc-
ture intrinsically has topological defects. Since topological
defects may provide a material transport path between the
inside and outside of an onion, it should crucially affect
the transport functions, e.g., drug delivery. Thus, the critical
question is whether onions have perfect spherical symmetry
and are made of seamless membranes [see Fig. 1(a)] or they
have topological defects as a consequence of the sponge-to-
onion structural transformation [see Fig. 1(b)], i.e., whether
the onion structure is closed or open. We address this funda-
mental question by directly observing a coalescence process
between an onion and a planar lamellar domain with optical
microscopy. We will show that the onion does not have a
seamless structure with spherical symmetry but has a linear
arrangement of topological defects created upon its formation.

II. EXPERIMENTAL METHODS

To address whether the onion structure is seamless or not
[see Figs. 1(a) and 1(b)], we study the dynamic process of
collision and coalescence of an onion to a planar lamellar
domain.

A. Samples and the phase diagram

The surfactant molecules we used were nonionic surfac-
tants, CjoE; (tri-ethylene glycol mono n-decyl ether, Nikko
Chemicals Inc., BD-3SY). When we dissolve the surfactant
molecules into water, they spontaneously form bilayer mem-
branes in water in a specific region of the phase diagram.
The bilayer membranes further form a higher-order membrane
organization, and thus, this system is also called lyotropic
liquid crystal (LC). At a low temperature, membranes form
a lamellar phase (L,, smectic LC) with a one-dimensional
periodic order of surfactant bilayers. On the other hand, at
a high temperature, they form a sponge phase (L3, isotropic
fluid), which is a random bicontinuous structure of the mem-
branes and water [1]. There is a coexistence region of the two
phases between these two homogeneous phases, reflecting
the first-order nature of the transition between the sponge
and lamellar phases. The boundaries between the coexistence
region and the two phases monotonically increase with an
increase in the surfactant concentration ¢. The phase diagram
of the CoE3;/water mixture is shown in Ref. [50] (see also
Ref. [25]).

A lamellar phase of these systems is known to be stabi-
lized by Helfrich interactions (entropic repulsions) [51]. In
the hyperswollen regime, the intermembrane spacing d in the
lamellar structure is inversely proportional to the composition
¢ (we note that there is a logarithmic correction to the relation,
characteristic of two-dimensional fluctuation systems [1]); for
example, it is 0.014 um for 20.0 wt% and 0.18 pum for 1.5
wt%. Figure 1(c) shows the phase diagram of C;oE;/H,0O
mixtures [25], constructed based on optical microscopy ob-
servation. Since the phase transition between the lamellar and
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FIG. 1. Possible internal structures of onions and phase diagram.
(a) Schematic picture of the onion’s internal structure with perfectly
spherical symmetry. / and O represent the inside and outside water
regions of the sponge phase, respectively. Note that / and O are
only distinguished by symmetry, but both are mainly made of water
and have identical components. (b) Schematic picture of the onion’s
internal structure with defects. The dashed line represents a linear ar-
rangement of defects whose details are not explicitly shown because
of the lack of microscopic understanding of the defect structure.
It is considered that there should be no edges of membranes [49],
and thus, the inside-outside distinction should be preserved strictly.
(c) The phase diagram of CyoE;/H,O mixtures. Note that it is shown
in a log-linear plot. In the coexistence region, the volume fractions
(vy for L, and v; for L;) are determined from the phase diagram,
following the lever rule. With an increase in temperature, the volume
fraction changes monotonically from v; = 0 (i.e., v, = 1) in the one-
phase lamellar region (at a low temperature) to v; = 1 (i.e., v, = 0)
in the one-phase sponge region (at a high temperature) through the
coexistence region (where vs + v, = 1). Schematic drawings of the
lamellar and sponge structures are also shown.

sponge phases is weakly first-order, a new phase is formed via
a nucleation process.

For most cases, we confined a sample between two parallel
cover glasses whose spacing is approximately 190 um. Then,
we heated the sample to prepare the homogeneous sponge
phase first and then cooled it rapidly at —10.0 K/min into the
coexistence region.

B. Temperature quench protocols

In a sample confined between two parallel cover glasses
in the cooling process, the lamellar phase is first nucleated
heterogeneously on the sample cell surfaces by surface wet-
ting effects. Then, homogeneous nucleation occurs in the
sponge phase far from the sample cell surfaces [52]. We
quenched a sample deeper than the difference in the minimum
quench depth, AT, between heterogeneous and homogeneous
nucleation for observing both the heterogeneous and homo-
geneous nucleation processes. Since AT increases with the
surfactant concentration ¢, the quench depth is shallow for
a low concentration (e.g., AT ~ 0.1K at 3 wt%) whereas
deep for a high concentration (e.g., AT ~ 1K at 20 wt%). In
our experiments, we chose the cooling rate, and the sample
thickness (mainly about 200 pm) [52]. We confirmed that
the homogeneous nucleation in the sample cell’s middle is
not influenced by the heterogeneous nucleation on the sample
cell’s walls.
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C. Characteristic features of this system

This system is characterized by a large intermembrane
spacing d since the lamellar phase can be formed in a dilute
regime of the phase diagram (e.g., about 0.1 um for the con-
centration ¢ = 3 wt%, which we can measure by the Bragg
reflection of light; see, e.g., Ref. [53]). This large length
scale enables us to “directly” observe the initial process of
nucleation and growth of the lamellar phase with optical mi-
croscopy [39]. The microscopy resolution is high enough to
observe small lamellar nuclei just after their formation. Fur-
thermore, the large characteristic timescale (approximately
proportional to d*) [54,55] makes the dynamic process of
nucleation and growth of the lamellar phase slow enough for
us to follow in real time.

We cooled a sample from the one-phase sponge region to
the lamellar-sponge coexisting region to observe the lamellar
phase’s homogeneous nucleation [see Fig. 1(c)]. A typical
process of the onion formation from the sponge phase via
lamellar nuclei is shown in Fig. 2(a).

III. RESULTS AND DISCUSSION
A. Onion formation and floatation

For ¢ = 2—10 wt%, the nucleation rate is low for a shallow
quench. Therefore, we can observe the nucleation-growth pro-
cess of an individual nucleus without interference from other
nuclei (no overlap of depletion layers). The process of onion
formation is summarized as follows [39]. After a temperature
quench, the lamellar phase is spontaneously nucleated in bulk
as spindles. The observation of the nuclei of various orien-
tations tells us that the spindle-like lamellar domain has a
lens shape [Fig. 2(al)]. When a lens-shaped nucleus grows
to a certain size, it starts to bend [Fig. 2(a2)] and changes its
shape from lens to sphere [Fig. 2(al)-2(a6)]. It is because the
interfacial energy penalty for the lens shape exceeds the bend-
ing energy cost. This shape transformation proceeds while
keeping axisymmetry: During the transformation, the edge of
a lens-shaped nucleus remains circular, and the curved nu-
cleus has “cup-like” geometry (see the nucleus in Fig. 2(a3),
whose axisymmetric axis is on the image plane). Finally, the
sponge phase remaining around the center [Fig. 2(a6)] gradu-
ally transforms into the lamellar phase, and thus, the nucleus
eventually forms a spherical lamellar domain, i.e., an onion
[see Fig. 2(b)].

As shown in Ref. [52], a planar lamellar domain is formed
by wetting-induced heterogeneous nucleation on the flat glass
walls of the sample cell immediately after a temperature
quench, i.e., before onions are formed. This lamellar (smectic)
phase is homeotropically aligned to a glass wall. Although we
did not measure the thickness of the planar lamellar layer, it
may be several to ten microns, according to our previous paper
[52]. Onions are formed by homogeneous nucleation in bulk
after the planar lamellar layer is formed by heterogeneous
nucleation. These onions are lighter than the sponge phase
since surfactant bilayer membranes have a lower density than
water, and onions have a higher concentration of surfactants
than the sponge phase [see Fig. 1(c)]. Therefore, the onions
float to the top, as shown in Fig. 2(b).

FIG. 2. Onion formation and floatation. (a) The process of onion
formation. Here ¢ = 3.0 wt% and T = 31.0 °C. Images [(al)—(a6)]
correspond to 10's, 100 s, 180 s, 240 s, 300 s, and 450 s, respectively,
after a temperature quench from the one-phase sponge region to
the sponge-lamellar coexisting region. First, lens-shaped lamellar
nuclei are formed, but they gradually change from lens to spherical.
The shape transformation takes place because the surface energy
exceeds the elastic deformation energy. The onion is not perfectly
spherical in this relatively short time, and a sponge region remains
around its center. However, it eventually becomes an almost perfectly
spherical shape, and the sponge region in the middle also almost
wholly transforms to a lamellar structure (see, e.g., Figs. 2(b) and
2(e) in Ref. [39], where we can see a perfectly spherical shape and a
polarizing microscopy image consistent with the spherical structure
with smectic order, respectively). We can also see spherical onions
in panel (b) [note that the transformation kinetics is much faster for
¢ = 5.0 wt% than 3.0 wt% (the characteristic time scale is roughly
proportional to ¢—3; see the main text)]. (b) The process of slow
floatation of onions towards the top cover glass whose surface is cov-
ered by the flat lamellar phase. Here ¢ = 5.0 wt% and T' = 31.0 °C.
Images (b1)—(b3) correspond to 100 s, 600 s, and 800 s, respectively,
after a temperature jump. As time goes on, we can see that onions
pointed by arrows are approaching the top glass wall, on which the
microscope is focused. We note that the lamellar phase is lighter
than the sponge phase since the surfactant’s density is lower than
water. Thus, the buoyancy force is acting on onions. The scale bars
correspond to 200 pum for both.

B. Deformation and molting of onions induced by collision
to the planar lamellar layer

The critical question here is whether the onion structure
formed in the process described above has a perfect seamless
closed interior structure as depicted in Fig. 1(a) or has defects
as depicted in Fig. 1(b). We answer this question by examin-
ing an onion’s collision and coalescence process to a planar
lamellar domain.

Here we show the dynamic process of the collision and
coalescence of onions and the planar lamellar layer formed
on the top glass wall in Figs. 3 and 4 (see also Movie S1 in
the Supplemental Material [56]). Now we infer what happens
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FIG. 3. Coalescence process between an onion and a flat lamellar domain formed on the cover glass. The sample of 10.0 wt% C,oE; was
quenched from 33.7 to 32.7 °C. The scale bar corresponds to 200 um. The time is measured after the quench (see also Movie S1 in the
Supplemental Material [56] for the dynamic process, in which the acceleration factor is x 150). The size of the onion just after contact [see
(a)] is shown by red, blue, green dashed circles with the same radius for onions 1, 2, and 3, respectively, for [(a)-(h)]. We always set the
circle center at the central dark spot on an onion. We can see the elementary process of merging the onion to the flat lamellar layer in the
form of molting. The dark circular region appears in the center after an onion contacts the planar lamellar layer (a). Then, the onion exhibits
mechanical instability to create a ring-like white dotted pattern (b). This instability may be induced by the deformation of onions pressed to the
top glass wall by buoyancy and adhesion forces [see Fig. 2(b)]. In this process, the onion’s surface wets the planner lamellar layer formed on
the glass wall, leading to a gradual increase in the contact area. This induces the onion deformation from a spherical shape, which may induce
the instability forming a ring-like dotted structure (see the main text). The shape deformation from a sphere [see Fig. 4(i)] also leads to the
molting of the outer shell of the onion. Then, the molted part wets the planar lamellar layer [see (e)—(g)]. We can see the molted layer spreads
mainly on its right-hand side for onion 1 [see the region surrounded by the white dashed circle in (f)], which bridges onions 1 and 2 via the
molted layer (g) and leads to their collision (h). For onion 2, the molted layer is spread almost isotropically around it. For onion 3, the molted
layer is probably formed in its upper side (outside the image), and the remaining core part becomes smaller than the initial size (see green
dashed circles). This spreading-type difference may be induced by the difference in the direction of a linear array of defects. If the direction is

normal to the planar lamellar layer, the spreading is isotropic; otherwise, anisotropic.

in this process. When onions contact the planar lamellar do-
main formed on the top cover glass’s inner surface, they are
deformed by the buoyancy and adhesive forces to a nonspher-
ical shape with a flat top. We can detect the onset time of
this flattening from Movie S1 in the Supplemental Material
[56]. In our microscopy observation, the focus is located near
a scratch on the cover glass’s inner surface. Thus, we can
determine the contact time of an onion to the planar lamellar
phase formed on the glass’s inner surface from the emergence
of a dark circular region in Movie S1 in the Supplemental
Material [56] [see also Figs. 3(a) and 4(a)]. For ¢ = 3.0 wt%
at T = 31.0 °C, the contact time is about # = 310s.

The contact of the onion to the planar lamellar layer leads
to flattening the contacted part of the onion, i.e., the devi-
ation from a spherical shape. The resulting increase of the
onion surface area stretches membranes in the outer part of
the onion, creating tension [see the light blue color arrows
in Fig. 4(i)]. Wetting-induced adhesion further increases the
contact area with time [see Figs. 3 and 4], accompanying the
more substantial shape deformation of the onion. Once the
accumulated tension on the outer shell of the onion exceeds
a critical value, the linear defect array in the onion formed
in its formation process is forced to open up [see Figs. 4(i)

and 5], and the surface part of the onion is detached from the
core part of the onion and spreads on the planar lamellar layer
[see Figs. 3(e), 3(f), and 4(f)—4(h)]. This process is repeated,
and the onion is eventually wholly absorbed into the planar
lamellar phase, which is a lower free energy state than the
metastable onion phase.

The way of molting seems to depend on the condition. The
molted layer spreads mainly on its right-hand side for onion 1
[see the white dashed circle in Fig. 3(f)], which bridges onions
1 and 2 via the molted layer [Fig. 3(g)] and leads to their
collision [Fig. 3(h)]. On the other hand, for onion 2, the molted
layer is spread almost isotropically around it. For onion 3,
the molted layer is moved to its upper side (outside the im-
age), and the remaining core part becomes smaller than the
initial size [see green dashed circles in Figs. 3(e)—(h)]. This
spreading-type difference may be induced by the difference
in the direction of a linear array of defects. If the direction is
normal to the planar lamellar layer, the spreading is isotropic;
otherwise, anisotropic.

Now, we turn our attention to the ring-like dotted pattern
observed in the onion contacting the planar lamellar layer
(see Figs. 3 and 4). The edge of the contacted region should
have a sharp change in the curvature compared to the constant
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FIG. 4. [(a)—(h)] The same process as in Fig. 3, around onion 1 with a larger magnification and higher time resolution. The scale bar
corresponds to 200 um. We can see the development of a ring-like dotted pattern around the edge of the flattened region of the onion contacting
with the planner lamellar layer. This pattern repeatedly appears with a temporal increase in the contact area. In [(e)—(h)], we indicate the center
position of the onion in (e) by white dashed lines to show the slight relative motion of the core and molted parts of the onion [see Fig. 5(e). In
[(£)—(h)], we also show the molted outer layer of the onion that merges with the planner lamellar layer by the white arrows [see also the regions
surrounded by the white dashed curve in Fig. 3(f)]. (i) Schematic picture of an onion contacted to a planar lamellar layer. The flattening of a top
part of the onion, i.e., the deviation from the spherical shape with the minimal surface area, causes lateral tension on the surface lamellar layer
of the onion (see the light blue arrows). This tension acting on the surface layer of the onion may eventually open up the defects, leading to the
pealing-off and detachment of the surface part. This surface layer molted from the onion wets to, spreads on, and then merges with the planar
lamellar layer [see the arrowed parts in (f)—(h)]. We also note that the shape deformation of the onion described above leads to the mechanical
tension along a radial direction in the onion around the edge of the contacted flattened region (see the orange regions and the dark blue arrows).
We speculate that this mechanical stretching along the radial direction may cause the layer undulation instability under moderate stretching and
the sponge droplet formation under intense stretching in the deformed ring-shaped deformed region of the onion (shaded in orange), leading
to the wavy pattern and the ring-like dotted pattern, respectively. The instability periodically takes place when the accumulated stress becomes

onion

t=1065 s

=910 s =1055s =1070's

large enough to induce the instability.

curvature of the unperturbed spherical onion. Thus, this part
of the lamellar structure in the onion and that of the planar
lamellar layer [see the orange regions and the dark blue
arrows in Fig. 4(i)] must be stretched perpendicular to the
membranes. This effect is particularly significant in a ring-
like region of the onion near the edge of the contacted
region. This stretching along the radial direction should cause
the instability in the ring-like contact line region suffering
from large deformation [the orange region of the onion in
Fig. 4(i)], whose mechanism is essentially the same as the
layer-undulation instability of planar lamellar (smectic) order
caused by stretching along layer-normal [1,51]. For keep-
ing the phase coherence of the undulation in circular ring
geometry, the frequency of the wavy pattern is quantized
to an integer, which is reminiscent of the Bohr-Sommerfeld
quantization condition in quantum mechanics. Since the un-
dulation should be formed in the stretched direction, which
is almost along the radial direction [see the dark blue al-
lows in Fig. 4(i)], the wavy pattern should appear in the 2D
projected image observed by optical microscopy. However,
if the deformation is too large, the undulation may not be
enough to compensate for the local decrease of the volume
fraction induced by stretching. We speculate that the part
of the lamellar phase may transform to the sponge phase,
following the lever rule, and the resulting sponge droplets are
formed in a ring-like white dotted pattern under the influence
of undulation fluctuations.

The ring-like dotted pattern that appeared first has 9, 13,
and 11 waves for onions 1-3, respectively [see Fig. 3(b)],

although the sizes of these onions are about the same [see
Fig. 3(a)]. The number of dots seems to increase with the
size of the contact area [dark areas in Fig. 3(a)], although this
might be due to stochastic fluctuations.

The instability may occur each time when the accumu-
lated mechanical stress overcomes the instability threshold.
Thus, this instability takes place repeatedly, as observed in
Figs. 4(e)—4(h). We can also see another interesting type of
pattern, a wavy pattern, outside the ring-like dotted patterns
[yellow arrows in Figs. 3(e) and 4(f)]. We speculate that the
wavy pattern is also caused by the layer undulation instabil-
ity mentioned above. The deformation seems large enough
to induce the layer undulation instability but not enough to
produce the sponge phase. A possible reason is that the outer
layer already has opened up a hole around the linear array of
defects, which relaxes the mechanical tension stretching the
lamellar layer along the layer-normal direction [see the dark
blue arrows in Fig. 4(i)]. These scenarios look reasonable but
highly speculative. Further study is necessary to elucidate the
valid mechanisms. Three-dimensional confocal observation
may be helpful for this purpose.

C. Summary of the coalescence process of onions and the
flat lamellar layer

Here, we summarize the coalescence process of onions
and the flat lamellar layer formed on the glass wall. First,
heterogeneous nucleation of the lamellar phase occurs on
the glass wall (top), as shown in Fig. 5(a). This is because
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FIG. 5. Schematic figure explaining the coalescence process between an onion and a flat lamella. (a) Formation of the flat lamellar phase
on the top glass wall, followed by homogeneous nucleation of a lamellar nucleus in bulk. (b) Spontaneous bending of the lamellar nucleus.
(c) Onion formation. (d) Contact of the onion to the flat lamellar phase and the resulting onion deformation. Stress accumulation in the onion’s
orange part induces the separation between the surface (blue) and core (yellow) parts. (e) Molting of the surface part (blue) of the onion from
the core part (yellow). In this process, the core part of the onion and the surface part move in the opposite direction [see the slight motion of
the onion center in Figs. 4(e)—4(h)] (see also Movie S1 in the Supplemental Material [56]). (f) Spreading of the surface onion layer on the
flat lamellar layer [see the regions surrounded by the white dashed curve in Figs. 3(e) and 3(f) and the regions pointed by the white arrow in
Figs. 4(f)—4(h)]. The whole process [(a)—(f)] can be seen in Movie S1 in the Supplemental Material [56]. (g) Schematic figure of the onion with
defects. Here, we do not show a detailed structure of defects and how membranes in onions are connected to those in the sponge-like defects
due to the lack of microscopic information. What we can say at this stage is that the defects may have a sponge-like membrane configuration
while keeping the inside-outside symmetry (without edges). The grey and white regions represent the inside and outside regions, respectively.
We leave such clarification of the detailed defect structure for future investigation. On the possible structure of the sponge-lamellar interface,

see e.g., Fig. 1 of Ref. [59].

wall-assisted heterogeneous nucleation costs lower interface
energy than homogeneous nucleation in bulk. Later, the lamel-
lar phase is spontaneously nucleated in bulk [Fig. 5(a)]. The
lamellar nucleus has a nonspherical lens-like shape to keep an
epitaxial relation between the lamellar and sponge phases at
the interface (see Ref. [39] on the details of the shape trans-
formation and the epitaxial relation in the same system; see
also Refs. [57-62] and Fig. 1 of Ref. [59] on how membranes
are connected across the interface between the lamellar and
sponge phase). The flat lamellar configuration is beneficial in
elastic energy but costs larger surface energy than the curved
configuration. This surface energy penalty becomes bigger
and bigger with the lamellar nucleus’s growth, exceeding the
bending energy cost. Therefore, the lamellar nucleus starts to
bend as it grows. In this way, the lamellar nucleus becomes
more and more spherical [see Fig. 5(b)] and eventually forms
a spherical onion [Fig. 5(c)]. However, as is evident from
the formation process, the onion structure is not seamless,
contrary to the common belief; and it should have defects at
the bonded part [Fig. 5(c)]. Thus, the structure of surfactant
onions is not closed as real plant onions.

The key to understanding the phenomenon lies in the
formation process of onions from the sponge phase. Since
surfactant bilayer membranes have a seamless structure, i.e.,
the formation of edges is not allowed due to a too high
free-energy cost, the sponge phase is separated into the in-
side and outside regions by membranes in a bicontinuous
structure [49]. Such breaking of the inside-outside symmetry
as a consequence of the absence of membrane edges was

experimentally confirmed by perfect partitioning of colloidal
particles into the two types of cells formed from the in-
side and outside water when the homogeneous sponge phase
separates to a dense sponge and water phase [63]: Only one
type of cell contains colloidal particles, whereas the other
type of cell, separated from it by a single bilayer, is empty.
Therefore, even after forming the onion phase, water regions
sandwiched by membranes should still keep the inside and
outside identity alternatively, as illustrated in Figs. 1(a) and
1(b). There is a considerable energy barrier for the recon-
nection of membranes involving topological changes. Thus,
although such a reconnection may happen under strong exter-
nal fields, spontaneous reconnection should be unlikely due
to the high free-energy barrier, at least in a short time. This
consideration strongly indicates the presence of an array of
defects inside an onion, as shown in Fig. 1(b). Indeed, the
existence of such defects will be evidenced by the process by
which the onion and flat lamellar layers coalesce, as described
below, although it is difficult to observe the defects directly.
Since water permeability directly through the surfactant mem-
brane is very low, the defective structure should play a pivotal
role in exchanging water inside and outside the onion (see
below).

Now, we consider a central question of how onions with de-
fects merge the flat lamellar layer. When an onion touches the
flat lamellar layer, first, its shape is deformed to a nonspher-
ical shape with a flat part. This shape deformation induces
two effects. The first effect is the layer-normal stretching
of the lamellar structure in the part of the onion near the
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edge of the contact region [see Fig. 4(i) and 5(d)]. As ex-
plained above, the stretching of the lamellar layer along the
layer-normal direction leads to the layer undulation instability
[1,51]. This instability is caused by the physical constraint
that the intermembrane spacing must be kept constant due
to the conservation of the surfactant concentration (note that
surfactant molecules are not transferred individually by diffu-
sion in water because of a large free-energy penalty). If the
deformation is too large, the lamellar order cannot be main-
tained in highly deformed regions and partially transforms to
the sponge phase following the lever rule, forming tiny sponge
droplets. Thus, the mechanical instability may be origins of
the ring-like dotted and wavy patterns that appear in the onion
contacted to the planar lamellar layer (see Figs. 3 and 4), as
speculated above.

The second effect is the stretching of the outer layer of the
onion. As the contact area increases with time by wetting,
the surface area of the onion increases with time, and thus,
the onion’s surface layer part is more and more stretched [see
the light-blue arrows in Fig. 4(i)]. When this stretching force
is strong enough to open up the defect array in the onion, a
hole is created in the outer part of the onion [the blue part of
the onion in Fig. 5(d)]. This part is either a part of the onion
but with a hole or separated from the core part that is much
less deformed [see Fig. 5(e)]. Once detachment occurs, the
sponge phase, isotropic fluid, flows into the opened part dur-
ing this process. The thickness of the molted outer layer may
be related to the penetration depth of the shape deformation
[see the onion’s blue skin part in Figs. 5(d) and 5(e)]. For
reducing the surface energy and bending energy of the molted
curved lamellar layer, this layer wets the flat lamellar layer,
becomes flatter, and quickly spreads over it [see the white
arrows in Figs. 4(f) and 4(g) and the wetting front indicated
by the red arrow in Fig. 5(e)]. In this spreading process of the
onion surface layer, the onion’s core part slightly moves to
the direction opposite to the outer layer spreading under the
momentum conservation [Fig. 5(e)].

Then, this core part of the onion touches the lamellar layer
again, repeating molting. Eventually, the onion is entirely
absorbed into the flat lamellar layer formed on the top cover
glass.

This opening of the onion surface layer by adhesion (i.e.,
wetting) force indicates that the onion structure is not a seam-
less closed structure with perfect spherical symmetry but a
spherical structure with a line defect array [the red-dashed
line in Fig. 1(b)]. We speculate that the onion defects may
have a sponge-like membrane configuration while keeping
the inside-outside symmetry (without edges), as schematically
shown in Fig. 5(g). However, we leave such clarification of
the defect structure for future investigation since we do not
have any microscopic information on its details. Such onion
defect formation is a natural consequence of the topological
transition accompanying the Euler number’s change.

D. Additional pieces of evidence for presence of topological
defects in onions

Here, we show additional pieces of evidence for the
presence of topological defects in the onion structure. One
evidence is obtained by observing the reverse process of onion
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FIG. 6. The onion-to-sponge transformation process upon heat-
ing. The onion is first formed by cooling the sponge phase from
38.0°C to 36.0 °C with the rate of 4 K/min in the 5.0 wt% surfactant
solution. After waiting for 5 min, we heat the sample to 38.0 °C with
the same rate. The images [(a)—(f)] correspond to the structures at 1,
1.3, 1.6, 1.9, 2.2, and 2.5 s after the temperature reaches 38.0 °C.

formation from the sponge phase, i.e., the onion-to-sponge
transformation upon heating. The process is shown in Fig. 6.
We can see the onion’s lamellar order melts from both the
surface and center [see (a)—(c)]. The central sponge region
changes its shape from a spherical to a tear-drop shape in the
late stage, reflecting the topological defects. The melting pro-
cess is the reverse process of onion formation [see Fig. 2(a)].
This observation also supports the absence of the spherical
symmetry and the presence of the topological defect array.

Another evidence is observed in our experiments in which
the temperature of an onion-sponge coexisting system is in-
creased much more slowly compared to the above case. This
temperature increase leads to a gradual decrease in the onion
volume [see Fig. 7(b)], following the lever rule [see Fig, 1(c)],
since the excess water is gradually expelled from the inside
of onions to the sponge matrix phase. Here we note that
the heating rate of 0.01 K/min is slow enough for water’s
exchange inside and outside the onion. This observation indi-
cates the presence of a channel for water exchange inside the
onion structure. This channel should be the onion’s internal
defects [see the red dashed line in Fig. 1(b)]. Here we stress
that water permeation through a membrane is negligible in
the time scale of the heating process. It is supported by our
previous measurements that the volume change of two water
compartments separated by a single bilayer membrane (see
Ref. [63] on the situation) was not detected over hours.

We also observe an interesting instability of the onion
structure. The volume shrinking and the resulting decrease
in the onion radius cause an excess of membrane surface
areas inside the onion since the number of membranes is kept
constant during this process. This excess area induces layer
undulation instability and enhances corrugation amplitude,
decreasing the corrugation frequency. For example, in Fig. 7,
the corrugation frequency decreases from 8 to 5 in a discrete
manner step by step. One might think that the decrease of
the onion radius upon heating results from the onion being
peeled. However, if this were the case, there would not appear
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FIG. 7. Layer undulation instability of the lamellar structure in onions. Here ¢ = 10.0 wt%. [(a)—(d)] Development of undulation instability
in an onion formed by a quench from 33.7 °C to 32.7 °C with a cooling rate of 10 K/min, when we heat it with a rate of 0.01 K/min (see Movie
S2 in the Supplemental Material [56] for the dynamic process, in which the acceleration factor is x300). Images [(a)—(d)] correspond to those
at (a) 32.7 °C (r = 3005), (b) 32.8 °C (t = 8005), (c) 32.9 °C (+ = 12005), and (d) 33.0 °C (r = 2250s), where we sett = 0 s when starting to
heat. We also show the number of corrugation n in each panel. The scale bars correspond to 200 um for all. (¢) Temperature dependence of the
onion radius r and the perimeter length of the dark corrugated central region £. The solid lines are eye guide. (f) Temporal change in the onion
radius r and the period of corrugation A during the slow heating process. We can see a discontinuous change in A: The number of corrugation

decreases from n = 8 to n = 5 step by step.

the corrugation. The corrugation phenomenon can be regarded
as evidence of the conservation of the number of stacked
membranes in the onion. One might also think that individ-
ual surfactant molecules may diffuse in water to reorganize
membrane configurations. Here we stress that the reorganiza-
tion of surfactant membranes should be made while keeping
membrane organization and not through the diffusion of in-
dividual surfactant molecules. It is because being individual
surfactants in water involves a large free energy penalty. In
contrast, in principle, water can be transferred from onions to
the sponge phase through the defects in onions. This scenario
may be only a plausible physical explanation derived from
our optical microscopy observation, although we do not have
microscopic support yet.

IV. CONCLUSION

Finally, we discuss the implications of our findings. As
discussed above, the fact that surfactant onions formed from
the sponge phase are not seamless and have a group of de-
fects on the axis passing the center is a consequence of the
topological constraint coming from the energetic penalty for
membrane edge formation. This onion formation process is
markedly different from block copolymers, in which multil-
amellar structures are formed by structural ordering from a
disordered melt state. In this case, onions may have defect-

free closed structures. Carbon onion formation under electron
irradiation may be similar to the block-copolymer case,
although onions can also be formed through curling few-layer
graphene flakes in the arc discharge synthetic process [64].
Thus, we may conclude that the topological character of onion
structures is determined by the formation pathway, for exam-
ple, whether it involves the sponge-to-lamellar transition or
not.

Our finding would shed fresh light on the topological
character of surfactant onion structures. It may also hint at
a long-standing question on how onions are formed under
shear from the planar or leak-like lamellar structures. Whether
an onion structure is closed or not drastically influences the
material exchange between its inside and outside, and thus, it
should potentially impact the applications.
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