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Abstract

Lipid vesicles are important biological assemblies which are critical to biological transport
processes, and vesicles prepared in the lab are a workhorse for studies of drug delivery, protein
unfolding, biomolecular interactions, compartmentalized chemistry, and stimuli-responsive
sensing. Optical tweezers, the current method for holding lipid vesicles in place for single-vesicle
studies, suffers from limitations such as high optical power, rigorous optics, and a small difference
in the refractive indices of vesicles and water. Herein we report the use of plasmonic heating to
trap vesicles in a temperature gradient, allowing long-range attraction, parallel trapping, and
dynamic manipulation. The capabilities and limitations with respect to thermal effects on vesicle
structure and optical spectroscopy are discussed. This simple approach allows vesicle
manipulation using down to three orders of magnitude lower optical power and at least an order of
magnitude higher trapping stiffness per unit power than traditional optical tweezers while using a
simple optical setup. In addition to the benefit provided by the relaxation of these technical
constraints, this technique can complement optical tweezers to allow detailed studies on
thermophoresis of optically-trapped vesicles and effects of locally-generated thermal gradients on
the physical properties of lipid vesicles. Finally, the technique itself and the large-scale collection
of vesicles has huge potential for future studies of vesicles relevant to detection of exosomes, lipid
raft formation, and other areas relevant to the life sciences.
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Introduction

A lipid is an amphiphilic molecule, generally with a charged headgroup and a long
hydrocarbon tail, of biological origin that is found in the membranes of cells in most
lifeforms. The membrane itself is composed of a bilayer of lipids oriented with the lipid
hydrocarbon chains interdigitated and a hydrophilic headgroup (which is normally charged)
facing outward towards an aqueous environment. Vesicles can serve as models for the
membranes of various different organisms based on the type and proportion of lipids, which
varies across species, organelle, and biological purpose. In addition, the complex
biomolecules found at or in the membrane, including proteins and glycolipids, can be
included in vesicle synthesis to study specific aspects of cell interactions and membrane
function. Phenomena such as bilayer rupture through the carpet model2, water pore
formation3-5, lipid flip-flop, lipid clustering®, and lateral diffusion’ can be studied using
vesicles in order to understand specific mechanisms of membrane conformational dynamics
and interactions to complement experiments in living cells. In addition, vesicles can be used
as containers for the study of enzymatic or other chemical reactions which can be induced
by vesicle fusion.8-10 Numerous sensing strategies have been devised based on the
interactions of fluorescently labeled lipids with the external or internal aqueous
environment, and release of cargo molecules can be achieved upon analyte binding or in
response to stimuli such as UV light.11 Vesicles have also found applications as drug-
delivery systems due to their ability to ferry potentially toxic cargo to specific tissues and

biocompatibility which can be controlled by the vesicle composition and surface chemistry.
12-14

Since the start of the 215t Century, optical tweezers have become a useful tool for the
trapping and study of lipid vesicles.?®> While early work found morphological transitions and
expulsion of smaller vesicles induced by the laser illumination on the vesicle, numerous
studies since have shown its utility for studying phenomena such as dye release!® and lipid-
raft formation’ and allowing improved Raman and fluorescence spectroscopic
measurements.1”:18 Recently, Bendix and Oddershede et af/ have reported a number of
interesting studies of optically-trapped vesicles, including the selective fusion of lipid
vesicles through hot-nanoparticle mediated fusion.19-21 The manipulation of organelles
inside cells has also been achieved using optical trapping, opening up interesting
possibilities for in situ studies.22:23

Despite the success of optical tweezers in vesicle trapping, there are inherent limitations to
particle trapping with optical force. The main limitation with regards to vesicle trapping is
the dependence of optical trapping strength on differences in index of refraction, where
vesicles have nearly identical refractive indices relative to the surrounding media. In optical
trapping, vesicles are typically loaded with a high concentration of a solute such as sucrose
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to increase the difference in refractive index between the vesicle and the media. In addition,
the experimental setup involved for optical trapping can be quite grueling, requiring rigorous
optics and high operational power. Despite some recent advances in optical tweezing
techniques?#, attempts to overcome these limitations have been made. Recently plasmonic
tweezers, which generate localized plasmonic hot-spots to enhance near-field trapping, have
shown promise for optical trapping of nanoparticles while reducing the optical requirements
needed.25-27 Unfortunately, the localization of plasmonic hot spots needed for trapping
requires a surface with discrete metal nanostructures, which limits its use to a short-range
and does not provide much room for the implementation of dynamic manipulation.28

Recently, Lin and coworkers developed a number of novel approaches for trapping and
dynamic manipulation based on thermal and electric gradients induced by optical heating on
a plasmonic surface, enabling trapping and dynamic manipulation of different colloidal
particles as well as cells.2%32 In response to an applied temperature gradient VT, suspended
particles are subject to thermophoretic forces and migrate to the cold region (thermophobic)
or hot region (thermophilic) with a drift velocity u = —D1VT, where Dy is the
thermophoretic mobility. At 0.2 mW, near the upper limit of powers studied herein, thermal
gradients of VT, = -8.6 x 106 K/m and VT, = =3.6 x 10% K/m are created at the plasmonic
surface in the axial and radial directions, respectively.3! Through harnessing the
thermophilic migration of suspended particles under light-controlled temperature fields,
opto-thermophoretic tweezers can potentially overcome the limitations of optical tweezers.
29,3334 The key to achieve thermophoretic trapping is a negative sign of Dy, where the
suspended particles are driven from the cold region to the hot region.

The dominant mechanism of thermophoretic trapping involves the asymmetry of permittivity
(e) at the interface of a lipid bilayer upon encountering a thermal gradient, as discussed in
prior work.29 The interfacial solvent structure plays a significant role in the difference in
permittivity of bulk solvent and particle surface. In brief, entropy change in the electric
double layer resulting from thermal perturbation of the solvent at the interface of a vesicle
can be approximated as H(z) = Y(e + T de / T) E2 (), where E is a function of the surface
potential of the vesicle ¢ and the Debye length x~1described by E(2) = xC exp(-x2), and Zis
the distance from the membrane surface (Fig. 1b). In the case of water there tends to be a
significant layer of structured water at the particle interface, which in turn leads to a large
difference in permittivity, allowing entropy-driven thermophoretic trapping.3® The
thermophoretic drift of molecules, ions, and colloidal particles is directly related to the Soret
coefficient St, which describes thermophoretic mobility as St = Dy/D, where D is the
Brownian diffusion coefficient. Duhr and Braun have shown that for DNA and polystyrene
beads the Soret coefficient is given by the negative solvation entropy divided by kT.36
However, the Soret coefficient of suspended particles is still not fully understood as it is
highly system-specific, exhibiting rich behaviors at different temperatures, surface
chemistries, ionic strengths, solute concentrations, etc3’. A recent study by Talbot et al.
determined St of different pure and mixed lipid vesicles of different compositions, and
though the relationship between headgroup chemistry and St was established, there was still

no correlation found between C-potential and St even within vesicles of the same lipid type.
38
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The previous study of cell trapping was carried out using both £. coli and yeast cells with a
size range of 5 — 10 um, where yeast cell walls are coated with mannoprotein and pglucan
and chitin, atop a cell membrane composed largely of neutral lipids with the
phosphatidylcholine (PC) headgroup and sterols, and £.co/i have an anionic outer cell
membrane composed primarily of anionic phosphatidylglycerol (PG) and zwitterionic
phosphatidylethanolamine (PE) lipids. Despite their differences in surface chemistry, similar
trapping was observed for both cell types in the previous study.3! Opto-thermophoretic
trapping of these cells was attributed to the abnormal permittivity gradient due to the
adsorption of water molecules on the membrane with specific orientation induced by the
temperature gradient, as discussed in the previous paragraph.2® Vesicles represent small
biological particles with a near-negligible refractive index contrast which can be used for
both cargo delivery and biophysical studies. Furthermore, their surface chemistry, size, and
internal contents can be carefully controlled, something that is generally not possible with
actual cells, providing a means to study size and surface chemistry effects on thermophoretic
trapping and Soret coefficient.

Herein, anionic PG phospholipid vesicles were prepared and suspended in pure water over a
plasmonic substrate, and thermal gradients induced by laser heating on the plasmonic
substrate were used for attracting, trapping, and dynamic manipulation of the vesicles (Fig.
1). Zwitterionic and cationic vesicles were also tested and were found to undergo
thermophoresis toward the cold region, giving the laser heating spot a repulsive effect
(Figure S1). The long-range attraction of vesicles was also demonstrated to lead to a
concentrating effect over a radius increasing with optical power, suggesting that this method
could find use in miniaturized preconcentrators for lab-on-chip analysis of biogenic vesicles
such as exosomes. In addition, the fluorescence spectra and photobleaching of vesicles
loaded with the organic dye Rhodamine 101 and CdSe-CdS core-shell quantum dots (QDs)
were measured using the heating laser for both trapping and excitation of the fluorophore.

This work presents a novel approach to facile manipulation of lipid vesicles, however the
thermophoresis of vesicles toward the hot region is currently only achievable with the
anionic lipid DOPG.38 While the method reported here is a flexible and facile approach to
trapping, manipulation, and spectroscopic characterization of trapped anionic liposomes, this
is only the first report of opto-thermophoretic trapping, arbitrary control, and large-scale
collection of lipid vesicles. Herein we describe the first examples of single-vesicle trapping
and manipulation based on thermophoresis, freeing us from the need for a difference in
refractive index between the inside and outside of the vesicle as in optical tweezers. In
addition, the dual purpose of the low power laser for both thermophoretic trapping and
excitation of loaded fluorophores suggest future utility in lab-on-a-chip type analysis. This
study sets the stage for extension of this technique to lipids with different headgroup
chemistry, control of endogenous lipid bodies such as exosomes, and large-scale collection
and separation of different lipid types via tailoring of thermal gradients resulting from
optical heating (or cooling) of the substrate. Furthermore, analysis of the effects of
plasmonic heating at different powers on vesicle structure reveals the working limitations of
the technique and serves as a guide for future research using this approach.
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Results and Discussion

Single Vesicle Trapping

Irradiation of a plasmonic surface with a 532 nm laser power of 0.216 mW with a spot size
of 2 um has been previously shown to establish a thermal gradient of 0.5 — 3 x 10’ K m™1
with a ~12 K difference between the hot and cold regions.32 The Soret coefficient St, first
described by Ludwig and Soret, is a measure of the degree of separation of a species under a
thermal gradient, defined by the thermophoretic mobility Dt divided by the diffusion
coefficient. 3341 A 1 um DOPG vesicle has a Soret coefficient St of —0.2 to —0.4 K1
between 20 and 30 00b0C, where DOPC vesicles have a Soret coefficient of ~ 0.2 K=1.38 |t
was originally expected that the cationic surface charge of DOTAP vesicles, of which the
thermophoretic mobility has not been studied previously, would provide some
optothermoelectric field as observed with CTAC micelles and CTAC-coated metal
nanoparticles by optothermoelectric nanotweezers.32 However, the temperature gradient
leads to the repulsion of DOTAP vesicles from the laser spot similar to DOPC vesicles
(Figure S1). Following this finding, we focused our efforts on the trapping of anionic
vesicles composed of DOPG in pure water. As little as 0.1 mM of NaCl strongly reduced
thermophoresis of DOPG vesicles in our experiments, and Soret coefficients in general have
been shown to be strongly reduced by the presence of ions in solution.#2:43 The strength of
trapping was determined by analyzing the variance o of a trapped vesicle due to Brownian
motion while the beam is kept in a fixed position, and can be calculated by x = (2kgT)/o?,
where kg is Boltzmann’s constant, and T is the temperature.** An example of the
measurement of trapping stiffness can be seen in Figure 2b-d.

In Figure 2b-d we can observe several interesting trends in the trapping stiffness. First, the
laser power and trapping stiffness show a strong linear correlation (Fig 2d). It has been
previously reported with polystyrene microparticles and noble metal nanoparticles that
increased optical power gives an increase in thermophoretic trapping stiffness, a logical
finding considering the power directly relates to the magnitude of the thermal gradient. The
Soret coefficient of particles increases with particle size, which has been largely attributed to
interfacial interactions with the surrounding solvent.*® Indeed, the interfacial interactions
with solvent are deemed to be the primary driving force for thermophoresis3®, and a surface
coating or surfactant layer which “unifies” the surface chemistry allowed Braibanti et a/. to
determine that thermophoretic mobility D is actually the same across particle sizes.
Furthermore, a recent study by Wirger demonstrated the size dependence of the Soret
coefficient by plotting extant reported data as St/ragainst rto reveal a linear correlation
(where ris the radius of the particle).4® As the Soret coefficient increases with particle size,
it is reasonable that we observe increased trapping stiffness with larger vesicle diameters
(Figure 2d).47

Other than the dependence of Soret coefficient on particle size which largely dictates the
trapping stiffness*>47, the increased trapping stiffness with vesicle size can be attributed to
two effects, the hydrodynamic boundary (or near-wall) effect and brownian motion.
Assuming that the vesicle-substrate gap is the same for all vesicles, then the larger vesicles
experience a larger enhancement of the trapping stiffness due to enhancement of the Soret
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coefficient in the vicinity of the hydrodynamic boundary.*® This effect has also been
previously observed by Guan et a/. in near-field optical tweezers, and thus a similar effect is
expected in the present case.*® Brownian motion of particles is affected by the mass of the
particle, where in our case the larger vesicles exhibit less Brownian motion than the smaller
ones.*® This in turn leads to a greater effective trapping stiffness, as the position of the larger
vesicles deviates less from the beam center than the smaller ones. Finally, two effects may
play a minor role on vesicle trapping. First, as the generation of the thermal gradient occurs
at the plasmonic surface, smaller vesicles may experience slightly higher thermal gradients
due to their radii being in closer proximity to the surface than the larger vesicles, however in
the size range of vesicles studied (1-4 um), this effect is likely overcome by the other
mechanisms stated above. Finally, the scattering force of the laser can lead to trapping, as
this is the mechanism employed by optical tweezers. However, at the low powers (<0.5 mW)
studied, and with the low refractive index contrast present in our vesicles which have a
similar refractive index both inside and out (same media), this effect is negligible.

The trapping stiffnesses measured in this study are within an order of magnitude of those of
Bendix and Oddershede, where a 1.2 pm vesicle was trapped with a stiffness of 11.5 pN/um
and an 130 nm vesicle with a stiffness of 3.2 pN/um.29 However, the powers needed in their
study to achieve trapping of a 1.2 and 0.13 um vesicles were 170 mW and 850 mW (1064
nm laser), respectively, which is 4-5 orders of magnitude higher optical powers than used
herein. Therefore, normalizing for optical power, we are able to achieve stable trapping of a
1 um vesicle with a stiffness of 805 pN/um/W (Fig. 2d), compared with a 1.2 um vesicle in
the aforementioned study at 67.6 pN/um/W, resulting in at least an order of magnitude
increased trapping stiffness per unit power. This significantly reduced power enables a much
more flexible optical and experimental design, and does not require a refractive index
contrast between the vesicle contents and the surrounding medium as in optical tweezers.
The simple optical setup also allows control of the heating laser with the microscope stage
controls. Furthermore, the use of a digital mirror device (DMD) allows dynamic control of
the beam configuration, including shape and number of beams. In Figure 3 examples of
vesicle capture, movement, and separation of a single vesicle from a cluster are shown.

A vesicle within a certain radius of the beam, related to the magnitude of the thermal
gradient and thus optical power, is drawn to the center of the beam by thermophoresis (Fig.
3a). Once trapped at the beam center with a trapping stiffness related to beam power and
vesicle size (Fig. 2a), the vesicle can be moved arbitrary directions and distances at a speed
which correlates to the trapping stiffness. Trapping stiffness scales linearly with maximum
possible speed of vesicle movement. Finally, turning off the optical heating laser results in
the immediate breakdown of the temperature gradient, and subsequently, the permittivity
gradient resulting from the difference in solvent structure at the hot and cold sides of the
vesicle. This results in the particle being “released”, after which it wanders under the
influence of Brownian motion (Figure 3b).

The control of the vesicle using opto-thermophoretic trapping allows arbitrary control over
the translation of the vesicle along the plasmonic surface. As an example, a single 0.5 um
vesicle was trapped by one of two beams formed by the DMD, and the two beams were then
rotated about the central point equidistant to their initial position. This resulted in the
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movement of the 0.5 um vesicle in a clockwise direction to make a complete circle (Fig. 3b).
Also, thermophoresis was used to separate a 2 um vesicle from a cluster with 3 and 4 um
vesicles (Fig. 3d). Some dragging of the other vesicles in the progress of separation
occurred, but the 2 um vesicle was able to be cleanly separated from the cluster. While this
suggests that single vesicle trapping could be complicated by the attraction of other nearby
vesicles, the low power used for trapping can largely prevent this. Separation of aggregated
vesicles allows manual sorting and identification of the vesicle contents through optical
spectroscopy, which is discussed further on.

Multiple Vesicle Trapping and Dynamic Manipulation of Vesicles

While trapping with a single beam can be useful, a controllable multi-beam setup can enable
the study of vesicle-vesicle interactions and processes involved in vesicle fusion. In this
study, a digital micromirror device (DMD) is used to form arbitrary beam shapes and
manipulate them in real time, allowing multi-particle dynamic control. This approach has
been successfully used for dynamic manipulation of particles and cells by opto-
thermophoresis. In this study, the parallel trapping, controlled movement, and release of
DOPG lipid vesicles of different sizes was achieved (Figure 4). Furthermore, parallel
trapping was used to bring vesicles near to each other and them pull them apart, which is of
great interest for future studies of vesicle interactions.

Snapshots of the approach of two 2.5 um lipid vesicles is shown by dark-field microscopy in
Figure 4a. The vesicles are then separated to their original positions by adjusting the beam
locations in real time using the DMD software (Figure 4b). One can observe that there is
some adhesion of the vesicles which results in a snapping response when the vesicles are
finally separated (between 0 and 0.6 s, Figure 4b, or 45.5 and 45.8 s of Video S3). The
ability to dynamically control the spatial relationship between two lipid vesicles enables
numerous possible studies related to lipid fusion, biomolecular binding, protein unfolding,
controlled drug delivery, and compartmentalized reactors.

Long-range Collection and Concentration of Vesicles

Thermophoresis of particles over long ranges can be achieved, where the velocity is
dependent on the size and thermophoretic mobility of the particle. To study the influence of
optical heating power on the attraction velocity of vesicles at different distances from the
laser spot, vesicles were extruded to a size of 1 um and the power was varied from 0.27 to 1
mW. Interestingly, large fluctuations in velocity were observed across different vesicles of
the same diameter, though the average does show a recognizable trend of higher optical
powers leading to both increased velocity overall across a greater distance (Figure 5a,b). The
variations in velocity between different vesicles of the same diameter are likely the result of
local viscosity changes and changes in the separation distance between the vesicle and the
plasmonic surface, both during the attraction to the laser spot and at the start of the
measurement. Furthermore, the dependence of the velocity of attracted vesicles on the power
of the heating laser can be clearly observed in the difference in collected vesicles between
0.6 and 3 mW, where the former has a cluster of vesicles with a diameter of ~ 4 um and the
latter approaching 15 um after 30 seconds of irradiation (Figure 5c,d).
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Recent studies have shown that opto-thermophoresis can also induce electric field gradients
for trapping of gold nanoparticles in surfactant solution, which was originally thought to be
a possibility for the mechanism of trapping of vesicles. However, we find that a change of
concentration of vesicles does not influence trapping, nor the long-range thermophoretic
attraction toward the plasmonic heat spot. Along similar lines, a reduction of vesicle
concentration simply results in a slower “supercollection” process, and a correspondingly
smaller radius of clustered vesicles at a similar time point. Considering recent interest in the
detection of exosomes, a type of biologically-produced liposome which can carry disease
markers, the capability to collect vesicles provides a way to package a simple optical “pre-
concentrator” for a lab-on-a-chip diagnostic device.

Upper Limits of Optothermal Power

The power of the trapping laser can be increased, effectively enlarging and strengthening the
thermal gradient to enable longer-range trapping and eventually either repulsion of a trapped
vesicle by high scattering force, or thermally-induced vesicle rupture. We observed that
above ~1.3 mW of optical power trapped vesicles are prone to severe structural transitions
such as blebbing and rupture, often leading to numerous smaller or multilamellar vesicles
(Figure 6, Video Sb). Interestingly, in one case a vesicle that was being moved using a laser
spot of 1.5 mW was shown to transfer material over several microns distance to a different
vesicle, enlarging it (Figure S3).

Considering that the optical power needed for long-range collection of vesicles is much
lower (>=0.3 mW), and that trapping requires as little as 11 pW, there is near-zero risk of
structural effects or damage to optothermally-trapped vesicles. This is also far below the
threshold needed for microbubble formation by up to ~25-35 mW, providing a range of
temperatures that such thermal effects can be observed without microbubble formation. The
origin of these effects can arise from a range of potential mechanisms, such as strong
Marangoni flows, and even explosive fragmentation of the plasmonic metal leading to
cavitation and stress-wave generation. Previous studies have shown that under continuous
wave illumination, strong Marangoni convection and even micro-bubble formation can
occur, which may be strong enough to physically affect the vesicle structure.59°1 In
addition, the instantaneous heating of the plasmonic metal can lead to explosive
fragmentation, which is described by cavitation forces and stress-wave generation.52 While
we attribute the physical damage to the vesicles observed herein to strong Marangoni
convection, future work using a pulsed-laser source would be needed to disentangle the
different possible mechanisms. The powers used to observe the effects resulting from
plasmonic heating are well below those reported for optical trapping of lipid vesicles
(usually well above >100 mW)20, suggesting that if these two techniques are to be used in
tandem that the wavelength of optical trapping must not overlap with the absorption of the
plasmonic component used for optothermal heating. This method may prove useful in future
studies of temperature effects on lipid phases, clustering, and vesicle structure. Also,
considering the difficulties of observing smaller vesicles and bilayer structures using simple
light microscopy, future studies utilizing higher resolution microscopy techniques such as
confocal fluorescence microscopy will provide a more detailed view of what is occurring
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with the vesicle structure under the temperature gradients produced by the optical heating
spot.

In situ Fluorescence Spectroscopy of Fluorophore-Loaded Vesicles

Most experiments involving vesicles utilize spectroscopy of fluorophore-loaded vesicles to
study release and diffusion of the fluorophores, or surface-bound fluorophores to monitor
morphological dynamics, fusion, and binding interactions of the vesicles. In a simple
fluorescence microscope, one would typically use a broadband light source such as a
halogen lamp in conjunction with a set of filter cubes designed for typical fluorophores, such
as fluorescein isothiocyanate (FITC), Rhodamine, and 4’,6-diamidino-2-phenylindole
(DAPI). The spectra obtained using this method can be sub-optimal due to a low
fluorescence intensity leading to high signal to noise, as well as the different filters in the
cube needed for excitation blocking spectral acquisition outside of the range of 575 to 650
nm (Figure 7a). However, the use of the trapping laser to excite the fluorophore allows the
acquisition of the entire spectral range, as no filter cube is needed (Figure 7b). Furthermore,
the excitation of the vesicle under the laser provides less exposure of the surrounding
medium, leading to a higher signal to noise ratio. The fluorescence spectroscopy of trapped
vesicles containing these two fluorophores demonstrated that dual use of the optical heating
laser as an excitation source can be used to give improved spectroscopic measurements
compared to the traditional lamp-cube combination (Figure 7).

We observe that while the CdSe-CdS fluorescence is consistent with some sharp variations
in intensity that are likely due to photoblinking (Figure 7¢), the fluorescence of Rhodamine
101 is clearly shown to photobleach over 2 minutes (Figure 7d). It would be difficult to use
the same trapping-excitation scheme with optical tweezers, as their high optical power
would lead to more rapid photobleaching and very high fluorescence intensities that could
damage the photodetector. However, it should be noted that the surface chemistry of the
vesicle resulting from the anionic lipid headgroups dictates the thermophoretic mobility, and
excessive free dye in the medium could disrupt this chemistry and lead to a positive St. This
is complicated by the fact that each molecular, nanoparticulate, or macromolecular guest
will have its own Soret coefficient and that determination of their interactions will have to be
performed on a case by case basis.

Conclusions

Phospholipid vesicles are widely used as sensors, drug-delivery vehicles, nanocontainers for
reactions, and membrane mimetics to study biophysical processes, in which their importance
for future studies of virulence, protein misfolding, and cellular signaling processes cannot be
overstated. Herein, thermophoretic trapping of anionic lipid vesicles composed of DOPG
was achieved through optical heating of a plasmonic substrate, providing a unique approach
to manipulation of single vesicles. The opto-thermophoretic trapping method overcomes
some of the limitations of traditional optical tweezers, namely rigorous optical component
setup and high optical power, while providing an increase in trapping stiffness with lower
power needs. Another major advantage of opto-thermophoretic trapping is that particles with
a refractive index similar to the refractive index of the environment are trapped, whereas in
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traditional optical tweezers the trapping stiffness increases with the ratio of the refractive
index of the particle to that of the medium. A typical strategy to enable traditional optical
trapping of vesicles involves loading the vesicle with a high concentration of sucrose (2M)
to achieve an increased refractive index compared to the surrounding medium.2° Opto-
thermophoretic trapping overcomes this limitation, allowing trapping of particles with the
same refractive index as the surrounding medium. Despite significant recent advances in
vesicle manipulation enabled by optical tweezers,53 this technique provides a means for low-
power trapping of vesicles with a similar refractive index as water.

The single-vesicle trapping shown herein fills the gap between prior studies of opto-
thermophoretic trapping of different cell types and bulk studies of thermophoresis of lipid
vesicles. In the previous study of cell trapping, both £. co/iand yeast cells of ~5-10 um
were able to be trapped despite their clear differences in surface chemistry.3! The use of
vesicles allows control over both the size and surface chemistry, which can then in turn lead
to greater information about how the individual components of the vesicle influence the
trapping of cells, which have a complex mixture of lipids in their cell membrane in addition
to diverse other biomolecules depending on the organism. Furthermore, this study sheds
light on some of the potential applications of vesicle thermophoresis. Vesicles can be
attracted over large distances (up to hundreds of microns) to the laser spot, which can be
useful for preconcentration of vesicles for lab-on-chip spectroscopic detection of cargo. This
is quite useful considering that exosomes, vesicles produced by cells, contain useful
biomarkers for disease and particularly cancer diagnosis, and state-of-the-art methods such
as centrifugation and field-flow fractionation are not nearly as simple.>* Recent studies have
shown that that thermal mixing could induce the aggregation of lipid vesicles using gold
nanoparticles, however this involves the suspension of vesicles with nanoparticles, which
can interact strongly with and disrupt the lipid bilayer.%°

A further benefit, vesicle trapping was shown to be a means to hold vesicles containing
fluorophores in place for fluorescence spectroscopic measurements. Comparing with the
traditional combination of lamp and fluorescence filter cube, the optical heating laser was
used for both trapping and excitation of the loaded fluorophores. This approach enabled
spectroscopic monitoring of vesicle-loaded QDs and organic dyes, where photobleaching of
the latter was clearly observed. Spectroscopic measurements on sensitive organic
fluorophores which have an absorption band in the region of the trapping laser are a
challenge for traditional optical tweezers, while the low optical power needed for
thermophoretic trapping makes it possible. Finally, dynamic and parallel trapping carried out
with the aid of a digital mirror device (DMD) provided a means for arbitrary control of
vesicle position and control over vesicle-vesicle interactions, which is crucial for studies of
vesicle binding by molecules incorporated into the membrane.

While opto-thermophoretic control can facilitate experimental observation of changes in
lipid phase behavior upon heating to the lipid transition temperature Ty, we opted to use
DOPG as it has a T, below freezing and allowed us to study thermophoretic trapping and
manipulation without confounding effects from plasmonic heating induced lipid phase
transitions. However, phase changes preceding rupture such as blebbing were observed at
higher optical powers (>1.5 mW), suggesting that this method could be used at higher power
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regimes for studying thermophysical changes in membrane structure. Using simple light
microscopy it was not possible to truly quantitate the blebbing or bursting behavior due to
the inability to observe very small membrane structures, and therefore observations of the
initial phase changes and small structural deformations of the vesicle may require the use of
confocal fluorescence microscopy or other higher resolution microscopy.

While the thermophoretic mobility of different colloidal particles is system-specific and not
yet fully understood, the future of thermophoretic trapping for control of biological systems
and in vitro studies of biological processes is bright. Furthermore, the results reported herein
were obtained using a simple light microscope, suggesting that future studies with higher
resolution microscopy techniques will yield additional exciting observations. Finally, this
method provides an additional tool which can complement optical tweezers to allow both
manipulations using thermal gradients and optical scattering forces. The combination of
optical tweezers and optically-generated thermal gradients presents an interesting way to
study fluctuations in mixed lipid vesicles, lipid rafts, and thermophysical effects on
optically-trapped lipid vesicles. We look forward to the continuation of developments in this
field and resulting advances in life sciences.

1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG) sodium salt, 1,2-
dioleoyl-3trimethylammonium-propane (DOTAP) chloride salt, and 1,2-dioleoyl-sn-
glycero-3phosphocholine (DOPC) powders, obtained from Avanti Polar Lipids, were
dissolved in CH3Cl (50 mg/2.5 mL) in brown glass vials with Teflon-coated caps, and stored
under N, atmosphere at —2000b0C. PEG-functionalized Core-shell CdSe-CdS quantum dots
with emission at 590 nm in aqueous solution (4 uM) were obtained from a collaborator.
Rhodamine 101 inner salt was obtained from Acros Organics. The AuNP substrate was
fabricated by depositing a 4 nm Au thin film on a glass slide with thermal deposition
(Denton thermal evaporator; base pressure, 1x10-5 Torr) followed by thermal annealing at
550 °C for 2 h. The thickness of the Au film was chosen to enable a high absorption
efficiency (~50%) at the laser wavelength of 532 nm.2°

Vesicle Preparation

Large unilamellar vesicles of different sizes were prepared as follows: 100 pL of a lipid
solution in chloroform (20 mg/mL) was deposited into a glass vial, dried under N, for 10
min, and placed under vacuum for 2 h. Second, the lipid film was rehydrated with 4 ml of
N,_degassed water (resistivity of 18.2 MQ-cm), and stirred with a magnetic stirbar at 1100
rpm for 1 hr. Some vesicles were then extruded with atleast 15 passes through a 1.0 um
membrane. The vesicles were stored at 400b0C and used within a week. Dynamic light
scattering and G-potential measurements were taken using a Malvern Zetasizer Nano ZS.
The DOPG vesicles formed by this approach consist of a C-potential of -40.6 +/- 13.0 mV
and hydrodynamic radii mostly in the range of1-10 um (Figure S2). This suspension was
diluted in water for further experiments, and the final concentration of lipids in a sample was
0.05 - 0.01 mg/mL. In the preparation of QDIloaded and Rhodamine 101-loaded vesicles, to
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the 4 mL of water used to suspend the dry lipid film was added 200 pL of CdSe — CdS core-
shell nanoparticles functionalized with Poly(maleic anhydride-alt-1-octadecene) —
Polyethylene glycol (4 pM)8, and 4 uL of Rhodamine 101 (2 mM), respectively. We chose
CdSe-CdS core-shell quantum dots (Aem = 491 nm) and Rhodamine 101 since one serves as
a model for a colloidal nanoparticle suspension and one as a typical organic dye.

Optical setup

A 532 nm laser beam (Coherent, Genesis MX STM-1 W) was expanded to a diameter of ~ 5
mm with a beam expander (Thorlabs, GBE05-A) and projected onto a computer-controlled
DMD to allow customization of the beam shape. The optical images reflected from the
DMD were relayed onto the substrate through a 1000 mm doublet lens, a 200 mm doublet
lens, an infinity-corrected tube lens, and a 40x objective lens (Nikon, NA 0.75) in an
inverted optical microscope (Nikon Ti-E). The DMD and lens were removed from the setup
and a 100X oil lens (Nikon, NA 0.7-1.3) was used when measuring the trapping stiffness in
Fig. 3. Real-time optical imaging was achieved using a color CCD (Nikon) and the particle
tracking was achieved using a fast monochromic CCD (Andor). A 533 nm notch filter was
inserted between the objective and the camera to block the laser beam. The beam power
impinging on the sample was measured using a Thorlabs PM-100D power meter.

Trapping Stiffness Measurements

The strength of trapping is determined by analyzing the variance o of a trapped vesicle due
to Brownian motion while the beam is kept in a fixed position, calculated by x = (2kgT)/a?.
The position of the vesicle in one dimension while trapped is fit to a gaussian distribution,
giving the variance (Fig. 2c). Measurements were an average of multiple vesicles (n>5) per
size, and were also an average of the stiffness in the X and Y directions.

Fluorescence Measurements

Fluorescence spectra of trapped vesicles were taken using an Andor Shamrock 303i
spectrograph (grating: 299 I/mm and slit width: 50 um) and a Newton EMCCD integrated
with an inverted Nikon microscope. The background signal was subtracted from the
fluorescence spectra. The 532 nm laser was used for both trapping and excitation of the QDs
with 0.11 mW power. A 0.1-second acquisition time was used for kinetics and a 3 second
acquisition time was used for spectra. In a traditional approach to measuring the
fluorescence using a white light source and a filter cube, a 660 nm DPSS laser (Laser
Quantum, OPS 1500, 1.5 W) was used for trapping the Rhodamine 101-loaded vesicles
using a 5% beam expander and focused onto the plasmonic substrate with a 40x objective
(Nikon, NA 0.75) in an inverted microscope. Background spectra were taken of the
plasmonic substrate at least 100 um from any vesicle under lamp and laser illumination
conditions of those used for trapping and spectral acquisition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Structure of DOPG and schematic of lipid and vesicle; b) Solvent ordering at the interface

leads to a different permittivity at the electric double layer; ¢) A schematic of the resulting
trapping of vesicle at the hot region of the temperature gradient with sodium ions toward the
cold region.
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Figure 2.
a) Trapping of different sized DOPG vesicles viewed under bright-field microscopy, scale

bars are 5 um; b) Scatterplot of 2 um vesicle position in X measured over 10 seconds while
trapped with an optical power of 110 pW, the laser spot is indicated by the red diamond; c)

Histogram and gaussian fit of frequency distribution of positions measured along the X axis
in (b); d) Thermophoretic trapping stiffness of vesicles of different size with varying optical
power of the heating laser.
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Figure 3.
Dark-field microscopy of single vesicle trapping using opto-thermophoretic trapping:

Approach of a vesicle to the laser spot, indicated with the white cross (a); following
trapping, the laser is turned off and the vesicle meanders via Brownian motion.(b); Circular
movement of a single 0.5 um vesicle (blue) using rotating beam spots (c); the white arrows
indicate the clockwise rotation of the two beams (Video S1); Separation of a single 2 pm
vesicle from a three vesicle cluster (d); the white + sign indicates the beam position, and the
white arrow indicates the direction of movement following the snapshot (Video S2). Scale
bars are 5 um.
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Figure 4.
Dynamic two-vesicle manipulation using DMD-controlled beams. The schematics on the

left of the video snapshots represent the final frame of each series. Two 2.5 um DOPG
vesicles are brought into close contact over 20 s (a). They are trapped in contact with one
another for an additional 30 s. They are then separated over 10s by moving the beams along
a similar trajectory in reverse (b). Beam positions are marked by a white + symbol and a
white circle in the case of the 1 um vesicle, and the direction of movement following the
current frame is given by a white arrow. Scale bars are 5 um.
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Figure5.
Long-range attraction and collection of DOPG vesicles at the laser spot. (a) Motion tracks of

1 um vesicles at different optical powers, with velocity shown. (b) Average vesicle velocity
as a function of distance from the laser spot. (c) R6G-loaded vesicle collection using a 0.6

mW beam (Video S4). (d) Collection using a 3 mW beam, with photobleaching of vesicles
occurring surrounding the beam spot. Scale bars in ¢ and d are 10 pm.
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Figure6.
Deleterious effects of high optical heating power on vesicle structure. 1.3 mW irradiation

leads to vesicle rupture and formation of smaller vesicles from a 15 um vesicle (Video S5)
(@). Clear evidence of blebbing of a 10 um vesicle is shown in the white circles (b). The
scale bar is 10 pm.
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Figure 7.

Fluorescence spectra of vesicles loaded with Rhodamine 101 and CdSe-CdS QDs, excited
with a Halogen lamp using a TRITC filter cube (a), and with a 532 nm trapping laser at 0.11
mW (b). Fluorescence of a trapped 4 um vesicle loaded with 0.2 pM QDs excited with 0.11
mW at 532 nm (c), and with 2 UM Rhodamine-101 excited with 63 pW at 532 nm. Dark-
field fluorescence microscopy images are shown as insets in (c) and (d), where scale bars are

5 pum.
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