Controlled Cellular fusion using optically trapped Plasmonic Nano-Heaters
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ABSTRACT

Optically trapped plasmonic nano-heaters are used to mediate efficient and controlled fusion of biological membranes.
The fusion method is demonstrated by optically trapping plasmonic nanoparticles located in between vesicle membranes
leading to rapid lipid and content mixing. As an interesting application we show how direct control over fusion can be
used for studying diffusion of peripheral membrane proteins and their interactions with membranes and for studying
protein reactions. Membrane proteins encapsulated in an inert vesicle can be transferred to a vesicle composed of
negative lipids by optically induced fusion. Mixing of the two membranes results in a fused vesicle with a high affinity
for the protein and we observe immediate membrane tubulation due to the activity of the protein. Fusion of distinct
membrane compartments also has applications in small scale chemistry for realizing pico-liter reactions and offers many
exciting applications within biology which are discussed here.
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1. INTRODUCTION

Lipid membranes are two dimensional sheets which encapsulate every mammalian cell. Additionally, membranes
provide the cell with an intracellular architecture providing a labyrinth of nanoscale tubular and liposomal compartments
and larger structures like the nucleus. A number of biological processes are associated with membranes and are mediated
by membrane interacting proteins. For instance, membrane sculpting, reshaping and fusion are critical processes for
facilitating intracellular transport and cell migration. To achieve fusion the cells employ fusion proteins which can bring
membranes into close proximity and subsequently mediate full fusion and hence restructure two apposing membranes
into a single membrane [1]. The molecular mechanisms behind biological membrane fusion are being intensively studied
[2, 3], but a full understanding of the mechanism of fusion requires an understanding of the biophysical aspects of
membrane fusion. Physical parameters like tension and curvature have been shown to play a critical role in fusion [4],
whereas the effect of temperature on fusion has received little attention despite the realization of the dramatic effect
temperature has on fluid lipid membranes [5, 6]. Additionally, thermally induced local phase transitions in membranes
[7, 8] can also simulate the raft like cell membrane environment with domain boundaries separating co-existing domains
in cell membranes.

Localized heating effects on membranes has been demonstrated using plasmonic heating generated by optical trapping of
gold nanoparticles. Gel phase membranes with a well characterized phase transition temperature have been used as
thermal sensors for laser irradiated nanoparticles [9] and the localized heating has also been used for studying the effect
of heating on membrane permeation in giant unilamellar vesicles (GUVs) [7, 8]. Also, pulsed lasers have been applied to
optically inject cell membrane attached gold nanoparticles into cells [10, 11] or to mediate membrane fusion [12].
Recently, a new application of plasmonic heating was demonstrated by mediating membrane fusion by using gold
nanoparticles optically trapped, by a near infrared laser, at the contact zone between two giant unilamellar vesicles
(GUVs) [13].

Here we demonstrate how GUVs can be readily fused with consequent lipid and content mixing following fusion. By
using optical trapping, we bring a selected GUV into close contact with a target GUV and perform fusion by trapping a
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d = 80 nm gold nanoparticle at the interface. This realization of selected GUV-GUYV fusion allows lipid diffusion and
nanoscale reactions to be investigated. A novel application of the technique is presented involving membrane shaping
proteins which can be encapsulated in GUVs with a certain membrane composition. Finally, we discuss the potential for
extending the technique for GUV-cell fusion as well as for cell-cell fusion which could significantly extend the
translational impact of the technique.

2. METHODOLOGY

2.1 Optical trapping and imaging

Confocal imaging was performed on a Leica SP5 confocal microscope into which an optical trap, based on a 1064 nm
laser (Spectra Physics J201-BL-106C), was implemented. More information regarding the setup is given in Ref. [14].
Fusion was carried out using P = 200 mW at the focal plane of the microscope and by using a Leica PL APO, NA=1.2,
63X water immersion objective to tightly focus the laser light. The optical trap was stationary, but the trap could be
moved relative to the GUVs by translating the sample which was mounted on a piezoelectric stage (PI 731.20, Physik
Instrumente, Germany) allowing lateral movements with nanometer precision. A glass bottom open chamber, containing
the GUVs and gold nanoparticles, was mounted on the microscope and kept at room temperature during the experiment.
The FAST-DiO and calcein fluorophores as well as the YFP were excited using a 488 nm argon laser line. A 513 nm
argon laser line was used to excite the DilC18 lipophilic fluorophores and a 594 nm laser line was used to excite TR-
DHPE lipophilic dye. The emitted intensities were collected using photomultiplier tubes. To detect the scattered and
reflected light from the AuNPs, a 476 nm argon laser line was used in reflection mode.

2.2 Sample preparation

Open chambers with a bottom glass coverslip (thickness of 170 um, Menzel-Glaser) were cleaned by sonication for 5
minutes in detergent followed by three rounds (5 minutes each) of sonication in water and finally 5 minutes of sonication
in ethanol. Coating of the glass with 2 g/L a-casein (from Sigma Aldrich) for 10 min followed by triple wash with 150
mM PBS prevented the GUVs from adhering to the glass. Gold nanoparticles purchased from British Biocell
International (BBI) were citrate stabilized and had a mean diameter of 80 nm. The nanoparticle solution was gently
vortexed and ~10 pL of the stock solution was added to the chamber using a pipette. GUVs were loaded to the chamber
by adding 5 pL GUV stock to the sample containing 100 pL PBS buffer containing 150 mM NaCl. The protein and
molecule solutions used in the encapsulation experiments (I-BAR and calcein) were also present outside the GUVs in the
GUYV stock solution and were diluted 20 times in the extra-vesicular solution when added to the chamber, which allowed
visualization of the encapsulated I-BAR or calcein.

2.3 Electroformation of GUVs

Standard electroformation was used to form GUVs using a mixture of DOPC lipids (1,2-dioleoyl-sn-glycero-3-
phosphocholine, Avanti polar lipids) and DOPS lipids (1,2-dioleoyl-sn-glycero-3-phosphoserine, Avanti polar lipids).
The percentage of DOPS was 20% in all experiments except in Figure 4 where I-BAR domains were encapsulated in
GUVs made from zwitterionic DOPC which were fused to a GUV containing 40% DOPS. Also, the GUVs contained
0.5% of the lipophilic tracer FAST-DiO (3,3'-dilinoleyloxacarbocyanine perchlorate, Invitrogen). The GUVs were
hydrated with a 300 mM sucrose solution.

2.4 Protein encapsulation

I-BAR domains were from the protein ABBA which is a member of the IRSp53-MIM protein family [15]. The I-BAR
domain was engineered with an N-terminal HIS-tag and a C-terminal YFP-tag. The I-BAR was extracted in high salt
(1M) with glycerol and triton X-100 detergent both of which can influence the formation of GUVs. The detergent was
removed by dialysis. To form vesicles under these difficult conditions we used gel assisted hydration [16] which uses
simple hydration on a microporous gel without the need of an electric field. To coat the surface with gel we added a
solution of 1 mL of 5 g/L polyvinyl alcohol (PVA) solution onto a clean glass slide until full coverage. The glass was
tilted to let excess solution run off. The freshly coated slides were then baked at 50° C for 30 min (until the PVA film had
dried). We deposited a drop (10 pL) of sucrose solution on the PVA film and sandwiched it between the two slides for 1
min to spread the droplet. Lipids in chloroform were shortly thereafter added on top as described above for
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electroformation and placed in vacuum for 1 hour to remove all residues of chloroform. Subsequently, the film was
hydrated by adding 300 mM sucrose in MilliQ water in an appropriate O-ring confinement (e.g., d = 16 mm) for 1 hour
for empty vesicles. Encapsulation of I-BAR was achieved using a hydrating solution consisting of a solution of 50 %
PBS (150 mM) and 50% sucrose (300 mM) (volume percentages) mixed with ~10 pL of protein stock solution such that
the final concentration of I-BAR was 1.5 uM. The successful progress of hydration and encapsulation was followed on
the microscope. The PVA surface with the hydration solution was gently agitated to detach some vesicles from the PVA
surface before harvesting the vesicles with a pipette and transferring them to an eppendorf tube.

2.5 Protein expression
Details on the protein expression are given in Ref. [13].

2.6 Data analysis
All images were analyzed using Matlab (The MathWorks, Inc., Natick, Massachusetts, United States). The temperatures
calculated in Figure 1B were plotted using Matlab and calculations were based on Mie’s equations [17, 18].

2.7 Membrane heating assay

The membrane melting experiments presented in Figure 1D were carried out as described in Ref. [19] where more details
are provided. Briefly, a glass supported gel phase bilayer was prepared from vesicles extruded using 50 nm
polycarbonate filters (Avanti Polar Lipids, Mini-extruder). The vesicles were made from the saturated DC15PC lipid
and 3 mol% of the lipophilic dye, DilC18 (Invitrogen). Vesicles were allowed to fuse to a piranha etched glass substrate,
at 7= 37°C, and subsequently formed a two dimensional lipid bilayer. The sample was thoroughly rinsed with MilliQ
water 20 times while the temperature was kept at 45-50°C which is above the melting transition of DC15PC (~33°C).
Subsequently, the sample was placed on the microscope stage where the temperature was 28°C. Gold nanoparticles
adhered to the bilayer were irradiated and the local heating caused melting of the bilayer in a region where the
temperature increased above 33°C, as shown in Figure 1D.

3. RESULTS
3.1 Irradiation of gold nanoparticles generates heat

Metallic nanoparticles produce substantial heat when irradiated by light [20, 21]. Light in the optical and near infrared
spectrum couple to the oscillating electrons in the particle, called surface plasmon oscillations, and the absorption
reaches a maximum when the light is resonant with the oscillation frequency of the surface plasmons [22]. The
corresponding resonance wavelength which interacts optimally with typical gold nanostructures of different sizes and
shapes lies in the optical and near infrared regime (500-1000 nm) [23]. Spherical gold nanoparticles are well
characterized with regard to optical induced heating [20, 21, 24] and other optical properties and they have been shown
to heat substantially when exposed to near infrared light despite the fact that their surface plasmons resonate optimally
with optical light (A ~ 530 nm). Moreover, spherical gold nanoparticles are well characterized with regard to optical
trapping and several particle sizes have been trapped by single beam optical tweezers using near infrared light (A = 1064
nm) [25, 26].

Using these attractive properties of gold nanoparticles, we performed optically controlled fusion of membranes. The gold
nanoparticles were trapped by a single beam optical trap based on a A = 1064 nm laser, as presented schematically in
Figure 1A. Irradiation of the trapped nanoparticle produced high particle temperatures as well as substantial heating of
the surrounding environment which can be calculated using Mie’s equations [17, 18]. In Figure 1B we show two such
calculations for the temperature profiles of d = 80 nm and d = 150 nm particles, irradiated at 10 MW/cm?, which are
plotted as a function of distance from the particle.

Experimentally, we characterize the nanoparticles using transmission electron microscopy (TEM) as shown in Figure 1C
for d = 80 nm (top panel) and d = 150 nm (bottom panel) gold nanoparticles. When placed in a highly focused laser
beam (A = 1064 nm) these particles produce substantial heat and are able to locally melt a gel phase membrane as
demonstrated in Figure 1D. The gold nanoparticles in Figure 1D are immobilized on a gel phase membrane which is
composed of a saturated lipid (DC15PC) and 3 mol% of a membrane dye (DilC18) and the membrane has a phase
transition temperature of T = 33°C. Local heating from the irradiated nanoparticle generates a phase transition with a
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fluid phase near the nanoparticle and a gel phase further away from the nanoparticle where the temperature is still
ambient and below the phase transition. The fluid phase is detectable as a circular region due to the lower intensity
emitted from the dye when incorporated in the fluid phase. Additionally, the dye has a preference for the more ordered
gel phase and can become partially depleted from the fluid phase [19, 27, 28]. The size of the circular region in Figure
1D is larger for the d = 150 nm gold nanoparticle (bottom panel) than for the d = 80 nm gold nanoparticle (top panel)
since larger nanoparticles generate significantly more heat at the same laser power [19]. The temperature increase as a
function of distance from the nanoparticle is found by using the following relationship between temperature increase and
distance, D,

Cl
AT(D) = —
b (1
where C is a constant which depends on the thermal conductivity of the environment and the size and material of the
particle. / is the intensity of light incident on the nanoparticle and is given in power normalized by area.

3.2 Trapped nanoparticles mediate fusion

The heating generated by optically trapped gold nanoparticles is highly localized as the temperature decays to ca. 50% at
a distance from the nanoparticle corresponding to the diameter of the nanoparticle. When using nano-sized particles the
heated region is therefore sufficiently localized that they can be used to locally apply strong heating to micrometer sized
biological specimens like membrane vesicles or cells without inflicting damage to the whole specimen. Therefore,
optical trapping of metallic nanoparticles is an ideal tool to mediate fusion between cell membranes like cell sized GUVs
and between living cells.

To achieve fusion between two selected GUVs suspended in an aqueous solution in a microscope chamber it is critical
that the GUVs are not adhering too firmly to the glass coverslip and also that the GUVs need to be possible to trap using
the optical tweezers. Trapping of lipid vesicles has previously been shown to be possible if the vesicles are loaded with
sufficiently high concentration sugar solution like sucrose [29]. A solution containing sucrose has a higher index of
refraction than the outside solution which is a requirement for trapping. Also, the outside solution should contain iso-
osmolar concentrations of salt to avoid osmotic stress on the membrane. Finally, to follow the fusion process which
involves lipid and content mixing the GUVs should be labeled with lipid fluorophores and aqueous fluorophores in their
lumen.

A B AT C

Mie calculations TEM Confocal

Figure 1 Heating of optically trapped gold nanoparticles. (A) A near infrared (NIR) optical trap is used to confine
the gold nanoparticle in 3D. (B) Temperature calculations for two gold nanoparticles (top, 4= 80 nm and bottom,
d =150 nm) irradiated by 10MW/cm” and 2 = 1064 nm. (C) Transmission Electron Micrograph of d = 80 nm (top)
and d = 150 nm (bottom) gold nanoparticles purchased from British Biocell International (BBI). Scale bars, 2 pm.
(D) Temperature measurements of irradiated 4 = 80 nm (top) and a d = 150 nm (bottom) gold nanoparticle by
using a flat gel phase membrane as a temperature sensor. The local heating generated by the two particles results
in melting of a circular area surrounding the nanoparticle which is imaged by using phase sensitive fluorophores
(DiIC18). The distance from the nanoparticle to the rim of the signature depends on the nanoparticle
temperature. The laser powers used were P =270 £5 mW (top) and P =261 £ 5 mW (bottom). Scale bars, 2 pm.
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In Figure 2A we schematically present how a fusion experiment is conducted. First two selected GUVs are brought
together into close proximity and subsequently the laser focus is parked at the contact site where the GUVs have a point
like contact zone. Finally, after a short waiting time, which depends on the concentration of gold nanoparticles in the
sample, a gold nanoparticle will enter the trap and becomes heated which mediates the fusion. This fusion process is
shown in Figure 2B where confocal images of the two GUVs are shown. The GUVs are labeled with red and green lipid
dyes and upon fusion the two dyes mix by two dimensional diffusion. The intensities from the green and red dyes, as a
function of time, are plotted in Figure 2C which reveals that complete mixing is achieved on a time scale of 10 s which is
also theoretically predicted by considering mixing of two kinds of lipids initially located in two respective hemispheres
[13,30].
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Figure 2 Fusion and subsequent lipid mixing of two GUVs mediated by an optically trapped gold nanoparticle.
(A) Schematic presentation of the experiment. Two GUVs labeled with different colored dyes are first selected for
fusion and brought together by optical trapping. Optical trapping of a gold nanoparticle at the interface between
the GUVs results in full fusion of the two GUVs. (B) Data showing an example of fusion of two GUVs labeled with
DiO (green) and TR-DHPE (red), respectively. Fusion is mediated by optical trapping of a d= 80 nm gold
nanoparticle. (C) Quantification of the intensity of the two GUVs during fusion. Lipid mixing is seen as dilution of
the two dyes into a larger area. The time scale of lipid mixing is 1-10 s. The figure is adapted with permission
from (Nano Letters 15(6), 4183-4188 (2010)). Copyright (2010) American Chemical Society.
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During membrane fusion mixing of the aqueous contents also occurs. The content of one vesicle can be completely
delivered to a target vesicle. This is an experiment that has great implications for understanding the mechanism behind
drug delivery to cells [31] and it has applications in exploring chemistry in tiny compartments. To visualize the mixing
of the compartments of two GUVs, which are selected for fusion, we load one of the GUVs with the aqueous dye calcein
as depicted in Figure 3A. By triggering fusion with an optically trapped gold nanoparticle we observe immediate dilution
of the calcein dye into the lumen of the fused vesicle as imaged by confocal microscopy in Figure 3B. The diffusion
constant of calcein molecules in water has been measured to 333 + 117 um?*s [32] which supports the rapid mixing of
the two solutions which occurs on a time scale of 1 s, see Figure 3C.
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Figure 3 Fusion and content mixing of two GUVs mediated by optical trapping of a gold nanoparticle. (A)
Schematic presentation of the experiment showing two GUVs with membranes labeled by a red dye and the
lumen of one GUV labeled with a green aqueous dye. Fusion is mediated by positioning the GUVs side by side
using an optical trap and subsequently a gold nanoparticle is trapped at the interface between the GUVs to
mediated full fusion of the adjacent membranes. (B) Experimental data showing fusion of two GUVs by optical
trapping a gold nanoparticle (4= 80 nm) at the interface between the GUVs. Upon fusion the calcein in one of the
GUVs mixes with the unlabeled lumen of the other GUV. Membranes are labeled using TR-DHPE (red) and the
lumen of the lower GUV contains the aqueous dye calcein. (C) Quantification of the lumen intensity inside the
blue and red rectangles depicted in the first image in (B). The intensities converge to the same level over a time
scale of ~1 s.

The experiments in Figure 2 and Figure 3 demonstrate that GUVs can be fused and also be used for controlling lipid and
lumen composition of the fused vesicle. This ability has interesting possibilities in biophysical applications in which
protein binding to membranes occurs on the inside of membranes (for example inside cells) and only to negatively
charged lipids. The protein domain used in the current study is the - BAR domain from the ABBA protein which is a
convex shaped dimeric membrane protein [33] which transforms flat membranes into tubular structures. The molecular
curvature of the domain is imposed on the soft membrane which has implications in cellular structures like filopodia [33,
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34] and membrane ruffles [15]. Indeed, when the protein is added to the outside of GUVs we see membrane tubes of
uniform diameters protruding into GUVs as shown in Figure 4A [35]. These tubes have been investigated with respect to
width and stiffness and were found to have a diameter of ~50 nm and a persistence length of ~4 um [35].

However, to mimic the cellular settings with the protein binding to a GUV on the inner side of the membrane, the protein
needs to be encapsulated inside the GUV. Encapsulation of proteins and molecules has previously been accomplished by
simply suspending the protein in the solution which is used to hydrate the lipid film during formation of the GUVs [36].
However, membrane binding proteins will bind to the lipids already during formation of the GUVs and could interfere
with the process of vesicle formation.

Optically controlled fusion allows proteins first to be encapsulated inside GUVs composed of zwitterionic lipids (overall
neutral charge) and subsequently to be transferred to GUVs containing a fraction of negatively charged lipids which
promote binding of the protein as schematically depicted in Figure 4B. Therefore, we first mix the I-BAR with the
solution used to hydrate a lipid film consisting of neutral DOPC lipids and trace amounts of membrane dye, FAST-DiO.
I-BAR containing GUVs are then optically trapped and located next to GUVs containing 40% DOPS lipids 59% DOPC
lipids. Optical trapping of a gold nanoparticle at the contact site between the two GUVs causes mixing of the -BAR
solution into the negatively charged GUV containing DOPS lipids and binding to the membrane causes the membrane to
form tubules as shown in Figure 4C [13].

v |-
A 7 I-BAR

PS PC

Near Infrared
laser

Figure 4 A biophysical application of hot nanoparticle mediated membrane fusion involving membrane shaping
by I-BAR domains. (A) I-BAR domains are peripheral membrane binding domains which can bind
electrostatically to negatively charged membranes. The right image shows tubular invaginations following
exposure of the outer surface of the GUV to I-BARs (2.3 nM). Tubes form due to the convex shape of the protein
binding surface. The I-BAR is tagged with yellow fluorescent protein (YFP) which labels both the GUV
membrane and the tubular invaginations. (B) Schematic representation of an experiment with I-BARs contained
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initially within neutral GUVs and subsequently transferred to GUVs with negatively charged membrane by hot
nanoparticle mediated fusion of the two GUVs. Following lipid and lumen mixing the I-BAR binds to the
negatively charged surface inside the fused GUV. (C) Experimental data showing fusion between a neutral GUV
containing I-BAR with a GUV composed of negatively charged lipids (40% DOPS). After fusion a tubular
protrusion is observed in the last image (White arrow). Membranes are labeled with DiO (green) and TR-DHPE
(red), respectively. The images in (C) are reused with permission from (Nano Letters 15(6), 4183-4188 (2010)).
Copyright (2010) American Chemical Society.

4. DISCUSSION

Optical control of membrane vesicles combined with plasmonic heating provides a useful strategy for manipulating
distinct membrane compartments in a highly controlled and selective manner. Individual GUVs are selected in a
microscope chamber and readily trapped by a focused laser beam and subsequently positioned next to a target GUV [13].
By having gold nanoparticles suspended in solution with the optical trap turned on and positioned at the contact zone
between the GUVs fusion occurs after a certain waiting time which depends on the concentration of nanoparticles in
solution.

This technique is particularly promising due to the fact that high temperature increases of 100-200°C, are obtained at the
surface of the particle whereas the heated region is extremely localized and only extends a few hundred nanometers away
from the nanoparticle surface. Beyond this distance the temperature increase is below ~20°C and continues to decay with
distance from the particle. The extent of the heated region can be conveniently tuned by altering the particle size and
regulating the laser power. Here, we have focused on the use of d = 80 nm gold nanoparticles which provide significant
particle temperatures upon near infrared irradiation (Figure 1B,D, top panels), however, as shown in the bottom panels in
Figure 1B,D, larger gold nanoparticles with d = 150 nm can heat substantially larger areas. This offers new and
unexplored possibilities to perform fusion with smaller nanoparticles which have a higher photothermal efficiency and
hence could mediate fusion with even more localized heating with consequent less biological damage. Increased
absorption can be achieved with more absorptive materials or alternatively by designing the particle shape to achieve
strong resonance between the surface plasmons in the particle and the infrared light [37-39].

The level of control achieved over membrane fusion makes this technique highly attractive with respect to research in
drug delivery to cells if fusion can be carried out between a GUV and the plasma membrane of cells. However, fusion of
large vesicles to cells involves transferring large volumes of sucrose solution to cells which could compromise the
viability of cells. Therefore, this technique needs to be further developed to allow fusion of smaller vesicles.

Controlled mixing of membrane compartments with diameters of ~10-20 um allows chemistry to be performed between
picoliter volumes while confocal imaging can be used to visualize the mixing of the two lumens with time resolution of
~0.1 s. Faster imaging could also be applied if the imaging modality is compatible with optical trapping. Further
development of the technique to allow fusion of ~1 um vesicles would allow chemistry to be studied at femtoliter
volumes.

Biophysically the strategy of fusing GUVs with different membrane compositions opens up a variety of possibilities for
exploring lipid mixing, membrane phase behavior and also for investigating membrane interaction with peripheral
membrane proteins. Here, we have provided one example where I-BAR proteins were first encapsulated in an inert GUV
and subsequently transferred to a GUV where membrane composition allowed electrostatic binding of the protein to the
membrane (see Figure 4). The fusion strategy demonstrated here has great potential for studying assembly of
cytoskeletal systems like actin filaments in a confined environment. Encapsulation of actin monomers in one GUV and
encapsulation of polymerizing factors (ATP, salts etc.) and actin binding proteins (cross-linkers like fascin [40] or a-
actinin [41]) in a target GUV allows investigation of actin polymerization and network or bundling formation in real time
inside small compartments which have the same dimensions as cells [42].
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5. CONCLUSION

Plasmonic heating of optically trapped gold nanoparticles was used to mediate fusion between selected membrane
vesicles. Resulting lipid and content mixing was readily monitored by using a confocal microscope in conjunction with
the optical trapping. The membranes and lumens of the two respective GUVs were labeled with appropriate fluorophores
which allowed us to quantify the mixing time scales of the membranes and lumens. As an application we demonstrate
how the technique can be applied in novel biophysical experiments to explore the effect of curvature inducing proteins
on membranes. Finally, we note that the current technique contains an undepleted potential for further development with
more advanced trapping schemes [43-45] permitting parallel trapping of several biological specimens, including living
cells, in conjunction with fluorescent imaging.
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