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ABSTRACT: Membrane fusion (MF) is one of the most
important and ubiquitous processes in living organisms. In this
study, we developed a novel method for MF of liposomes. Our
method is based on laser-induced bubble generation on gold
surfaces (a plasmonic nanostructure or a flat film). It is a simple
and quick process that takes about 1 min. Upon bubble generation,
liposomes not only collect and become trapped but also fuse to
form long tubes beneath the bubble. Moreover, during laser
irradiation, these long tubes remain stable and move with a waving
motion while continuing to grow, resulting in the creation of
ultralong tubes with lengths of about 50 μm. It should be noted
that the morphology of these ultralong tubes is analogous to that of a sea anemone. The behavior of the tubes was also monitored by
fluorescence microscopy. The generation of these ultralong tubes is discussed on the basis of Marangoni convection and
thermophoresis.

■ INTRODUCTION

Membrane fusion (MF) is one of the most fundamental,
important, and ubiquitous processes in the vital activities of
living organisms.1 MF plays a key role in biological events such
as the generation of eukaryotic cells, egg fertilization, cell
growth, viral infection, and so on. Therefore, the research on
MF has a deep history, and a great deal of effort has been
expended in trying to understand the mechanisms underlying
MF.2 Studying membrane fusion in vivo is still a challenging
task since it is difficult to predict the timing of the fast cell
fusion. Instead, many natural/artificial in vitro systems have
recently been studied. Typical target materials are liposomes or
vesicles, for which various MF methods have been proposed.
In order to understand the fundamental mechanisms of MF,
the development of powerful techniques to induce and control
MF is clearly indispensable. A representative biochemical
approach is reconstitution with SNARE (soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor)
proteins in vitro.3,4 Also, methods using physical stimuli have
been applied. MF techniques using electrical pulses,5 laser
pulses with laser tweezers,6 plasmonic heating,7,8 and so forth
have been reported so far.
These physical techniques are well-designed and effective for

MF. In electric fusion, cells or liposomes/vesicles are collected
by electrophoresis to form a pair of particles, and MF is
triggered by an irreversible electric breakdown of the
membrane at the point of contact of the pair.5 In the laser
method, cells are trapped and manipulated to form a pair at the

focal point, and then, the contact area is irradiated by a pulsed
laser beam to destroy and fuse the membranes together.9 In
the method using plasmonic heating,7 a gold nanoparticle,
laser-trapped and positioned between a couple of cells or
vesicles, is laser-heated to induce MF. All these MF methods
consist of two steps. The first step is transportation/
manipulation of particles (cells, liposomes, vesicles, etc.) to
make contact with each other. The second step is the
application of a voltage or laser irradiation to induce MF at
the point of contact. It should be noted that Bolognesi et al.
recently demonstrated that an optical tweezer is a powerful
tool for fusing biomimetic vesicle networks.10

There is no doubt that these MF techniques have made
great contributions in biological science and cell engineering.
On the other hand, both of these two steps require precise
operations, and hence, these methods (electrofusion, laser
manipulation, plasmonic heating, etc.) are not quick processes,
and the production of fused cells and vesicles is limited.
Moreover, these laser methods frequently use laser light with
high intensity with 200−700 mW laser beams6−8 focused on
the contact area. Such intense laser beam focusing (∼MW/cm2
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at the focus) is not favorable for maintaining the bio-activity of
the cells to be fused. Furthermore, the use of these method has
been limited to MF between just two cells. To further develop
biological science and cell engineering, it is desirable to have a
new technique that enables us to readily and rapidly induce
MF among multiple cells.
Here, we demonstrate such a technique for MF, which is

based on thermo-plasmonic bubble lithography (TPBL).
TPBL, which is analogous to bubble-pen lithography (BL),
can manipulate and deposit colloidal nanoparticles on a solid
surface with high accuracy, as Lin et al. and other groups have
demonstrated in the last few years.11,12 It should be noted that
Iida and his co-workers demonstrated that using a related
technique (bubble-pen lithography), a large amount of bacteria
(Escherichia coli) can be collected while maintaining the bio-
activity.13,14 Also, we succeeded in trapping and fixing living
cyanobacteria on a plasmonic nanostructure by means of

TPBL.15 These studies mean that TPBL and bubble-pen
lithography are appropriate for living cells and bacteria. In the
present study, we applied TPBL to liposomes [diameter (d) ∼
150 nm] homogeneously dispersed in water. We succeeded in
obtaining rapid MF of the liposomes by trapping them under a
laser-induced micro bubble. Strikingly, the MF resulted in
transformation of the liposomes into ultralong liposome tubes
(ULTs). These ULTs formed a characteristic assembly around
the focal spot with a morphology similar to that of a sea
anemone. Moreover, when trapped by laser irradiation, the
ULTs kept moving and waving in a similar way to a sea
anemone. The features of such MF and the mechanism of
formation of the moving ULTs are investigated and discussed.

■ RESULTS

We prepared liposomes from 3-sn-phosphatidylcholine (L-α-
phosphatidylcholine) using the Bangham method.16 These

Figure 1. Optical micrographs of ultralong liposome tubes as they develop beneath a laser-induced bubble on a plasmonic nanostructure. The small
white circles in the center of each image indicate the laser-irradiated area. Times (min:s) are given in the figure (bottom left of each panel). The
laser irradiation (λ = 808 nm, I = 100 kW/cm2) was started at image (a) and stopped at image (u). The 808 nm irradiation time is (a) 0 min, (b) 5
s, (c) 10 s, (d) 15 s, (e) 20 s, (f) 25 s, (g) 35 s, (h) 40 s, (i) 55 s, (j) 1 min and 5 s, (k) 1 min and 15 s, (l) 1 min and 25 s, (m) 1 min and 35 s, (n)
1 min and 37 s, (o) 1 min and 38 s, (p) 1 min and 40 s, (q) 1 min and 45 s, (r) 1 min and 50 s, (s) 1 min and 55 s, (t) 2 min, and (u) 2 min and 1
s. (v−x) Irradiation was stopped. Scale: bar = 5 μm.
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contain a fluorescent dye (rhodamine B), and the average size
(d) was evaluated to be 150 nm. An aqueous solution
containing the liposomes was brought into contact with a
plasmonic nanostructure comprising a gold nanopyramidal
dimer array on a glass cell.17−19 Our home-made optical
tweezers were used to focus a laser onto the sample.20−22 The
sample was irradiated with continuous wave laser light (λ =
808 nm) through an objective lens to resonantly excite gap-
mode localized surface plasmons.

When the laser intensity I at the focal point on the
plasmonic surface was low (I < 50 kW/cm2), we did not detect
any sign of trapping. When I > 50 kW/cm2, characteristic and
unique trapping behavior was observed. A typical series of
optical micrographs (I = 100 kW/cm2) is displayed in Figure 1,
based on which we describe the evolution of the process.
Before laser irradiation, the liposomes can scarcely be seen in
the sample solution (Figure 1a). This is reasonable since the
size of the liposomes used here was 150 nm. When the laser

Figure 2. Fluorescence micrographs of ultralong liposome tubes as they develop beneath a laser-induced bubble on a plasmonic nanostructure
(corresponding to Figure 1). The small white circles in the center of each image indicate the laser-irradiated area. Times (min:s) are given in the
figure (bottom of the left side of each panel). The laser irradiation (λ = 808 nm, I = 100 kW/cm2) was started at image (b) and stopped around
image (n). The irradiation time was (a) 0 s, (b) 2 s, (c) 10 s, (d) 35 s, (e) 1 min and 5 s, (f) 1 min and 45 s, (g) 2 min, (h) 2 min and 15 s, (i) 2
min and 35 s, (j) 2 min and 45 s, (k) 2 min and 50 s, (l) 2 min and 52 s, (m) 2 min and 55 s, and (n) 3 min. (o−t) Irradiation was stopped. Scale:
bar = 10 mm. (u) Magnified image of (k). (v) Magnified image of (o).
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irradiation is started, a bubble (seen as a dark shadow with a
round shape) appears and grows (Figure 1a−i), and about 1
min after starting the irradiation, it reaches a constant size with
d ∼ 30 μm (Figure 1i). This observation is consistent with that
in our previous work (TPBL for cyanobacteria).15 The bubble
is generated by the rise in temperature of the water due to a
photothermal effect of the plasmonic excitation, which is
described in detail later.
As the bubble grows, tube-like objects appear. The tubes

increase and grow in length and have a waving motion beneath
the bubble (Figure 1c−i). Several long worm-like tubes appear
forming a unique and characteristic morphology similar to that
of a sea anemone (Figure 1i−u). These long tubes keep
moving and waving as if they are alive. It should be pointed out
that one of the tubes reached 30 μm in length (marked in
Figure 1m−u by the blue arrows). As highlighted in the figure,
the growth of these ultralong tubes was observed in real time
and represents a new discovery. No such tubes were observed
around the center of the bubble. When the laser irradiation was
switched off, the bubble vanished, and these ultralong/long
tubes were dissipated in the water. In some cases, a bubble
remained on the surface even after switching off the laser
irradiation. On the other hand, these tubes were transported to
the outer sides and partly did not vanish. We observed such a
long tube in the solution even 1 h after the stop of laser
irradiation, as an optical micrograph is shown in the
Supporting Information. Other tubes partly turned into
giant-vesicle-like particles. The appearance, growth, and
fluctuating motion of these ultralong tubes similar to those
of the tentacles of a sea anemone can be observed more clearly
in the video movies available in the Supporting Information.
The phenomenon was also monitored by fluorescence

microscopy, as shown in Figure 2. The movie of the
fluorescence imaging is available in the Supporting Informa-
tion. Each liposome included a fluorescence dye (rhodamine
B) within itself. The advantage of fluorescence imaging is to
visualize invisible liposomes and ultralong tubes. Also, density
of the concentration of these can be deduced from
fluorescence intensity. As clearly realized from the fluorescence
images in Figure 2, the sea anemone-like morphology was
observed (Figure 2g−n) here also. Following the laser
irradiation, the fluorescence spot was observed with a circle
shape corresponding to the microbubble (Figure 2b−e). This
means that numerous liposomes were collected beneath the

bubble. Then, the liposome assembly gradually formed the sea
anemone-like morphology (Figure 2f−n). In particular,
ultralong tubes were clearly detected as marked by arrows in
Figure 2j−m. In Figure 2u, a magnified image of (k) is shown.
After the stop of laser irradiation, the fluorescence spot
gradually faded away. This means that a part of liposomes
assembled beneath the bubble weakly adsorbed on the surface.
What is important here is that the ultralong tubes forming the
sea anemone-like morphology emitted fluorescence. This
indicates that the MF took place rapidly without releasing
the dye. Moreover, a random-coil-like network morphology
still remained on the gold film even after the stop of laser
irradiation (Figure 2n−t). For example, in Figure 2v, a
magnified image of Figure 2o is shown. The random-coil-like
network morphology is observed surrounding a fluorescence
spot where a bubble was generated. We consider that the
numerous ultralong tubes adsorbed on the gold film resulted in
the network morphology.
Thus, the behavior of the fluorescence (Figure 2) is totally

consistent with the bright field observations (Figure 1). Such
behavior was observed with 60 < I < 200 kW/cm2 with good
reproducibility.
We examined that whether such ultralong tubes persist after

stopping the laser irradiation. Figure 3 shows the results of
dynamic light scattering (DLS) of the sample solution, which
gave the size distribution of the particles in the solution, before
and after laser irradiation (laser irradiation repeated 100 times
for 2 min such as shown in Figure 1). There is a slight
difference between the histograms before and after laser
irradiation. Subtraction of the histograms makes the difference
clear. In the sample solution after irradiation, while the number
of original liposomes (d ∼ 150 nm) decreased, large particles
(d ∼ 1000 nm) appeared. The result obviously means that the
larger particles seen in Figure 1 still remain in the solution even
after stopping the laser irradiation. The reason why the
difference in DLS was slight is noted as follows. The ratio of
total irradiated volume of the solution that interacted with the
bubble to the total solution volume (50 μL) was much small.
We tried to make the difference obvious by increasing the
number of laser irradiation events (over 300 times irradiation
events). However, the difference was still small.
We also investigated traditional optical trapping of the

liposomes (without using the plasmonic substrate) and optical
trapping with a nanostructured Si crystal (black silicon) in

Figure 3. (a) Results of DLS for the sample solution before and after laser irradiation. Laser irradiation was carried out in the following manner.
One irradiation cycle consists of 2 min irradiation followed by a 30 s interval without laser irradiation. The DLS was measured after 100 laser
irradiation cycles (λ = 808 nm, I = 100 kW/cm2). (b) Histogram obtained by subtracting these histograms: [histogram (after laser irradiation)] −
[histogram (before laser irradiation)].

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00553
ACS Omega 2022, 7, 13120−13127

13123

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00553/suppl_file/ao2c00553_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00553/suppl_file/ao2c00553_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00553/suppl_file/ao2c00553_si_001.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c00553/suppl_file/ao2c00553_si_001.mp4
https://pubs.acs.org/doi/10.1021/acsomega.2c00553?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00553?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00553?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00553?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


place of the plasmonic nanostructure.23 The results are shown
in the Supporting Information. This shows that trapping of
liposomes occurred, but such ultralong tube formation was not
observed. This indicates that the formation of the ultralong
tubes was triggered not by the optical gradient force but by
thermal effects. Therefore, before discussing the detailed
mechanism underlying the tubulation, we measured the
thermal features of the system. We measured the temperature
distribution around the irradiation area using a water-soluble
fluorescence probe whose fluorescence intensity was very
sensitive to temperature.24 Because it was difficult to measure
the temperature beneath the bubble, we measured the
temperature (T) during laser irradiation at an intensity (I)
marginal to the threshold for bubble generation (Ith > 50 kW/
cm2). In Figure 4, the rise in temperature (ΔT) is plotted

against the position (r; distance from the irradiation focus) as a
function of I. When I = 40 kW/cm2, ΔT was 50 K meaning
that T = 73 °C at the center of the irradiation area at a room
temperature of 23 °C. With increasing r, T decreases steeply
with a temperature gradient of dT/dr = 3.5 K/μm. This means
that a huge temperature gradient was generated around the
irradiation area. It should be pointed out that the temperature
gradient (slope of the plot in Figure 4) increases with
increasing I, indicating that a larger temperature gradient than
3.5 K/μm was generated in the case shown in Figure 1 (I =
100 kW/cm2). It is assumed that these thermal features are
involved in the formation of the ultralong tube assemblies, the
details of which are discussed in the following.
As a control experiment, we investigated BL using a flat thin

gold film deposited on a cover slip. Because of the lack of a
nanostructure (nano-gaps), there should only be a photo-
thermal effect with this substrate. Also, in this case, a micro
bubble appeared on the gold film under laser irradiation (λ =
808 nm, I = 100 kW/cm2), as other researchers have already
reported. Following the bubble formation, also in this case, a
similar phenomenon of the ultralong tube generation was
generated. The sea anemone-like morphology and moving/
waving were observed. Such behavior is displayed in Figure 5.
This clearly means that the phenomenon was triggered and
induced not by a plasmon-enhanced optical force but by
photothermal effects. The mechanism underlying the MF

leading to the ultralong tube generation is discussed in the next
section.

■ DISCUSSION
Clearly, the ultralong tubes are made of liposomes (ULTs). As
shown in the DLS measurements, these ULTs were stably
maintained even after stopping the laser irradiation. This
means that the ultralong tubes are produced by MF of the
liposomes. This is consistent with the observation that no
interface (between liposome particles) was observed in any of
the long tubes. Each liposome included a fluorescence dye
(rhodamine B) within itself. This indicates that the MF took
place rapidly without releasing the dye. To understand the
overall mechanism underlying the phenomenon, we should
discuss three processes: membrane fusion, tubulation, and the
waving motion. In BL, the fluid (water) surrounding the
bubble should behave as shown by the illustrations in Figure 6.
Around the bubble, Marangoni convection occurs. Near the

surface of the substrate, the convection is directed from the
outer side to the center of the bubble.11,12,25 Namura et al.
reported that such Marangoni convection should generate
mechanical force parallel to a substrate surface with a
magnitude of <1 mN.25 Accordingly, the liposomes should
collect at the bottom of the bubble (in the narrow space
between the bubble surface and the plasmonic substrate) and
be subjected to a high pressure. It was recently reported that
high pressure frequently induced MF of vesicles.26 We
consider the high pressure near the center of the bottom of
the bubble to be the origin of the MF. With such MF, giant
liposomes should be generated. As shown in Figure 4, the
temperature at the center of the bottom of the bubble is raised
by ΔT > 50 K. Also, for the gold flat film, ΔT was evaluated to
be ΔT > 50 K.
On the other hand, it is well known that the deformation of

vesicles and liposomes is induced by dehydration. Character-
istic morphologies and shapes of vesicles and liposomes by
such deformation due to dehydration have been reported. In
the present case, it is assumed that the giant liposomes
generated by MF beneath the bubble become dehydrated due
to the high pressure and high temperature. Presumably, this is
the origin of the ULTs. It is well known that liposomes
consisting of phosphatidylcholine exhibit gel−liquid crystal
phase transition around T ∼ 50 °C. The present temperature T
≥ 70 °C (corresponding to ΔT > 50 K) is higher than the
phase transition temperature. Therefore, we deduce the
mechanism of MF: The lipid membrane of liposomes beneath
the microbubble should undergo the phase transition to
increase membrane fluidity, leading to MF among adjacent
liposomes.
These tubes continually wave and fluctuate during laser

irradiation. In addition to Marangoni convection, another force
is exerted on the ultralong liposome tubes beneath the bubble.
This is a thermophoretic force due to the huge temperature
gradient of dT/dr > 3.5 K/μm (Figure 4). For the flat gold
film, the temperature gradient was evaluated to be dT/dr ∼ 3
K/μm. The gradient is much larger than the typical values
reported for thermophoresis of colloidal particles (dT/dr < 1
K/μm).27 The thermophoretic force (FT) is proportional to
the temperature gradient24

F S k T TT T B= ‐ ∇ (1)

where ST is the Soret coefficient, kB is the Boltzmann constant,
T is the temperature, and ∇T (=dT/dr) is the temperature

Figure 4. Spatial profile of the rise in temperature (DT) on the
plasmonic surface as a function of laser intensity. The distance from
the center of the irradiation spot is indicated on the abscissa. The laser
intensity is given in the figure. The slope of each dependence
corresponds to the temperature gradient (dT/dr).
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gradient. Adopting the value of ST = 0.3 K−1,28 FT is 5.0 fN.
This force plays a part in a driving the waving motion. The
thermophoresis transports the liposomes from the hotter
region to the colder region beneath the bubble. These forces,
due to Marangoni convection and thermophoresis, result in the
waving motion of ultralong tubes. Moreover, Kudella et al.
reported that the temperature gradient can deform liposomes
above phase transition temperature.29 Such an effect should be
involved in the ultralong tube generation.
In summary, we discovered rapid MF of liposomes in TPBL.

This is a simple, rapid, and convenient method to produce
giant liposomes via MF. What is important here is that the MF
is accompanied by tubulation, producing ULTs. Because these

tubes partly remained stable and still retained the rhodamine
dye within them even after switching off the laser irradiation, it
was obvious that these tubes were produced by MF. Other
tubes seemed to change to giant vesicles with a spherical shape.
Such rapid and efficient MF was induced by the high
temperature and high pressure beneath the bubble. Moreover,
the waving motion of these ultralong tubes was maintained
during irradiation. The driving force of the waving motion is
presumably Marangoni convection and the thermophoretic
force. The phenomenon and the method are applicable to
research in MF, cell engineering, and general vesicle science.
Moreover, we have demonstrated that bubble generation can
promote MF.

■ METHODS
3-sn-Phosphatidylcholine (L-α-phosphatidylcholine) was pur-
chased from FUJIFILM Wako Pure Chemical Co. Ltd. and
used without further purification. This, together with rhod-
amine B, was dissolved in chloroform and dried. Then, the
residue was dissolved in pure water (Milli-Q) using a
supersonic homogenizer (As One, Sonicstar 85). The solution
was dialyzed to eliminate excess rhodamine B. The size of the
liposomes was evaluated using DLS (Otsuka Electronics Co.,
Ltd.). The plasmonic glass substrate, on which the gold
nanopyramidal dimer arrays were integrated, was fabricated by
means of angle-resolved nanosphere lithography. Gold was
vacuum deposited on a glass substrate to form a thin film
(thickness ∼ 10 nm). The plasmonic nanostructure was
brought into contact with the sample solution in a glass cell.
Details of our optical tweezers have already been reported and
are briefly described here.15 We used a cw near-infrared (λ =
808 nm) diode laser (Shanghai Laser & Optics Century Co.,

Figure 5. Optical micrographs of ultralong liposome tubes as they develop beneath a laser-induced bubble on a flat gold film. The small white
circles in the center of each image indicate the laser-irradiated area. Times (min:s) are given in the figure (bottom left of each panel). The laser
irradiation (λ = 808 nm, I = 100 kW/cm2) was started around (b) and stopped at image (i). Irradiation time was (a) 0 s, (b) 1 s, (c) 7 s, (d) 15 s,
(e) 37 s, (f) 53 s, (g) 1 min and 13 s, (h) 2 min and 45 s, and (i) 3 min. (j) Irradiation was stopped. Scale: bar = 10 μm.

Figure 6. (a) Schematic illustration of laser-induced bubble formation
on the plasmonic nanostructure followed by liposome trapping. The
direction of Marangoni convection is also indicated on the basis of
refs 11 and 25. Adapted with permission from Lin, L., Peng, X., Mao,
Z., Li, W., Yogeesh, M. N., Rajeeva, B. B., Perillo, E. P., Dunn, A. K.,
Akinwande, D. and Zheng, Y. Bubble-Pen Lithography. Nano Lett.
2016, 16, 701−708. Copyright 2016 of the American Chemical
Society. (b) Schematic illustration of the generation of ULTs.
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Ltd., IRM808TA-200SR) for resonant excitation of gap-mode
plasmons on the gold nanopyramidal dimer arrays. UV light
from a Hg lamp was used for fluorescence excitation. The laser
beam and UV light were co-axially introduced into a confocal
optical microscope and focused onto the sample cell. The
trapping behavior was analyzed by observations made with the
microscope.
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