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Abstract

The diverse physical properties of membranes play a critical role in many membrane associated
biological processes. Proteins responsible for membrane transport can be affected by the lateral
membrane order and lateral segregation of proteins is often controlled by the preference of
certain membrane anchors for membrane phases having a physically ordered state. The dynamic
properties of coexisting membrane phases are often studied by investigating their thermal
behavior. Optical trapping of gold nanoparticles is a useful tool to generate local phase
transitions in membranes. The high local temperatures surrounding an irradiated gold
nanoparticle can be used to melt a part of a giant unilamellar lipid vesicle (GUV) which is then
imaged using phase sensitive fluorophores embedded within the bilayer. By local melting of
GUVs we reveal how a protein-free, one component lipid bilayer can mediate passive transport
of fluorescent molecules by localized and transient pore formation. Also, we show how tubular
membrane curvatures can be generated by optical pulling from the melted region on the GUV.

This will allow us to measure the effect of membrane curvature on the phase transition

temperature.

Online supplementary data available from stacks.iop.org/NANO/25/505101/mmedia
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1. Introduction

Plasmonic heating resulting from irradiation of metal nano-
particles using resonant light has become a useful tool for
localized thermal induction of heat in biological materials.
There are huge prospects for this technique in photothermal
therapy [1], but also for investigation of thermal effects at the
molecular level on specific heat sensing proteins [2] or the
exploration of local heat effects on membranes [3, 4]. The
thermal properties of membranes have been studied for dec-
ades and only recently has it become possible to experi-
mentally probe the thermal response of a membrane to a local
heat gradient using optical trapping of metal nanoparticles as
heat probes [3—6]. Such an experimental assay provides a tool
to investigate recent theoretical predictions regarding the

0957-4484/14/505101+08$33.00

behavior of biological systems existing within temperature
gradients [7].

Membrane permeability is well known to be enhanced
during the main melting transition of lipid bilayers [8—10].
However, little is known about the nature and mechanism of
this leakage. Measurements have so far been performed using
electrical conductance measurements across flat black lipid
membranes (BLMs) [11, 12]. BLMs can contain remnants of
organic solvents used in the formation process which can
potentially influence the results. Fluorescence permeability
measurements have so far not confirmed the discrete events
detected in electrical BLM measurements. One reason for this
could be that transient fluorescent signals from permeability
measurements are difficult to detect due to the rapid diffusion
and consequent dilution of dyes.

© 2014 I0P Publishing Ltd  Printed in the UK
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Figure 1. Setting up coexisting fluid and gel phases on a single GUV for studying membrane permeability. (A) Schematic depiction of an
optically trapped d =80 nm AuNP close to a GUV made from DC;sPC which is gently adhered to a passivated glass surface. The GUV has a
phase transition temperature of 7,,=33 °C. The region within the annular ring corresponds to the membrane area that exists within the

transition region (AT ~ 1 °C). The GUV stays in gel phase further away whereas the proximal part of the GUV is fluid. A leakage of calcein
dye (green hazy disk) is depicted centered on the surface of the GUV. (B) Data showing detection of a leakage event. During leakage the
calcein dilutes and de-quenches to yield a powerful burst in intensity. The red dashed circle marks a melting distance within the annular ring

also depicted in (A). The scale bar is 5 ym.

Here we show how membrane permeability can be
measured using fluorescence in conjunction with localized
heating of GUVs using an optically trapped gold nanoparticle
(AuNP). The fluorescent assay includes self-quenched calcein
within the GUVs which dequenches during permeation across
the GUV membrane and consequently gives a powerful burst
in intensity that lasts up to a few seconds depending on the
life-time of the pore event [4]. By using membrane incorpo-
rated phase sensitive dyes we can clearly visualize the melted
region and confirm that melting actually takes place within
the membrane.

We demonstrate the versatility of this assay and show
how membrane tubes can be pulled from the fluid part of the
membrane by combining optical heating with optical pulling
in a dual trap system. This assay will provide the possibility to
regulate the curvature and membrane phase within the same
GUYV and hence the effect of curvature on the membrane
phase transition temperature can be investigated. Finally, we
show how a local liquid disordered phase can be established
on a tube pulled from a GUV existing in a liquid ordered
phase, thus creating phase domain interfaces on a highly
curved bilayer without fissioning of the tube.

2. Results

2.1. Localized melting of GUVs

Giant unilamellar lipid vesicles (GUVs) composed of
DC,sPC (T,,=33°C) were locally heated using optically
trapped AuNPs with a diameter of 80 nm. By changing the
distance between the GUV and the nanoparticle, a transition
zone was established on the GUV which allowed us to study
permeability, as shown in figure 1.

As areporter for permeability changes and phase changes
within the GUV membrane we use the aqueous dye calcein
and two different phase sensitive fluorescent markers: laurdan
and di-4-ANEPPDHQ, respectively. Calcein, which was used

for detecting bilayer permeation, was encapsulated at self-
quenched concentrations (up to 80 mM) but with significant
variability in the encapsulation efficiency among the different
GUVs. A typical image of the variability in encapsulation
efficiency is shown in figure 2(A). GUVs containing calcein
at self-quenched concentrations have a characteristic dark
center region surrounded by a brighter peripheral region. The
dark regions are caused by attenuation of excitation light due
to absorption as it travels through the lumen of the GUV
containing high concentrations of absorbing calcein. This
effect is less pronounced at the peripheral regions due to the
curvature of the GUVs.

To visualize the fluid region of a gel phase GUV we used
the potentiometric dye, di-4-ANEPPDHQ, which incorpo-
rates predominantly into more disordered domains of GUVs
[4, 13], as shown in figure 2(B). We did not measure a sig-
nificant incorporation of the dye into the gel phase but found
that the fluorophore incorporated directly from solution into
the disordered fluid phase.

Lipid bilayers exhibit radically different hydration levels
in gel and fluid phases [15]. To verify that the locally heated
region as shown in figure 2(B) is in fact in fluid phase we
measured the degree of hydration using laurdan which senses
the hydration level of the bilayer. Laurdan exhibits a 50 nm
spectral red shift in non-polar versus polar environments [15].
Since laurdan does not exhibit lateral partitioning it is pos-
sible to measure the spectral shift by quantifying the relative
intensities from the spectral regions defined as: 1450460 (Ig)
and I461_s530 (Ir) respectively. In gel phase laurdan will pre-
dominantly emit in the region from 420-460 nm whereas in
fluid phase the laurdan emission will red shift leading to an
increased intensity in the wavelength interval 461-530 nm.
This can be expressed as a single parameter called the gen-
eralized polarization G,

Iz — 1
Gp= BT R

= . 1
I+ IR @
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Figure 2. Fluorescent markers used for detecting permeability and co-existing phases originating from local heating. (A) Encapsulation of
calcein within GUVs at self-quenching concentrations (maximum concentration, ¢ =80 mM). A dark region surrounded by a bright intensity
indicates a high degree of self-quenching. GUVs containing variable concentrations of calcein, as well as multilamellar vesicles and lipid-
aggregates are seen in the sample chamber. GUVs are labeled with the red membrane dye TR-DHPE. (B) Clear visualization of the extent of
the fluid phase using di-4-ANEPPDHQ (red color) which strongly partitions into the fluid phase. (C) The environmentally sensitive
fluorescent dye laurdan reveals the level of hydration within the bilayer. Top images show a GUV in gel phase at T'~25 °C (scale bar is
5 pm). Bottom images show a GUV which is locally melted. The top and bottom right images show a plot of the G, values based on
equation (3). The melted region has lower G,, values than the region which is still in gel phase thus revealing the increased level of hydration
which is a signature of the fluid phase. (D) A line scan across the GUV at T~ 25 °C (upper figure) and after local melting of the GUV (lower
figure). The intensities in the two channels are shown by the blue squares (/g) and red circles (Ig), respectively.

The Gp value is thus a normalized range of values
between 1 to —1 with smaller and negative values indicating
deeper hydration of the bilayer and hence more fluid bilayers.

We measured the spectral shift of laurdan while trans-
lating a hot AuNP gradually closer to a GUV that was initially
in the gel phase, as shown in the overlay in figure 2(C) (left
panels). Initially the G,, values of the GUV are close to O (see
figure 2(C), upper right) but as the AuNP approaches the left
side of the GUV a clear shift can be detected towards lower
G,, values on the left side of the GUV, see lower right panel in
figure 2(C), thus verifying that the bilayer is indeed becoming
more fluid. A quantification of the relative intensities within
the intervals, Iz and Iy is shown in figure 2(D) as an average
line scan (70 pixel lines) across the GUV before (upper panel)
and after heating (lower panel). After local heating of the left
side of the GUV a decrease is measured for the intensity in
both channels but the decrease is more significant in the blue
intensity channel, Ig, revealing that the bilayer has become
more fluid.

2.2. Membrane pores exist in melting GUVs

Membranes undergoing a phase transition exhibit an anom-
alous high permeability which is thought to occur at the

interface between co-existing gel and fluid nanodomains in
melting membranes. We investigated the nature of this per-
meability by locally melting GUVs, containing self-quench-
ing concentrations of calcein dye, by using the experimental
setup depicted in figure 1. When the gel phase GUVs were
locally heated above the phase transition temperature, Ty,, we
measured transient and local efflux of the calcein which was
detected as a local burst in intensity, see figure 3(A). The
pores were transient as could be verified by quantifying the
intensity over time at a fixed distance away from the GUV,
see figure 3(B). The intensity in figure 3(B) shows an initial
increase followed by decay in intensity, thus indicating that
the pore has closed. By comparing data, as shown in
figure 3(B), with the expected concentration of molecules
predicted from Fick’s second law of diffusion for an instan-
taneous point source, we have previously shown that the pore
lifetimes of these events were on the order of 100 ms [4].

2.3. Pulling membrane tubes from melted regions

Pulling of membrane tubes from GUVs has been previously
used for studying effects related to membrane curvatures.
Membrane tubes are readily formed from fluid phase GUVs
and together with micropipette aspiration for regulating the
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Figure 3. Transient and local permeability detected in a locally melted GUV. (A) Image sequence showing the dilution and de-quenching of
calcein due to a local pore formation in the GUV membrane. The location of the optically trapped gold nanoparticle is indicated in the first
image by a white arrow. Scale bar is 5 ym. (B) The intensity is quantified within a ROI positioned 5 ym away from the transient pore on the
GUYV. The position of the ROI and AuNP is indicated by the square and arrow, respectively, in the first image of figure 3(A). The single peak
indicates a single and transient pore formation in the GUV membrane.

membrane tension it is possible to obtain tubes with a spec-
trum of curvatures on which curvature sensing of protein
binding can be investigated [16]. However, due to the rigidity
of the gel phase it has not, until now, been possible to extract
tubes from gel phase GUVs. The force needed to hold a
membrane tube is given by [2]

f=2z20x , 2)

where o is the membrane tension and « is the bending rigidity
of the membrane. x has been measured for gel phase bilayers
to be 57 KgT (KB is the Boltzmann’s constant) for DPPC
bilayers [17] whereas o depends on osmotic pressure and the
relative expansion of the bilayer due to aspiration or surface
adhesion. According to equation (2) the force at a tension of
e.g., 6=0.02mN m~!, will be ~19 pN, however it is well
known that tube formation also involves a barrier for for-
mation which scales with the size of the adhesion patch
between the particle and the membrane [21]. This barrier can

easily reach tens of pN for fluid phase GUVs and for gel
phase GUVs this barrier can be higher than what optical
tweezers typically can deliver (f,ax ~ 200 pN).

We therefore pulled membrane nanotubes from the fluid
part of GUVs that were locally melted using a hot AuNP as
shown schematically in figure 4(A). By combining optical
heating (figure 4(B)) with optical pulling we could locally
melt a GUV using an optically trapped AuNP and subse-
quently use a second trap to pull a membrane nanotube using
a 4.95 ym polystyrene bead as shown in figure 4(A). The
polystyrene bead was conjugated with streptavidin and the
GUYV contained a low fraction of biotinylated lipids to facil-
itate specific binding. The melted region was visualized by di-
4-ANEPPDHQ (see figure 4(C)) and the nanotube was
extruded from this region to a length exceeding 10 ym. In
figure 4(D) we also used Texas Red DHPE (TR-DHPE) to
show a more uniform labeling of the GUV and tube mem-
brane. Although TR-DHPE has a preference for fluid regions
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Figure 4. Tube pulling from local fluid regions within gel phase GUVs allows for studying membrane curvature effects on phase transitions.
(A) Schematic diagram of tube pulling. An optically trapped AuNP is used to generate a fluid phase on the GUV and subsequently another
trap holding a d=4.95 ym streptavidin coated polystyrene bead is used to pull out a membrane tether with d ~ 100 nm and thus with a

curvature of C~ 1/50 nm™". The curvature of the GUV was typically three orders of magnitude lower, thus C ~0 nm™". (B) The profile of the
heating zone generated by the irradiated AuNP. The dashed circle in (A) and (B) marks the distance from the AuNP where the temperature
equals the phase transition temperature, T, =33 °C of the lipids. (C) Membrane tether and fluid region are imaged using di-4-ANEPPDHQ.
The arrow indicates the location of the optically trapped AuNP. Scale bar is 5 yum. (D) Imaging of the membrane tether and GUV system
using the Texas Red DHPE lipid dye. The yellow arrow indicates the location of the optically trapped AuNP. The tube could be extended
such that the temperature at the tip region was below T}, indicating that curvature affects the melting point of the tether. Scale bar is 5 ym.

it does not exhibit lateral partitioning on short time scales
since the fluorophore exhibits very low mobility in the gel
phase.

During nanotube extrusion we measure a uniform tube
radius along the whole tube strongly indicating that the whole
tube is in the same phase. Tube radius, R, membrane bending
rigidity, x, and membrane tension, o, are related by

K
R= \/% 3)

Since membranes are significantly stiffer in gel phase
than in fluid phase we would expect that co-existing phases
on the tube would have different radii. However, as shown in
figure 4(D), the tube radius stays relatively constant even
though the end of the tube reaches a distance where the
temperature is lower than the phase transition temperature.
Occasionally, when long tubes are pulled we observe fission
events which might be due to the onset of a tubular transition.
Future studies will show if an actual phase boundary induced
by a temperature gradient can be established on a tube made
from DC,sPC without fissioning of the tube.

The effect of curvature on membrane phase transitions
has been shown in bulk to result in lower melting

temperatures for highly curved bilayers [18]. The lower
melting transition can be rationalized in terms of outer leaflet
lateral stress upon significant bending of the membrane.
Future experiments will address the effect of curvature on the
transition temperature for membrane tubes and our aim is to
explore the effect of inducing local transitions which could, as
mentioned above, well lead to fission of the tube due to the
discontinuities between the elastic constants between the two
co-existing phases [19].

2.4. Thermal regulation of tube diameter

In traditional GUV/tube experiments the nanoscale diameter
is regulated by controlling the membrane tension through an
aspiration pipette [16]. However, temperature can also be
employed for changing the tube diameter simply by regulat-
ing the laser power of the optical trap holding the gold
nanoparticle, see figure 5(A). Initially, a substantial part of the
GUYV is melted by the heated gold nanoparticle (first image in
figure 5(A)) and by successively decreasing the laser power,
and hence the heating, we measure a decrease in the tube
intensity (figure 5(B)) which is linearly related to the tube
diameter. We note that the dye used in the experiment in
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Figure 5. Variation of tube diameter with temperature. (A) Optical
trapping of a gold nanoparticle (arrow) at decreasing laser powers
results in a decrease in the tube intensity which is proportional to the
tube diameter. See also supplementary movie 1. The GUV is labeled
with TR-DHPE which does not partition notably between phases for
this lipid mixture. (B) Quantification of the intensity as a function of
time. The steps which are barely detectable in the curve correspond
to sudden changes in laser power. Inset, intensity profile across the
lipid tube, at r=0s (blue curve) and at =90 s (red curve).

figure 5 (TR-DHPE) does not partition between the gel and
fluid phase on the time scale of this experiment and therefore
we can assume a linear dependence between intensity and
tube radius. An intensity profile across the initial and final
tube in the inset of figure 5(B) reveals a substantial decrease
in tube diameter. When the laser power is sufficiently low we
observe fission of the tube as shown in supplementary
information movie 1, available at stacks.iop.org/NANO/25/
505101/mmedia.

A change in tube diameter can be rationalized by looking
at the dependence of the radius on the bending rigidity as
given in equation (3). The bending rigidity in equation (3) has
been shown to change orders of magnitudes with small
temperature changes (<1 °C) close to the phase transition
temperature of DC4PC lipid bilayers [14]. Therefore, we also
expect significant changes to the radius of the tube according
to equation (3) for similar lipid bilayers made from DC;sPC.
Near T}, the lipid bilayer becomes extremely soft and the tube
becomes consequently thinner and eventually fissions due to
high curvature stress. We also note that membrane tension
regulates tube radius through equation (3) and that the
membrane tension does increase during cooling of the GUV/
tube system in figure 5 due to a significant shrinkage of
membranes during the fluid-to-gel transition.

2.5. Nanoscale domains by local heating of tubes

We also show how local membrane transitions can be
established on lipid tubes made from more complex mixtures
of lipids. Ternary mixtures of cholesterol, DPPC and DOPC

DPPC 4
DOPC ¥
(Cholesterol 4

DPPC ¥
DOPC 4
Cholesterol ¥

Optical
Trap

TR-DHPE

Reflection

Figure 6. Local phase transition generated on a lipid tube pulled
from a liquid ordered phase existing on a GUV made from DOPC,
DPPC and cholesterol. (A) Schematic depiction of the experiment
showing a local liquid disordered (/y) phase being generated on a
liquid ordered phase (/,). The [, phase is enriched in cholesterol
whereas the /4 phase contains more unsaturated lipids (DOPC). (B)
Local heating near a lipid tube results in transformation of the
membrane from /, phase to /; phase (arrow) and a consequent
enrichment of TR-DHPE in the nanoscale /4 phase. (C) Reflection
image of the same tube as in (B). The black region corresponds to
less reflection due to a smaller tube radius which is consistent with
the fact that /4 phase has significantly lower bending rigidity than the
I, phase and hence forms thinner tubes according to equation (3).
The bright spots are the trapped polystyrene particle and gold
nanoparticle (GNP) respectively. Scale bars in (B) and (C) are 5 ym.

can form GUVs containing two fluid phases with different
order which are not as mechanically different as the gel and
fluid phases presented in figure 4. In figure 6, a lipid tube is
pulled from a GUV composed from a ternary mixture of
DOPC, DPPC and cholesterol which contains co-existing
phases of liquid ordered (/) and liquid disordered (I;) phases
labeled with TR-DHPE which partitions strongly into the (/y)
phase. A tube is pulled from the [, phase and subsequent local
heating of the tube reveals a melting transition on the tube.
The increase in intensity in figure 6(B) results from the par-
titioning of TR-DHPE dye into the /; phase but imaging of the
tube in reflection mode [20] (figure 6(C)) reveals a dark
region, with no detectable reflection light, which shows that
the tube in fact becomes thinner at the region where local
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melting occurs. This is consistent with the fact that the tube
becomes fluid and hence attains a lower bending rigidity and
consequently a smaller radius according to equation (3).

3. Conclusion

We have shown how local heating can be applied to inves-
tigate the physical properties of membranes. A locally
induced membrane phase transition led to transient and local
permeation of encapsulated calcein molecules which was
detected as de-quenching of calcein as it left the interior of the
GUV. The local phase change resulting from the heat gra-
dient, established by the irradiated AuNP, was visualized by
environmentally sensitive fluorophores that either selectively
partition into the fluid phase or exhibit a spectral shift upon
melting. Finally, this assay will allow further investigation of
the interplay between curvature and phase transitions by
performing local melting on lipid tubes pulled from GUVs
being initially in an ordered phase.

4. Materials and methods

4.1. Sample preparation

GUVs were formed by using a standard electroformation
device (Nanion Technologies, Germany). A lipid film was
formed on an ITO coated glass slide and hydration was per-
formed at 7=50 °C which ensured that GUVs were formed
above the phase transition temperature, 7,,,=33°C. The
hydration solution contained either 600 mM sucrose (perme-
ability experiments) or 300 mM sucrose (tube experiments).
The GUVs were composed of 1,2-dipentadecanoyl-sn-gly-
cero-3-phosphocholine (Avanti Polar Lipids, 850350) and
0.3mol% 1,2-dihexadecanoyl-sn-glycero-3-phosphoethano-
lamine, triethylammonium salt (Invitrogen, T1395MP, Texas
Red DHPE) to label the vesicle membrane. Encapsulation of
calcein within the GUVs was achieved by incubating 85 mM
calcein (Invitrogen, C481) solution (adjusted to pH=7.2
using NaOH) with GUVs briefly at the phase transition
temperature (7, =33 °C) or alternatively in the fridge at 5 °C
for >12 h. For imaging the fluid part of the GUV we used
1 mol% di-4-ANEPPDHQ (Invitrogen, D36802). The relative
hydration level of the membrane was measured by including
0.5 mol% laurdan (Invitrogen, D250) in the lipid mixture. The
three dyes were used in separate experiments and were pre-
mixed with the lipids in chloroform. After the formation of
the GUVs we noticed that the phase sensitive dye di-4-
ANEPPDHQ does strongly partition into the solution when
the GUVs were incubated below the phase transition tem-
perature. However, after melting the GUV locally, the dye
(which has a very low quantum yield in solution) strongly
partitioned into the fluid phase of the GUV. In permeability
experiments, the GUVs were allowed to settle on a clean glass
coverslip, passivated with BSA or a-casein (Sigma Aldrich),
in a solution that was iso-osmolar with the inside solute
concentration (calcein, sucrose and NaOH). The remaining

dye was carefully diluted from the sample by pipetting. In the
permeability experiments 300 mM NaCl was used to balance
the osmotic pressure from the interior solution. AuNPs
(d=280nm) were purchased from British Biocell International
(British Biocell International, BBI). Tubes were pulled by
using streptavidin coated polystyrene beads, purchased from
Bangs Laboratories, with a diameter of 4.95 ym.

4.2. Experimental setup

The setup included a dual optical trapping system
(A=1064 nm, Spectra Physics J201-BL-106C) coupled into a
confocal fluorescence microscope (Leica SP5) equipped with
a water immersion objective (Leica, PL APO NA: 1.2, 63x)
and a piezo electric stage for translating the sample (PI
731.20, Physik Instrumente, Germany). One of the laser traps
could be controlled by a piezo mirror (Mad City Labs)
allowing a trapped AuNP to be positioned near the GUV or
near the membrane nanotube. In the permeability assay we
continuously decreased the distance between the AuNP and
the GUV at 100 nms™'. AuNPs were imaged using an argon
laser line (A=514nm) and by collecting the backscattered
light using an acousto optical beam splitter [20]. Excitation of
calcein and di-4-ANEPPDHQ was performed at 1=488 nm
and TR-DHPE was excited at A=594 nm. Fluorescent and
scattered light was collected using photomultiplier tubes.
Laurdan was excited at A =405 nm and the emission light was
collected using a HyD detector installed on the SP5 Leica
confocal system. Calcein plumes were recorded at 112 ms
time resolution to capture the dynamics of the permeation
events.

4.3. Data analysis

All data and image analysis was done in Matlab using the
Image Processing Toolbox.
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