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ABSTRACT: Membrane fusion can be accelerated by heating that
causes membrane melting and expansion. We locally heated the
membranes of two adjacent vesicles by laser irradiating gold
nanoparticles, thus causing vesicle fusion with associated membrane
and cargo mixing. The mixing time scales were consistent with
diffusive mixing of the membrane dyes and the aqueous content. This
method is useful for nanoscale reactions as demonstrated here by I-
BAR protein-mediated membrane tubulation triggered by fusion.
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The fusion of the cargos of two selected vesicles allows for
controlled nanoscale reactions with femtoliter volumes,

thus paving the way for single- or few-molecule reactions. This
is highly useful for studying the dynamics of chemical
reactions.1 Fusion of vesicles, or fusion of vesicles with cells
is the heart of liposome based targeted drug delivery, a topic of
large medical interest. Fusion of one cell with another allows
for the creation of hybrid cells that combines the properties of
several cell types. Examples include (i) hybridoma technology,2

which can be used to create monoclonal antibodies, (ii)
combination of stem cells with differentiated cells with the
potential for novel diabetes treatments through pancreatic islet
transplantation,3 or (iii) the fusion of dendritic cells to a triply
negative breast cancer cell, which can be exploited for vaccine
creation.4 As fusion of vesicles and cells is of high interest,
considerable effort has been put into developing efficient
methods for fusion. There exists an extensive library of
biological and chemical molecules that trigger fusion of cells
and vesicles, for instance, cellular expressed fusogenic proteins,5

PEG-polymers incorporated into the membranes,6 lanthanide
salts,7 viral-based fusion peptides,8 synaptic SNARE-mediated
fusion complexes,9 or synthetic molecular fusion complexes
based on nucleotides.10 However, fusion can also be mediated
by physical means, for instance, via electrofusion1,3,4,11 or by
locally irradiating ultraviolet (UV) light on the contact area
between two membranes. Cell-cell fusion can be accomplished
by irradiating a cell population in medium with a high powered
pulsed UV laser,12,13 however, with limited control over the
system. A more sophisticated implementation of the pulsed UV
laser-mediated fusion was demonstrated for immune cells that
were brought into contact via an antibody-conjugated nano-
particle.14 The use of intense UV-laser pulses causes generation
of highly reactive free radicals, which is an undesirable side-

effect when dealing with live cell samples. Although such lasers
are focused to a diffraction limited spot, they exhibit high
divergence and still illuminate a substantial part of the cells or
GUVs (giant unilamellar vesicles) both below and above the
focal spot.
Here, we report on a novel and efficient method for

triggering fusion of two vesicles with one critical benefit being
that two vesicles can be specifically chosen among a population.
The method is based on optical trapping of a metallic
nanoparticle by near-infrared (NIR) light that is essentially
harmless to biological material. The metallic nanoparticle will
absorb part of the NIR light and the absorbed energy will be
dissipated as heat in the surroundings on a length scale
comparable to the diameter of the particle,15,16 and it is this
local temperature elevation that triggers membrane heating,
expansion, and fusion, possibly by opening a fusion pore. Using
the optical trap, two selected GUVs are manipulated and
brought into close proximity.17 After the two selected GUVs
are brought into contact, the trapping of a gold nanoparticle
(AuNP) in the contact zone between the GUVs causes the two
vesicles to fuse by a thermally triggered mechanism. This fusion
causes the membranes and the cargos of the two vesicles to mix.
In contrast to fusion methods based on UV lasers, essentially
no biological damage is done above nor below the focal volume.
Importantly, the process can be followed real-time in a
microscope. To demonstrate the general applicability of this
method we also prove fusion of GUVs existing in gel and fluid
phases, respectively. Finally, as a relevant biophysical
application we show how protein-mediated membrane shaping

Received: April 9, 2015
Revised: May 18, 2015
Published: May 26, 2015

Letter

pubs.acs.org/NanoLett

© 2015 American Chemical Society 4183 DOI: 10.1021/acs.nanolett.5b01366
Nano Lett. 2015, 15, 4183−4188

pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.5b01366


can be triggered by fusion and followed in real time; a neutral
GUV, containing I-BAR domains, is fused to an empty GUV
composed of acidic lipids and after fusion the I-BAR proteins
induce membrane tubulation.
The GUVs were prepared with fluorophores and flushed into

a chamber; details on the fluorophores and chamber
preparation are given as Supporting Information. The chamber
was mounted on a Leica SP5 confocal microscope into which
an optical tweezers system based on a NIR laser was
implemented.18 The AuNPs (diameter 80 nm) were added to
the chamber before the experiment started. Because of their
highly inert chemical nature, the AuNPs did not interfere with
GUVs within the time frame of the experiment. As previously
shown, 80 nm AuNPs are efficiently trapped by focused NIR
laser light and can generate high local temperatures.15,19,20 The
focused NIR laser light was used to position two vesicles of
choice in close proximity to each other, as shown in Supporting
Information Figure S1. The laser was typically operated with an
output laser power of 1 W of which ∼200 mW reached the
sample. In all experiments here shown, the vesicles contained
300 mM sucrose. Encapsulation of sucrose was necessary in
order to establish a refractive index difference between the
vesicle and the surrounding medium, and thereby allow for
optical manipulation of individual vesicles.17 However, we also
fused vesicles containing 150− 600 mM sucrose, which did not
appear to change their ability to fuse compared to the vesicles
containing 300 mM sucrose. After close contact was established
between the GUVs, the focus of the optical trap was positioned
at the point where the membranes of the two GUVs met (as
sketched in Figure 1A). One or more 80 nm AuNPs were
allowed to diffuse into the focus of the laser beam; these AuNPs
could either already be attached to the vesicle or be in the
media and the waiting time for this to happen was typically less
than 1 min. Irradiation of the AuNPs by the optical trap
generated sufficient heat to transiently open the two opposing

membranes resulting in rapid fusion; one such fusion event is
shown in Figure 1B. Particles smaller than 80 nm were not
efficient in inducing fusion, which is probably related to their
smaller temperature increase upon irradiation.15 Larger AuNPs
(>150 nm) could also be used for inducing fusion, but these
particles tend to become trapped off axis in local intensity
maxima originating from spherical aberration.21

In the experiment shown in Figure 1B, all vesicles were made
from the same DOPC/DOPS mixture, all were in fluid phase,
some of the vesicles were labeled green (with Fast-DiO), and
others were labeled red with Texas Red DHPE (TR). All
vesicles contained 300 mM sucrose so that they could be easily
optically trapped. One green and one red GUV were selected
and brought into close proximity, whereafter a AuNP diffused
into the trap, heated, and caused fusion of the membranes.
Upon fusion, the membranes of the vesicles mix. This can be
seen from Figure 1D that upon fusion shows a clear decrease in
emitted intensity per area of both the green and red membrane
incorporated dyes because of the increased membrane area. For
fluid membranes, the lipid mixing occurs within ∼10 s for
typical vesicle sizes of 20 μm.
Fusion of GUVs by this methodology is not limited to fluid

vesicles but can also be accomplished between a fluid phase
DOPC/DOPS vesicle and a gel phase DC15PC vesicle, as
shown in Figure 1C (fluid phase is labeled red with TR and gel
phase yellow with DiI). As the chosen pair of fluorophores has
a spectral overlap, a fluorescence resonance energy transfer
(FRET) occurs during fusion because the donor molecules
(DiI) and the acceptor molecules (TR) slowly migrate and mix.
Such a FRET transfer is shown in Figure 1E. The time scale of
mixing of lipids between gel and fluid phase GUVs was
measured to be significantly slower (∼50 s in Figure 1E) than
the lipid−lipid mixing between fluid phase membranes (∼10 s
in Figure 1D), which is consistent with the much slower
diffusion of lipids in gel phase membranes. Also, we found that

Figure 1. Vesicle fusion mediated by optically heated AuNPs. (A) Sketch depicting how two adjacent GUVs are fused by laser-induced heating of a
AuNP trapped between the GUVs. Fusion causes a complete mixing of the lipids and the cargos. (B) Confocal images from an experiment showing
the same stages as depicted in panel A. The two fluid phase DOPC/DOPS vesicles are labeled with green Fast-DiO and red TR, respectively. The
scale bar is 10 μm. (C) Images showing fusion between a gel phase DC15PC vesicle labeled with DiI (yellow) and a fluid phase DOPC/DOPS vesicle
labeled with TR (red). The dyes are only excited with a single laser line at 514 nm. The scale bar is 10 μm. (D) Normalized emitted intensities from
Fast-DiO and TR from the experiment shown in panel B as a function of time. Upon fusion, the intensities decrease because the conserved number
of fluorophores are diluted within a larger membrane area. (E) Normalized emitted intensities from DiI and TR from the experiment shown in panel
C as a function of time; FRET occurs during the fusion process.
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two gel phase vesicles could be fused (shown in Supporting
Information Figure S2).
Fusion was easily performed between vesicles ranging in size

from ∼10−200 μm, where the lower limit is set by the
scattering forces from the optical trap which hinder
simultaneous positioning of small GUVs and AuNPs within
the same focal plane. The upper limit of this interval (200 μm)
was simply set by the vesicle production method (electro-
formation or gel-assisted hydration), which did not produce
vesicles larger than 200 μm. It is likely that the proposed fusion
method will also work well for larger vesicles. To minimize the
adhesion of GUVs to surfaces and thereby facilitate optical
manipulation of the GUVs we passivated the sample with α-
casein. Passivation of the glass with α-casein also minimizes an
adhesion induced increase in membrane tension that may affect
the probability of fusion.22

To quantify the time scales of membrane mixing in fluid
phase DOPC/DOPS vesicles during fusion we labeled one
batch of vesicles with TR and a second batch with a Fast-DiO
cyanine dye. These two dyes do not have significant spectral
overlap hence the FRET is minimal. By methods, as shown in
Figure 1D, we measured typical equilibration time scales on the
order of 10 s; however, the exact time scale for complete mixing
depended on the sizes of the fusing vesicles. Figure 2 shows the
relation between the size of the vesicle fused to the vesicle
containing the fluorophore of interest and the time scale of
mixing Fast-DiO and TR, respectively. There is a linear relation
between the added area, r2, and the mixing time scale, t. Such a
linear relation is predicted by the normal diffusion equation,
⟨r2⟩1/2 = (4Dt)1/2, where D is the diffusion constant of the
fluorophore. However, this diffusion model describes diffusion
in unlimited areas with reservoirs of fluorophores and therefore
it does not adequately describe our system which consists of
two fusing GUVs with finite areas and finite numbers of
fluorophores. However, from Figure 2A it is clear that DiO
diffuses significantly faster than TR. Simple fits to the slopes in
Figure 2A provide upper limit estimates of DTR and DDiO.
These estimates are a factor of 10 larger than literature values
measured by FRAP (fluorescence recovery after photobleach-
ing) in GUVs and in tethered bilayers,23−25 which for TR range
from DTR = 2 μm2/s to DTR =6.5 μm

2/s and for DiO was found
to be DDiO ∼ 15 μm2/s26 (according to the webpage on DiO
from “Life Technologies” the value given in ref 26 should be
multiplied by a factor of 2).
Also, we compared our data with a more relevant model that

was previously used to study diffusion of lipid fluororophores in
GUVs.27 This model describes mixing of lipophilic fluoro-
phores in a situation where all fluorophores are initially
confined in one hemisphere of a spherical shell and at time zero
are free to diffuse over the entire shell. This situation is
described by the following diffusion equation (cast in spherical
coordinates)27
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where it is assumed that c, the concentration, does not depend
on radius, r, nor on the angle, ϕ, but only on θ (see inset of
Figure 2B for definitions of the angles ϕ and θ). A solution of
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By assuming α = 0 and β = 1 we get the equilibration of
fluorophore concentration, c(t), as plotted in Figure 2B for a
shell with radius 21.1 μm (area of 5572 μm2). Because we
model two fusing GUVs this size was chosen to be a shell
having twice the median area of the GUVs used in the
experiments (2786 μm2) in Figure 2A. Using the literature
values given above, DDiO = 15 μm2/s and DTR = 6.5 μm2/s, the
theoretical mixing time scale (where the horizontal line
intersects the curves in Figure 2B) are found to be 10.6 and
24.5 s for DiO and TR, respectively. These numbers are
relatively close to the experimentally measured ones for a
similarly sized added vesicle (see Figure 2A) and thus confirm
lipid mixing of the two fluid phase GUVs.
Hot nanoparticle induced fusion of two GUVs causes a

complete fusion, also of their lumens. We here demonstrate

Figure 2. Correlation between added membrane area and mixing time
scales during fusion. (A) Experimental data showing how the area
added to a liquid phase vesicle containing TR (red symbols) or Fast-
DiO (green symbols) during fusion correlates with the mixing time
scale. (B) Equilibration of fluorophore concentrations calculated via a
theoretical model of diffusion from one hemisphere into the other
hemisphere of radius 21.1 μm.27 This size is chosen because the area of
the hemisphere then corresponds to the median size of the added
membrane area in the experiments depicted in panel A. The red line in
panel B is calculated using DTR = 6.5 μm2/s and the green line using
DDiO = 15 μm2/s. The horizontal gray line shows the level where the
concentration has equilibrated to a fraction of 1/e of the initial
concentration; the crossing of this line with the curves can be
compared to the mixing time scales from the experiments plotted in
panel A. The left inset illustrates the model and the right inset explains
the spherical coordinates used.
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how this can be used to study mixing of the two lumens and
chemical reactions induced by the fusion. We fused a GUV
containing a mixture of sucrose and calcein with a GUV that
only contained a sucrose solution; the experiment is sketched in
Figure 3A and images from the experiment are shown in Figure

3B. By monitoring the emission of calcein in two regions,
corresponding to the lumens of the two original GUVs, we
quantified how calcein diffused from the calcein containing
GUV (red line in Figure 3C) and into the lumen of the empty
GUV (blue line in Figure 3C) upon fusion. After less than 0.5 s,
calcein was uniformly distributed in the fused lumen. This time
scale is expected for three-dimensional diffusion of calcein
across a distance corresponding to the size of the GUV (∼20
μm) assuming a diffusion constant of calcein in water of
roughly 200 μm2/s.28 As expected, we also found that the
intensity of calcein emission in the fused lumen was
proportional to the ratio between the volumes of the calcein
containing vesicle and the volume of the fused vesicle, this is
shown in Supporting Information Figure S3. This type of
experiment demonstrates that chemical reactions between
reactants encapsulated within picoliter volumes can be studied,
for example, via fluorescence microscopy that can reach a time
resolution of acquisition of ∼5 ms.
The vesicle fusion assay here presented has great potential

for triggering and monitoring protein interactions in GUVs. By
first encapsulating proteins within one GUV with an inert
composition and subsequently fusing to another GUV
containing a lumen or membrane composition that activates
the function of the protein, it is possible to activate the protein

in a controlled manner and study the activity of the protein in
real time. We here demonstrate this using the curvature-
inducing domain of the peripheral membrane proteins from the
I-BAR family which only binds to acidic membranes. I-BAR
belongs to a large family of BAR-domain (Bin, Amphiphysin,
Rvs) proteins involved in membrane curvature sensing and
induction. The subset of this family called I-BAR proteins all
share an N-terminal domain (an IRSp53-MIM domain), which
is known to induce negative membrane curvature (e.g.,
protrusions such as filopodia) through a combined hydro-
phobic (helix) domain insertion and electrostatic attraction to
negatively charged acidic phospholipids.29 The basic patch in
both ABBA and MIM carries basic lysine and arginine amino
acid residues that facilitate efficient binding to negative
membranes.
To study the membrane binding of the I-BAR we

encapsulated I-BAR-proteins within GUVs composed of
zwitterionic lipids for which no protein binding occurs, details
of the encapsulation procedure are given in the Supporting
Information. In Figure 4, all three panels show the fusion of an
I-BAR-containing vesicle to a GUV composed of a mixture of
DOPC and negatively charged DOPS; before fusion tubulation
is absent but after fusion the tubulation activity is clearly
present. We also observed tube formation with GUVs
containing different negative lipid species such as phosphoinosi-
tide lipids with several negative charges for each headgroup, see
Figure 4B. Additional examples of I-BAR mediated tubulation
following fusion are shown as Supporting Information Figures
S4 and S5.
Biophysical studies of I-BAR protein activity have mainly

been done through fluorescent imaging while adding the
protein globally to a solution of vesicles and these studies have
reported an inward directed tubulation.30,31 Also, I-BAR has
been shown by cryo-electron microscopy to induce tubules of
specific radii that were found to be 55−60 nm in diameter.30

Until now, however, it has not been possible to measure the
kinetics of tube formation in real time and, more importantly, I-
BAR was always added to the outside of the spherical
membranes resulting in inward directed tubes although its
natural presence in cells is inside filopodia that protrude
outward. The assay presented here thus allows studying I-BAR
in real time and with the protein encapsulated inside a spherical
membrane.
Fusion of GUVs existing in different physical states and,

containing various lipophilic and aqueous fluorophores, can be
readily performed allowing lipid and content mixing to be
monitored in real-time. The mechanism behind the membrane
fusion assay is most likely a thermally induced opening of the
membrane followed by fusion of the apposing membranes. The
membrane area per headgroup expands ca. 0.5% per degree
when lipids are in a fluid phase.32 As the 80 nm gold
nanoparticle is trapped with a laser power of ∼200 mW, the
temperature of the gold nanoparticle easily reaches ∼75 °C,15

however, if the particle is displaced from the center of the trap
its surface temperature will be lower20 and if several particles
aggregate their temperature will be higher. The high local
temperature increase is sufficient to increase the distance
between adjacent neighboring lipids, and the consequent
exposure of the hydrophobic bilayer core could therefore well
be the mechanism responsible for fusion. The fusion between
gel phase GUVs in Figure 1C (fluid−gel) and Supporting
Information Figure S2 (gel−gel) shows that it is indeed
possible to induce fusion of rigid GUVs that locally melt to

Figure 3. Lumen mixing during vesicle fusion. (A) Sketch of the fusion
process. (B) Confocal images of the fusion process of two fluid phase
GUVs with their membranes marked by TR, one GUV contains only a
sucrose solution, the other sucrose mixed with calcein (green). The
scale bar is 10 μm. (C) Intensity emitted by calcein in the two boxed
regions in panel B, red trace (from red box) is from a region that starts
out being inside the calcein containing vesicle, blue trace (from blue
box) is from a region that starts out being in the empty vesicle.
Approximately ∼0.3−0.5 s after fusion the calcein intensity
distribution is uniform within the fused GUV.
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initiate the fusion process. Gel phase membranes expand even
more when heated in particular when the temperature is
increased above the phase transition temperature at which the
bilayer expands around 20−25%.33

The ability to mix the cargoes within two selected GUVs has
great implications for conducting and monitoring chemistry at
microscale. Because hydrophilic molecules can be easily
encapsulated within attoliter liposomes, we envision that our
strategy can be further developed to achieve fusion of much
smaller volumes and pave the way to attoliter nanoscale
chemistry. This could for instance be done by conjugating
AuNPs to the lipid headgroups and wait for small liposomes to
colocalize within the optical trap and fuse. The method
demonstrated here is extremely flexible and can in principle be
applied to all membrane structures suspended in a fluid
chamber. Exciting future applications also include fusion of
GUVs containing a certain cargo to be delivered within living
cells. For many applications it is desirable to be able to decide
exactly which cell, potentially exhibiting a certain protein
expression, should be fused with which vesicle. In conclusion,
the results here presented pave the way for future use of
plasmon mediated vesicle fusion to fuse with synthetic vesicles
or with live cells, thus allowing for on demand delivery of
chemical or genetic material to cells or the formation of hybrid
cells.
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