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Using the surface enhanced ellipsometric contrast microscopy, we follow the last stage of the spreading

of egg phosphatidylcholine nanodroplets on a hydrophilic substrate in a humid atmosphere, focusing on

the vanishing trilayer in terraced droplets reduced to coexisting monolayer and trilayer. We find that the

line interface between them exhibits two coexisting states, one mobile and one fixed. From there, it is

possible to elucidate the internal structure and the spreading mechanism of the stratified liquid in a case of

asymmetric wetting, i.e., where the lipid film is made of an odd number of leaflets.
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In proper temperature and vapor pressure conditions,
pure amphiphilic molecules most often self-assemble in
symmetric lamellar stacks with bilayered repeat unit. In
practice, the spreading of amphiphilic molecules such as
lipids [1], symmetric block copolymers [2], or liquid crys-
tals [3–6] on solid surfaces in air is a major aspect in
controlling the shape and behavior of very small volumes
of materials on surfaces, which has presently important
issues, such as surface vesicle fusion, surface patterning,
elaboration of biomimetic membranes, microcontact print-
ing [7,8], or biochip spotting [9]. In the case of phospho-
lipids, most of the studies are conducted at the solid-liquid
interface [10–12], because of the great potential of these
molecules to make scaffolds for biochips [13–15]. It
requires that the polar part of the molecules is exposed
towards the water, which cannot be obtained by spreading
them on any surface in air. Lipid films on a hydrophilic
substrate in water correspond to the so-called symmetric
wetting situation [16,17], where the number of monolayer
leaflets in the supported film is even, due to the preferential
affinity of both the solid and the liquid with the polar head
of the molecules. In this case, spreading has been described
as the rolling of the front bilayer creeping on the solid
surface [18–21]. The same mechanism does not transpose
to the asymmetric wetting situation [16,22–24], where the
solid and the free surface prefer to be in contact with
opposite parts of the molecule (hydrophilic versus hydro-
phobic). Then, the creeping front layer is a monolayer,
which cannot roll on itself. Therefore, by contrast with
the symmetric case, its spreading cannot be envisaged
without considering its topological interaction with the
stratified reservoir. To our knowledge, the spreading
mechanism has not been described in this case. The aim
of the present Letter is to fill this gap. Asymmetric wetting
is encountered with lipid droplets on a hydrophilic sub-
strate in air or on a hydrophobic substrate in water. The
number of leaflets is odd, and the thinnest possible films
are one and then, three lipid leaflets thick. In this context,
the work reported herein this Letter presents three specif-
icities: it deals with phospholipid films spreading on

hydrophilic surfaces in air, hence with asymmetric wetting;
the experiments are conducted in a humid atmosphere so
that the samples are partially hydrated, which favors homo-
geneity and lateral fluidity [25]; it addresses very small
lipid droplets (typically 1 �m3). Such drops quickly
evolve towards trilayered patches surrounded by a mono-
layer. Using the surface enhanced ellipsometric contrast
[26–28] with an optical microscope working at a fixed
magnification, the history of every molecular layer can
be properly traced from this stage to the final structure,
which is a single molecular monolayer disk with typically
200 �m diameter. Over most of the experiment duration,
coexistence of a monolayer and a trilayer is observed.
The difference between the two regions is one bilayer
(about 5 nm thick). It is bordered by a dislocation line
along its edge, that is to say along the trilayer-monolayer
interface. In this Letter, we show that two states are coex-
isting along this line, which we will qualify liquid and
solid. From there, we are able to describe the internal
structure of the spreading film and to elucidate the spread-
ing mechanism for the asymmetric lipid stack.
In our experiments, nanodrops of the egg phosphatidyl-

choline (Egg PC) lipid mixture (Avanti Polar Lipids, Inc.)
were deposited on a hydrophilic oxidized silicon surface
with 106 nm SiO2 in order to use the surface enhanced
ellipsometric contrast microscopy. Through this layer, the
polarization state of the light is only weakly affected upon
reflection, which allows us to obtain a good extinction of
the substrate between cross polarizers, hence to visualize
added molecular layers in reflection with an excellent
contrast [26]. Drop deposition was made in ambient atmo-
sphere and then drop spreading was observed in a humid
atmosphere, with a 70% relative humidity set by equili-
brating the sample with a saturated NaCl solution in a
glove bag. Five series of images illustrating the trilayer
evolution are displayed in Fig. 1. They correspond to
independent experiments, with increasing drop size. The
second series is spread over two lines in order to illustrate
once the end of the wetting process. In each image, the
intensity of a region is approximately a linear function of
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the optical film thickness [27]. Brightest regions are tri-
layers, gray regions such as the droplet corona are single
monolayers and dark surrounding regions are the bare
substrate. The trilayer shrinks, leaving a monolayer at its
place, so what actually shrinks is a bilayer. At the begin-
ning of this process, invaginations form at the edge of the
trilayer and progress towards the center. When one invagi-
nation reaches the center, its extremity enlarges and
becomes a circular monolayer domain surrounded by the
trilayer, the internal edge thus formed, and the external
edge of the trilayer being roughly concentric. The central
monolayer domain grows up at the expense of the trilayer
until the latter totally disappears. During this process, the
spreading monolayer progresses outwards while keeping a
perfectly circular shape. This is quite surprising because it
is fed by the receding trilayer, which has no radial sym-
metry due to the existence of a canal connecting the
internal and external monolayers. Even more intriguing is
that most of the outwards trilayer edge line remains frozen
while shrinking.

We assume that a vertical section of the spreading drop
during trilayer receding conforms to one of the two
schemes given in Figs. 2(a) and 2(b). The structure is a
twice-folded monolayer. The left and right U-turns of the
solid line correspond to dislocations positioned at a differ-
ent height in the trilayer stack, that we name the upper and
the lower dislocations. Their composition is different.
Their core is, respectively, filled with polar heads and
water molecules, or with the aliphatic chains. Were the
two dislocation lines at the same height, the monolayer and
the additional bilayer would be disconnected and the only
mechanism by which they could exchange material would
be permeation, which is expected to be hindered in a humid
atmosphere [29–31]. In our experiments, molecular ex-
change between adjacent monolayers is supposed to occur

exclusively via the dislocation lines, which directly connect
each pair of adjacent leaflets [29]. Figures 2(c) and 2(d)
differ from Figs. 2(a) and 2(b) by a time interval �t. They
illustrate how the trilayer unfolds when the external mono-
layer spreads. According to our experimental observations,
we impose a fixed trilayer external edge. Indices 1, 2, and 3
are attributed to the various leaflets in the trilayer stack in
view of their topological relationship with the central
monolayer. Molecules of the internal monolayer cannot
move and leaflet 1 has a zero velocity with respect to the
solid surface. Leaflet 3 has the highest velocity among all
the leaflets. The way the trilayer unfolds is just determined
by the balance between relative layer-layer and layer-solid
friction coefficients in the stack. The friction of the out-
wards monolayer against the solid regulates the overall
spreading rate but does not interfere with the unfolding
mechanism. The absence of motion of the outwards dis-
location tells us that the slipping plane is 2–3 in both
Figs. 2(c) and 2(d). It was shown in several studies
[19,32,33] that friction between leaflets with facing ali-
phatic parts of the molecules was ten to hundred times
larger than friction between leaflets with facing polar heads
or between polar heads and the hydrated solid. Therefore,
the highest friction is between leaflets 2 and 3 in Fig. 2(c)
and between leaflets 1 and 2 in Fig. 2(d). As a consequence,
the only scheme which is consistent with our experiments
is that of Fig. 2(d) (and Fig. 2(b)).
Figure 3 presents the superimposition of two pictures of

the same drop extracted from the second series in Fig. 1
and snapped at different times. It reveals two distinct
behaviors along the trilayer edge line, fixed or moving.
The fixed regions are principally located along the out-
wards edge. They do not even smooth out with time and

FIG. 2. (a),(b) The two possible internal structures of a nano-
drop with coexisting monolayer and trilayer. The vertical dash-
dotted line represents the central axis of the drop; gray areas are
hydrophilic domains; dotted lines represent either tail-tail or tail-
air interfaces; dashed lines represent head-head interfaces. The
snaking solid line holds for the head-tail interface. U-turns of the
solid lines are the edges of the trilayer. Dislocation lines, normal
to the section, are marked by a large dot in the dislocation heart.
(c),(d) The corresponding interfacial flow during the spreading is
suggested by the gray arrow. Thin solid line: fixed parts of the
interface; dashed line and thick solid line: previous and new
position of the moving parts; thin double line: slipping planes.

FIG. 1. Five spreading trilayer kinetics. Scale bar is 50 �m
everywhere. The duration of each series is, respectively, 3h38,
4h11, 2h30, 2h03, 5h52, and 4h05. Series 20 is the continuation
of 2, after a time lapse of 2h38. Image contrast has been non-
linearly enhanced.
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behave as a one-dimensional solid. The moving parts of the
trilayer edge are those feeding the outwards spreading
monolayer. According to the mechanism illustrated in
Fig. 2(d), they correspond to upper dislocations. From
there, monolayer 3 flows over the lower dislocation at the
external bilayer edge into the external monolayer. Hence,
moving contour arcs in Fig. 3 correspond to upper folds
with polar cores and fixed arcs correspond to lower folds
with aliphatic cores. Since the two states alternate along
the continuous bilayer edge, they must be connected by
some point defect. We imagine a screw dislocation. Hence,
it comes with a given chirality, so there should be two types
of such point defects that we may qualify clockwise and
anticlockwise. Since the external edge is principally frozen
in position and shape, we can infer that invaginations are
triggered by the formation of a pair of dual (clockwise and
anticlockwise) point defects, which allow formation and
growth of a moving arc between them. The precise descrip-
tion of these point defects remains an interesting open
problem. Another puzzling question is why a lower type
dislocation line does not move at all. Indeed, indepen-
dently of the spreading process, we would have expected
that it would have at least smoothed out with time due to
line tension, but this was not observed. The explanation
that we propose refers to similar spreading trilayers in
8CB smectic liquid crystals on hydrophilic surfaces, which
also lead to asymmetric wetting situations. It was shown
[34] that in ambient conditions the external spreading

monolayer is in a gaseous state, hence diffusing every-
where over the solid surface, while the same monolayer in
the trilayer stack is in a liquid state. Similarly, we can
imagine that a lipid leaflet is liquid when it is exposed to
the air but that it becomes solid when it is confined between
the solid and upper monolayers. Phase transition displace-
ments in the first layers against the solid were previously
reported in supported lipid stacks [35–37]. They were
attributed to the surface potential exerted by the solid.
Similar displacements between free and covered mono-
layers on a same substrate can be expected from interac-
tions with the upper layers. Then, the solid or liquid
character of the lower and upper dislocation lines would
just, respectively, reflect the solid state of the leaflet against
the solid and the liquid state of the one or the two upper
leaflets. This hypothesis strengthens the topological
description of Fig. 2(b) compared to Fig. 2(a). Moreover,
it explains why the external edge of the additional bilayer
is strictly immobile. Indeed, on the sole basis of the bal-
ance between competing 1–2 and 2–3 friction coefficients,
we would have expected some, even if tiny, displacement
of the external edge, which was not observed.
Figure 4 shows what happens when the deposited drop is

larger than those shown in Fig. 1. Instabilities develop out-
wards during trilayer spreading and form wormlike fila-
ments (Fig. 4, left) which detach from the central trilayer
during the late stage to ultimately dissolve into the surround-
ingmonolayer (Fig. 4, right). Thesefilaments vanishwithout
any change in their shape, as can be checked by comparing
Fig. 4, left and Fig. 4, right. It suggests that their edge is
solidlike, enclosing a lower dislocation, and that this is the
equilibrium state. By contrast, during the same time interval,
the monolayer surrounding the filaments significantly

FIG. 3. Superimposition of two semitransparent images of the
same drop, (series 2 and 20 in Fig. 1) taken with a time interval
t0-t of 1h52. From dark to bright, we find B the bare substrate,
M0and M the monolayer at t0 and t (starting from the center),
T0and T the trilayer at t0 and t (extension shown by double
arrow). The black half-circle-arrows mark the point defects
separating mobile and fixed contour arcs along the trilayer edge.

FIG. 4. Larger spreading drops than those of Fig. 1 exhibit
wormlike trilayer filaments due to spreading instabilities. Left
and right snapshots are separated by a time interval of 1h44.
The bright regions are trilayers, the gray region surrounding the
filaments is a single monolayer, and the darker region is the bare
solid surface.
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extends over the surface, demonstrating very different mo-
lecular mobility. Compared to monolayer spreading, fila-
ment vanishing is, therefore, a very slow process, which
occurs necessarily through weak molecular permeation.

On the whole, considering that the trilayer is the sum of a
monolayer and a bilayer, we understand that the equilibrium
location of the dislocation line at the edge of this bilayer is
below the monolayer, and that it reversibly switches to the
upper level when required by the spreading flow. Thus, the
bilayer edge is solid at equilibrium and adopts a stationary
liquid state under the flow. It is worth pointing out that,
although the trilayer edge is continuous and closed, the
bilayer component is ill-defined, since it is locally com-
posed of either the two upper or the two lower leaflets,
depending if the edge is locally liquid or solid. Phase
coexistence along the continuous edge of a bilayer step
might be a general phenomenon in amphiphilic films, and
describing the structure and evolution of ultrathin smectic
systems in terms of switchable defect lines, is hopefully an
interesting approach. More generally, we claim that flows
and defects are indivisible in strongly stratified materials,
since they condition each other. In diblock copolymers for
instance, this approach might help to decrypt the formation
and disappearance of islands and holes in annealed ultrathin
films [38] and to understand the evolution of the character-
istic cone shaped droplets which spontaneously form in
these systems [39–41]. The spreadingmechanismdescribed
in the present Letter as a snakelike interface unfolding in a
specific case of lipid asymmetric wetting might also apply
to the other one (hydrophobic surface in water). It also
raises new questions on symmetric wetting situations.
Indeed, the rolling mechanism proposed previously by
Rädler et al. [18] is only part of the spreading problem,
the other part being the connection of the spreading bilayer
with the layered reservoir.
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[18] J. Rädler, H. Strey, and E. Sackmann, Langmuir 11, 4539

(1995).
[19] B. Sanii, K. Nguyen, J. O. Rädler, and A.N. Parikh,
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