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he delivery of hydrophilic biological

molecules, such as proteins, DNA and

RNA, to the interior of living cells is of
extreme importance for biocellular research,
gene therapy, and drug development.' The
cellular membrane, which is impermeable to
most hydrophilic substances, is a barrier
shielding the interior of a cell from its sur-
rounding. To pass through this barrier a
number of advanced biological, chemical,
and physical methodologies have been de-
veloped in the last three decades, including
lipoplex? and polyplex® injection, a “gene
gun”,* electroporation,® photoporation,® and
liposomal release.”'° Each of these methods
has its advantages and disadvantages, which
must be considered carefully taking into
account the delivery purpose and the cell
type.""

Among others the photoporation or op-
tical injection has increasingly attracted at-
tention as it is a contactless, all-optical, and
therefore aseptic technique. It relies on the
transient increase of a phospholipid mem-
brane's permeability induced by a laser
beam, allowing hydrophilic substances to
diffuse across the membrane. Although the
effect of photoporation has been exten-
sively studied and employed for DNA and
RNA delivery, the mechanism of the mem-
brane permeability increase upon illumina-
tion by light has still not been completely
understood. Often the photoporation mech-
anism is discussed as a combination of
several processes, depending on the laser
source used: heating, thermoelastic stress,
multiphoton absorption, and generation of
a free electron plasma.'> Occurrence of
these processes requires extremely high
peak laser powers'® and therefore poses a
danger of inducing photochemical damage
to cell regions illuminated by out-of-focus
light."*"> In this regard, novel, less harmful
approaches to the optical poration of
phospholipid membranes and injection of
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ABSTRACT We propose and demonstrate a new method of an all-optical, contactless, one-step
injection of single gold nanoparticles through phospholipid membranes. The method is based on the
combination of strong optical forces acting on and simultaneous optical heating of a gold
nanoparticle exposed to laser light tuned to the plasmon resonance of the nanoparticle. A focused
laser beam captures single nanoparticles from the colloidal suspension, guides them toward a
phospholipid vesicle and propels them through the gel-phase membrane, resulting in the
nanoparticle internalization into the vesicle. Efficient resonant optical heating of the gold
nanoparticle causes a pore to form in the gel-phase membrane, a few-hundred nanometers in
size, which remains open for several minutes.

KEYWORDS: gold - nanoparticle - phospholipid - membrane - vesicle - injection -
drug-delivery

hydrophilic substances through mem-
branes are in strong demand.

Here we introduce a novel strategy for
active all-optical photoporation of phos-
pholipid membranes with gold nanoparti-
cles which relies on the combination of
optical forces acting on and plasmonic
heating of gold nanoparticles exposed to
laser light. In a previous work, we success-
fully used gold nanoparticles as local
nanoscopic heat sources on phospholipid
membranes.'® We have shown that it is
possible to induce reversible gel-fluid phase
transitions in gel phase giant unilamellar
vesicles (GUVs) by irradiating gold nanopar-
ticles, bound to the vesicle membranes, at
their plasmon resonance. GUVs have served
as model cells for many years and enable
the study of processes occurring at the
membrane that are difficult or even not
possible to investigate in real cells."” Fluid

phase membranes are known to be more  *Address correspondence to

flexible than gel phase membranes'® and
can be deformed, bent, and stretched much
easier, that is, by a smaller force. Recently'®
we explored the optical forces acting on a
gold nanoparticle under laser irradiation
at the plasmon resonance. We have inves-
tigated in detail how strong axial optical
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Figure 1. Injecting nanoparticles from the membrane. (a) Sketch of the experimental setup used for optical injection and
imaging. (b) Gold nanoparticles are attached to the membrane of giant unilamellar vesicles prior to injection. The laser is
defocused, resulting in a spot size of 6 um at the focal plane of the microscope objective. (c) A DPPC vesicle before injection of
a gold nanoparticle attached to the membrane. (d,e) The gold nanoparticle movement is tracked (red trace) to show it is
confined to the inside of the vesicle. (f) Often, after a certain time the nanoparticle was observed leaving the vesicle at the
same position it was injected. This suggests that the injection process forms a pore in the gel phase membrane (see movie in

Supporting Information).

forces can be used to propel the gold nanoparticles in
the direction of the propagation of a laser beam. In the
work presented here, we exploit the strong optical
forces acting on and efficient plasmonic heating of
gold nanoparticles for photoporation of phospholipid
membranes.

RESULTS AND DISCUSSION

Injection of Nanoparticles Immobilized on Veside Mem-
branes. The vesicles used here were grown via the
electroformation process®®?' from a phospholipid
1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC)
with a main transition temperature of 41 °C, ensuring
that the lipid membrane is in the gel phase at room
temperature. An upright dark-field microscope is used
for imaging of individual gold nanoparticles and the
vesicles (Figure 1a). The injection laser (cw @ 532 nm) is
coupled into the microscope and defocused, resulting
in a spot size of 6 um (fwhm) in the focal plane of the
microscope objective (Figure 1b). The vesicles are
immobilized by a polyelectrolyte coating on the glass
cover slide and 80 nm CTAB-coated gold nanospheres
are attached to the vesicle membranes prior to injec-
tion, as described elsewhere.®

To perform optical injection of immobilized gold
nanoparticles, the nanoparticles are first irradiated by
the laser at low laser power densities (P = 50 kW/cm?).
Then the laser power density is gradually increased. For
power densities P > 80 kW/cm? the nanoparticles begin
to diffuse on the vesicle membrane, indicative of a lipid
phase transition to the fluid phase around the nano-
particle. Increasing the laser power further, the nano-
particles are pushed through the vesicle membrane,
upon which they begin diffusing inside the vesicle
(Figures 1¢,d). The injection process was recorded by
a digital CCD camera (50 fps) for single nanoparticle
tracking. The tracking confirms that the nanoparticle
movement is confined laterally to the inside of the
vesicle after internalization (Figure 1e) and the axial
confinement is confirmed by comparing the focal
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planes of the vesicle top and the nanoparticle position.
The injection was repeated several times (>20) and was
achieved for laser power densities at the gold nano-
particles between 84 and 206 kW/cm?. The internaliza-
tion of nanoparticles did not occur every time;
especially at lower laser powers some of the nanopar-
ticles detach from the membrane and diffuse off
through the solution.

Surprisingly, in some cases the nanoparticles were
observed to escape the vesicle at the exact position at
which they were injected (Figure 1f). This suggests that
during the injection a pore in the membrane is formed
that can remain open at least for several minutes (see
video 1 in Supporting Information). This stands in
contrast to work by previous groups on transient pores
in fluid-phase vesicles.?*?* Therein they found that
pores in the membranes reseal automatically within a
matter of seconds. The main difference between this
previous work and the results shown here lies in the
different phases of the phospholipid vesicles, suggest-
ing that the membrane phase plays a critical role in
pore formation and temporal evolution.

Injection Mechanism. To study the injection process in
more detail we repeated the experiments with two
additional phospholipids with main transition tem-
peratures below (33 °C, DC;sPC) and above (48 °C,
DC,,PC) that of DPPC. Injection was also achieved for
vesicles comprising these two phospholipids. To com-
pare the experimental situations for all three phospho-
lipids we have simulated the heat transfer in the
system by finite element calculations. The temperature
profile of a DPPC membrane underneath an irradiated
gold nanoparticle is shown in Figure 2a. During injec-
tion a phase transition is induced in a region of the
membrane, ranging in size between 100 and 230 nm
for the power densities of the laser at which injection
occurred through DPPC membranes. The maximum
temperature inside the membrane for each injection
event in the DPPC and DC,,PC vesicles is plotted in
Figure 2b. Here it is clearly seen that injection only
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occurs when the maximum temperature in the mem- temperature of the respective phospholipid. The tran-
brane is optically increased above the main transition sition from the gel to the fluid phase is important for
the injection process. However owing to the high

': Yol D e ... A80nm oo i speed of the injection process, the internalization

gL r T, . could not be temporally resolved with our video

% §40 ¥ Fopt camera (max 50 fps). The observation that injected

2 gzo- I nanoparticles could leave the vesicle after a certain

= ; . . . g time suggests a stable pore remains in the membrane
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2, vesicles (Figure 3¢, inset) in order to estimate the size of
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strongly dependent on the pore size (Figure 3c, solid

¢ ,10 lines). When we compare the simulations with
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Tz ' (diamonds), we obtain the best fit for a pore size of

>=06 180 nm. With a probability of P > 0.95 we further
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. N " membrane (160 nm), similar to endocytotic uptake
Figure 2. Injection is preceded by a phospholipid phase

transition. (a) An illuminated gold nanoparticle heats up the occurring in living cells.

gel phase membrane and can induce a phase transition to the Combining the above-described observations, we
fluid phase in a region 100—230 nm !n diam'eter.. (!a) Maximum propose a mechanism for the injection of the gold
membrane temperatures (T,,,,) during optical injection. Two . X e N
phospholipids with different main transition temperatures nanoparticles into gel phase phospholipid vesicles
(T.) were used to form the vesicles. Injection only occurred (Figure 3). The resonant laser beam heats up the gold
when Tax > Tin. (€) Monte Carlo simulations were carried
out to estimate the pore size of the vesicle (inset). Here the
probability that the nanoparticle is still inside a vesicle of

nanoparticle which in turn melts the vesicle membrane
in its close proximity (Figure 3b). Simultaneously, the

10 um diameter (inset) at a given time is plotted for various strong optical forces acting on the gold nanoparticle
pore sizes (solid lines). Experiments were recorded on video; push it inward. The fluid phase membrane is much
18 videos were analyzed and the relative number of nano- Aexible'® . . i
particles remaining in the vesicles is plotted against time after more flexible ™ and bends inward (Figures 3b,c) unti
first entry (diamonds). The data suggest a pore size of 180 nm. the membrane fully wraps around the nanoparticle
a f
gold
nanoparticle

\SO/

Figure 3. Mechanism of optical injection. (a) The gold nanoparticles are attached to a GUV in the gel phase. (b—d) The gold
nanoparticle is irradiated by the laser, inducing a phase change in a membrane region around the nanoparticle into the fluid
phase. The optical forces push the gold nanoparticle in to the vesicle and the elastic fluid phase membrane bends inward until
the membrane pinches off and (e) the nanoparticle diffuses through the vesicle. The vesicle membrane cools down quickly
after the injection and the phospholipids retract, forming a pore in the membrane (f) enabling the nanoparticle to leave the
vesicle again.
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Figure 4. Fluorescent dye reveals membrane wrapping
around injected gold nanoparticle. A fluorescent dye-
tagged phospholipid is incorporated into the vesicle
membrane to visualize the injection. (a) Before injection the
gold nanoparticle can be clearly seen in a dark-field image.
(b) By inserting a 500 nm short pass filter in the illumination
path and a 532 nm long pass emission filter, only fluores-
cence is collected. The gold nanoparticle cannot be seen
bound to the vesicle. (c) The nanoparticle is injected and
diffuses within the confines of the vesicle, which can be seen
in dark-field. (d) The same nanoparticle is also visible after
injection in the fluorescence image (lower left corner),
indicating the membrane actually wraps around the gold
nanoparticle during injection.

and is pinched off (Figure 3d). The nanoparticle can
then diffuse inside the vesicle (Figure 3e). The remain-
ing membrane, which has been stretched considerably
during the injection, cools down below the main
transition temperature, and the phospholipids retract
creating a pore in the membrane, out of which the
nanoparticle can escape (Figure 3f).

To corroborate this hypothesis, we created GUVs
using a 1:500 mixture of DPPC and a dye-tagged phos-
pholipid  (1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine-N-(7-nitro-2—1,3-benzoxadiazol-4-yl)) and
repeated the experiment. After allowing the gold
nanoparticles to bind to the GUVs, we viewed the GUVs
both in dark-field and in fluorescence mode (Figure 4).
In the dark-field image, the gold nanoparticle can be
clearly seen bound to the lipid membrane (Figure 4a);
however, the nanoparticle is invisible in the fluores-
cence image (Figure 4b). The nanoparticle was then
injected into the vesicle and could be seen in dark-field
diffusing within the vesicle, as in the previous experi-
ments (Figure 4c). However, after injection the gold
nanoparticle is also visible in the fluorescence images
(Figure 4d). Since the only source for this fluorescence
is the dye-tagged phospholipids, there must be a
significant portion of the membrane bound to the
gold nanoparticle. This supports our hypothesized
injection mechanism in which the membrane wraps
around the gold nanoparticle during injection.

Injection of Freely Diffusing Nanoparticles into Vesicles. As
discussed above, to achieve injection the nanoparticles
are passively immobilized on the vesicle membranes.
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Figure 5. Injecting nanoparticles from the solution.

(a) Schematic depicting the injection process. The optical
forces of the laser catch the nanoparticles from the solution,
guide them toward the beam center and the vesicle surface,
and push them through the membrane. (b) A DPPC vesicle
before injection. (c) The same vesicle 2 min later. Four
nanoparticles can be seen diffusing inside the vesicle. (see
movie in Supporting Information.).

This approach is not very efficient due to the necessity
of binding the nanoparticles prior to injection. To
eliminate this drawback we propose to use optical
forces for active delivery of nanoparticles onto the
vesicle surface, followed by the injection process
(Figure 5a).

In the proof-of-principle experiment the vesicles are
immobilized on the glass substrates (Figure 4b). The
gold nanoparticles are added to the solution, and the
laser is focused onto the vesicle membrane (380 nm
fwhm). The laser beam exerts strong optical forces on
the gold nanoparticles. For laser powers <60 mW
nanoparticles are attached optically to the vesicle
membrane. The process occurs in the following way:
the forces exerted by the laser beam catch a gold
nanoparticle out of the solution, guide it toward the
center of the beam, and propel it downward, where it
can bind to the vesicle membrane. At higher laser
powers (70—90 mW) the nanoparticles not only adhere
to the membrane, but perforate the latter. Upon entry
the nanoparticles also begin to diffuse inside the
vesicle. In the experiments we successfully photopo-
rated over 30 vesicles, some up to five or six times
(Figure 5c). Every vesicle that we experimented on was
photoporated; however, the rate of injection varied
considerably. This rate is controlled by two parameters:
the concentration of gold nanoparticles in the solution
and the laser power. While the first parameter controls
the probability that a nanoparticle will diffuse into the
volume from which it can be injected, the laser power
controls the size of this volume. Nanoparticles were
also observed exiting the vesicles, an indication that
the internalization mechanism is the same as in the
experiments in which the nanoparticles were ran-
domly attached to the vesicles prior to injection.
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The technique presented here is a novel method for
injecting gold nanoparticles through phospholipid
membranes and has several advantages. The nanopar-
ticles can be injected into specific vesicles; moreover
they can be injected at specific sites of the vesicle. In
contrast to previous reports,'® only a single laser beam
is required to perform the optical injection in a single
step. Additionally the process is highly efficient; 100%
of the vesicles we experimented on were perforated.
This technique should be applicable to living cells and
should also exhibit high cell viability. Since the created
pore is only 100—230 nm in size, only a small area of the
cell is affected. This size is on the order of or smaller
than pores formed in conventional photoporation
methods.? Also, because of the low absorption of the
laser light by the membrane, unwanted damage to
other parts of the cells can be prevented.

The method presented here, shooting gold nano-
particles through phospholipid membranes by light,
can be used for optical transfection. This can be
achieved via one of two methods. First, optically
driven gold nanoparticles perforate the phospholipid
membrane allowing substances to diffuse through
the membrane as it is realized during conventional
photoporation processes. Second, light-accelerated
gold nanoparticles can serve as carriers to actively
deliver a cargo linked to them, similar to the approach
used by the “gene gun”.*

The single cell approach that is demonstrated can
easily be extended to large cell-arrays and be fine-
tuned by controlling the concentration of gold nano-
particles in the cell medium. A further improvement

METHODS

Experimental Setup. A Zeiss Axiotech 100 upright microscope
with a water-immersion microscope objective (Zeiss, 100x
NA 1.0) was used as the basis for the experiments. The injection
laser is a Nd:YAG solid state laser emitting cw-light at 532 nm
(Spectra-Physics, Millennia VS). Imaging was done with a digital
camera (Canon 550D).

Surface Modification of Gold Nanoparticles. Gold nanoparticles
(80 nm large), coated with citrate, were purchased from BBInter-
national. The surface molecules are replaced with cetyltrimethyl-
ammoniumbromide (CTAB), providing the nanoparticles with a
positive surface charge. To exchange the surface molecules the
gold is mixed with deionized water and a 10 mM CTAB solution in
a volume ratio of (5:10:1) and shaken vigorously for one minute.
Successful exchange is monitored by zeta potential and extinction
spectrum measurements of the solution.

Polymer Coating of the Glass Slides. The slides were covered with
a polyelectrolyte layer of polydiallyldimethylammonium chlor-
ide (PDADMAC, MW ca. 400000 to 500 000), providing them
with a positive surface charge, following a published
procedure:*’ Briefly, a PDADMAC layer is deposited onto the
freshly cleaned slides by immersion into a PDADMAC solution
(1 mg/mLin 0.5 M Nacl) for 30 min followed by thorough rinsing
with deionized water.

Growth of Giant Unilamellar Vesicles (GUVs). GUVs were grown via
the electroformation method'”'® using three different lipids:
1,2-dipentadecanoyl-sn-glycero-3-phosphocholine  (DC;5PC);

URBAN ET AL.

to this technique can be achieved by using gold
nanoparticles presenting a plasmon resonance in the
near-infrared window, for example, nanoshells,?*
further reducing the damage to cells or tissue.

Another application for this technique is controlled
release from liposomes, another method for drug-
delivery. While remotely triggered release from lipo-
somes has been shown previously,?>?° the here pre-
sented technique enables a high control of the release
rate, as each injected nanoparticle opens a single pore
of well-defined size.

In conclusion, we have optically injected gold
nanoparticles into phospholipid vesicles in the gel
phase. This novel mechanism relies solely on a single
laser tuned to the plasmon resonance of the gold
nanoparticles to induce a phase transition of the
membrane into the fluid phase and inject the nano-
particle into the vesicle by means of optical forces.
During injection a pore is formed in the membrane,
under 230 nm large, and is stable for at least several
minutes. The technique is easy to apply, requiring
only one laser to achieve injection in a single step.
Owing to the low laser powers required and the small
area of the membrane that is affected this new
technique should be much less harmful to cells. It
can be easily improved even further by using nano-
particles with plasmon resonances in the near-infra-
red. The method presented here not only has
promise as a single-cell drug-delivery technique,
but also for controlled injection in large-scale cell
assays, in vivo experiments, and for targeted release
of the liposomal content.

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); and 1,2-
diheptadecanoyl-sn-glycero-3-phosphocholine (DC;,PC). The
lipids are identical except in the number of methyl-group in
the chains (15, 16, and 17, respectively). The temperature was
kept at 75 °C, above the main transition temperature of the
three phospholipids. A dye-tagged lipid (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(7-nitro-2—1,3-benzoxa-
diazol-4-yl)) was added in a ratio of 1:500 to DPPC lipids to
create fluorescent vesicles for some of the experiments.
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