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F
ormany therapeutic applications,macro-
molecules need to be delivered into
living cells.1 For example, to allow se-

quence-specific gene silencing on the post-
transcriptional level, small interfering RNA
(siRNA) needs to be delivered into the target
cell's cytoplasm.2 This is typically achieved by
means of formulating the siRNA into nonviral
lipid or polymer nanocarriers. As these are
generally internalized by cells through en-
docytosis, escape from the endosome and
subsequent siRNA release is needed. How-
ever, to date, endosomal escape remains one
of themajor bottlenecks hampering safe and
efficient delivery of therapeutic macromole-
cules into the cytosol.3,4

As an alternative strategy, physical ap-
proaches to permeate the cell membrane
have attracted considerable interest, espe-
cially for in vitro applications. They typically
offer generic applicability to a variety of cell
types andgrantmacromolecular agents such
as siRNA direct access into the cytoplasm.5�7

A first example is microinjection, a conven-
tional tool to directly inject compounds into
single cells.8�10 However, this technique can
be applied only to a limited number of cells
and typically requires a skilled person to
perform. Electroporation is another common
physical technique to deliver molecules into
cells in vitro and in vivo. While it has shown to
lead to good transfection efficiencies,11�15
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ABSTRACT There is a great interest in delivering macromolecular agents into living cells

for therapeutic purposes, such as siRNA for gene silencing. Although substantial effort has gone

into designing nonviral nanocarriers for delivering macromolecules into cells, translocation of

the therapeutic molecules from the endosomes after endocytosis into the cytoplasm remains a

major bottleneck. Laser-induced photoporation, especially in combination with gold nano-

particles, is an alternative physical method that is receiving increasing attention for delivering

macromolecules in cells. By allowing gold nanoparticles to bind to the cell membrane,

nanosized membrane pores can be created upon pulsed laser illumination. Depending on the

laser energy, pores are created through either direct heating of the AuNPs or by vapor

nanobubbles (VNBs) that can emerge around the AuNPs. Macromolecules in the surrounding cell medium can then diffuse through the pores directly into

the cytoplasm. Here we present a systematic evaluation of both photoporation mechanisms in terms of cytotoxicity, cell loading, and siRNA transfection

efficiency. We find that the delivery of macromolecules under conditions of VNBs is much more efficient than direct photothermal disturbance of the plasma

membrane without any noticeable cytotoxic effect. Interestingly, by tuning the laser energy, the pore size could be changed, allowing control of the

amount and size of molecules that are delivered in the cytoplasm. As only a single nanosecond laser pulse is required, we conclude that VNBs are an

interesting photoporation mechanism that may prove very useful for efficient high-throughput macromolecular delivery in live cells.
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the high electric field often results in low cell
viability.16,17 More recently, sonoporation has been
introduced as a method to permeabilize the
plasma cell membrane by making use of ultrasound-
responsive microbubbles. The acoustic response of
the microbubbles can lead to the formation of micro-
jets and shockwaves, resulting in cell membrane
poration.18,19 However, shear forces or elevated tem-
peratures can lead to substantial cell damage and
toxicity.20,21

Photoporation is an alternative physical approach
that has received increasing attention in recent years.
In its most straightforward form, cell membrane
permeability is obtained by focusing high-intensity
femtosecond laser pulses onto individual cells.22�28

By attaching plasmonic nanoparticles, such as gold
nanoparticles (AuNPs), to the cell membrane, the
photoporation effect can be achieved at lower laser
intensities. This means that throughput can be in-
creased since nonfocused laser light can be used to
illuminate a large amount of cells.29�31 This is thanks
to the AuNP surface plasmon resonance (SPR), which
depends on the size, shape, and surface coating of the
particles, which tremendously enhances laser absorp-
tion,30,32,33 leading to distinct phenomena such as
heating of the surrounding tissue, acoustic shock-
waves, and formation of water vapor nanobubbles
(VNBs).30,34 Recently, it has been shown that both
heating and VNBs can be used to permeate the plasma
membrane and deliver cell-impermeable compounds
into the cytosol.35�37 For heating of the plasma mem-
brane, both continuous wave (CW) and low-intensity
pulsed laser light have been employed to heat mem-
brane-adsorbed AuNPs, resulting in pore formation by
a local phase transition of the lipid bilayer or by thermal
denaturation of integral glycoproteins.35�38 However,
diffusion of heat throughout the cell can result
in hyperthermia-induced cell stress, substantially de-
creasing cell viability.35,37 When using short laser
pulses (<10 ns) of sufficiently high intensity, the tem-
perature of a AuNP can rapidly increase to several
hundred degrees, due to which the water surrounding
the AuNP evaporates, resulting in a VNB that emerges
around its surface.30,39 The size of a VNB can be tuned
from ten to several hundreds of nanometers depend-
ing on the laser intensity.32,40When the thermal energy
of the AuNP is consumed, the VNB violently collapses
and causes local damage by high-pressure shock-
waves. Due to the extremely short lifetime of VNBs
(<1 μs), the diffusion of heat from the AuNP into the
environment is negligible, so that almost all energy of
the irradiated AuNP is converted to mechanical energy
(expansion of the VNB) without heating of the envi-
ronment. This property makes VNBs an interesting
phenomenon to cause local mechanical damage,
without causing thermal damage to the surrounding
healthy tissue. It has been shown that VNBs can induce

membrane pores through which compounds can dif-
fuse into the cell.41,42 Thus, direct heating and VNB
formation by laser-irradiated AuNPs are two distinct
photothermal effects that can be used to deliver cell-
impermeable compounds directly into the cytosol.
However, to date it remains unclear which of the two
effects is preferred in terms of delivery efficiency and
cytotoxicity. Neither has it been evaluated if VNB-
induced membrane poration can be used to deliver
siRNA into cells.
Herewe report on a systematic comparison of AuNP-

mediated photoporation for delivering macromole-
cules in cells by direct heating and VNB generation.
Despite the fact that it requires higher laser energies,
surprisingly we find that VNBs allow more efficient
cellular uptake of compounds with little or no cyto-
toxicity as compared to direct heating. Furthermore,
we successfully show that VNB photoporation can
more efficiently transfect cells with siRNA compared
to direct heating, resulting in enhanced target gene
silencing. Finally, we show that pores of different sizes
can be created depending on the laser energy, thus
enabling size-selective delivery of macromolecules in
cells. On the basis of these results we envisage that VNB
photoporation can offer unique opportunities for drug
delivery in live cells.

RESULTS AND DISCUSSION

Cell-Adsorbed AuNPs Mediate Distinct Photothermal Effects
as a Function of Laser Fluence. The experimental proce-
dure to load cells with cell-impermeable molecules
is shown in Figure 1. First, AuNPs are adsorbed onto
the cell's surface, by which they can act as mediators of
nanopore formation. In this study, positively charged
AuNPs (70 nm) were used to facilitate interaction
with the negatively charged cell membrane. Following
incubation of HeLa cells with three different AuNP
concentrations (4.1 � 107, 8.2 � 107, and 16.5 � 107

particles/mL) for half an hour at 37 �C, the number
of cell-attached AuNPs was quantified from confocal
images in reflection mode. As shown in Figure S1a�c,
more AuNPs adsorbed to the cells with increasing
concentrations of AuNPs, ranging from 4 to approxi-
mately 15 particles per cell. In the second step of the
procedure, the nonadherent AuNPs are removed and
the cell-impermeable molecules are added to the cells
just prior to the laser treatment. A low laser energy will
lead to heating of the cell membrane, while VNBs are
formed at higher laser energies. The two effects can be
monitored by detecting the transmitted intensity of a
CW laser focused on the sample (Figure S2).32 Heating
of a AuNP induces a local change in refractive index.43

This “thermolensing” effect can cause a refocusing of
the CW laser on the pinhole in front of the detector
(as shown in Figure S2), resulting in an increase of the
detected transmitted CW laser light. A laser pulse with
energy below the VNB threshold will cause heating of
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the AuNP, after which this heat diffuses into the
environment. The corresponding intensity profile of
the transmitted laser light is shown in Figure S3a. The
long tail is indicative of heat diffusion and heating of
the environment. At a pulse energy above the VNB
threshold, VNBs are createdwith a size and lifetime that
is proportional to the laser energy (Figure S3b and c).
The absence of a heat diffusion tail at high pulse
energies clearly demonstrates that VNBgenerationdoes
not cause heat transfer to the environment. Alterna-
tively, VNBs can be detected by dark-field micros-
copy, as demonstrated in Figure S2d�f.44 From these
experiments we can conclude that VNBs could be
clearly generated at a laser fluence of 1.02 J/cm2, while
0.38 J/cm2 resulted only in heating of the surrounding
medium. This result is in agreement with the threshold
of VNB generation as reported before under similar
conditions.32 It is of note that the medium surrounding
the AuNPs can affect the threshold for the generation of
gas bubbles.45

Intracellular Delivery of Macromolecules and Cell Viability via
Local Heating or VNB Generation. FITC-dextranwith amole-
cular weight of 10 kDa (FD10) was used as a model
macromolecule to compare cell loading by direct
heating or VNB generation. We use the term “cell
loading” to signify delivery of macromolecules into
cells across the plasma membrane by VNB-induced
membrane pores. For an AuNP concentration of 8.2 �
107 particles/mL (i.e., approximately 8 AuNPs per cell;
Figure S1d), two different laser fluence levels were
tested, i.e., one below (0.38 J/cm2) and one above
the VNB threshold (2.04 J/cm2). All cells in a well of a
96-well titer plate were treated with a single laser pulse
of the indicated energy. After laser treatment the cells
were washed immediately to remove the remaining
extracellular FITC-dextran, and fresh cell medium
was added to avoid the endocytosis of FITC-dextran.
Just as for other poration techniques (microinjection,
electroporation, sonoporation, direct photoporation)
the pores generated by the bubbles are also quickly

repaired in a few tens of seconds, as shown in very
recently studied vapor bubble mediated poration.46

Calcein red-orange AM was added to the cells to
quantify cell viability. The images presented in Figure 2
clearly show that FITC-dextran loading was much more
efficient when mediated by VNBs than by direct heating
of the plasma membrane. Interestingly, neither of these
procedures caused any noticeable cytotoxicity. Next, cell
loading with FITC-dextran and cell viability were system-
atically evaluated for different laser intensities (Figure 3).
No appreciable cell loading occurred by AuNP or laser
treatment alone. Instead, approximately 40% of the
treated cells were loaded with FITC-dextran at a laser
fluence of 0.38 J/cm2. Increasing the laser fluence levels
above the VNB threshold resulted in more positive cells
and a much higher loading efficiency, as can be seen
from thehigher FITC-dextran signal per cell. At 2.04 J/cm2

an optimum was found with >85% positive cells and
a loading efficiency that is∼6 times higher than byAuNP
heating at 0.38 J/cm2. More levels of low laser fluence
heating AuNP show no significant improvement of
loading efficiency (Figure S4). There was no noticeable
decrease in cell viability up to 2.04 J/cm2. Further in-
creasing the laser fluence to 4.08 J/cm2 reduced the
number of positive cells, likely due to the onset of
cytotoxic effects as the VNBs are becoming rather large
and damage the cells.39 When increasing the AuNP
concentration to 16.5� 107 particles/mL, a similar trend
was found, although here the percentage of positive and
viable cells already decreased ∼1.5 times at a laser
fluence of 2.04 J/cm2 (Figure S5). This shows that photo-
poration by VNBs also requires careful optimization of
the concentration of AuNPs used. Based on these results,
we decided to continue with 8.2 � 107 particles/mL,
corresponding to approximately eight AuNPs per cell.
These results obtained from confocal microscopy
could be confirmed by flow cytometry analysis in a set
of independent experiments (Figure S6). At 0.38 J/cm2

∼50% of positive cells were found, while this increased
to ∼90% at 2.04 J/cm2. The average intensity per cell

Figure 1. Schematic overview of the experimental procedure. 1. Cells are incubated with AuNPs that are adsorbed to the cell
membrane. 2. The nonadherent AuNPs are removed in a washing step, after which the solution of molecular agents is added
to the cells just prior to the laser treatment. 3. Laser treatment causes pore formation either by VNBs that mechanically
puncture the cell membrane (high laser energy) or by heating of the cell membrane (low laser energy). The extracellular
molecules are finally expected to diffuse into the cells via the created pores.
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again increased by a factor of ∼6, while no signs of
cytotoxicity could be found.

To further evaluate the effect of the number of laser
pulses on the delivery efficiency, the cells were
scanned multiple times with pulsed laser illumina-
tion. As shown in Figure 4, no significant improve-
ment of the loading efficiency was obtained for both
direct heating and VNBs. This could be caused by
melting of AuNPs and breaking up into smaller
fragments.47 Fragmentation of AuNPs has been re-
ported at a laser fluence as low as 0.08 J/cm2 for
40 nm particles.48�50 On the basis of these results,
we will perform further comparisons with single laser
pulse treatment only.

Evaluation of Intracellular siRNA Delivery and Gene Silencing
via Local Heating and VNB Generation. Next to the delivery
of FITC-dextran as a model macromolecule, the applic-
ability of photoporation for deliveringmacromolecular
therapeutic agents, such as small interfering RNA, was
assessed. Recently, siRNA was shown to be delivered
into cells using AuNPs and photoporation by direct

heating of the plasma membrane.37 Considering our
finding that VNBs are more efficient for loading cells
with FITC-dextrans, we continued our comparative
study toward siRNA gene silencing.

First, loading of HeLa cells with Alexa Fluor 488
(AF488)-labeled siRNA was evaluated by adding it to
the cell medium prior to laser treatment. In analogy
with previous experiments, the cells were incubated
with a AuNP concentration of 8.25 � 107 particles/mL
(i.e.,∼8 particles per cell). As shown in Figure S7, similar
to our findings for FITC-dextran, direct heating of
the plasma membrane (0.38 J/cm2) is less efficient in
delivering siRNA to the cytosol than pore formation by
VNBs (2.04 J/cm2). Cell viability and cellular deliverywere
again quantified by imaging processing (Figure S8).
More than 90% of the cells were loaded with a detect-
able amount of siRNA with no signs of cytotoxicity at
a laser fluence of 2.04 J/cm2. Although heating of the
plasma membrane also did not cause any cytotoxicity,
the percentage of siRNA-containing cells was much less
(∼40%). Furthermore, the average fluorescence per cell

Figure 2. Confocal images showing the viability of HeLa cells labeled with calcein red-orange AM (a�c) and the intracellular
delivery of FITC-dextran 10 kDa after laser treatment (d�f). The bottom row shows an overlay of both colors (g�i). At a laser
fluence of 2.04 J/cm2, VNBs are induced, which perforate the cell membrane and allowmore efficient uptake of FITC-dextran
as compared to a low laser fluence (0.38 J/cm2), which causes heating of the AuNPs and the plasma membrane.
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was 4-fold higher in the case of VNB pore formation as
compared to direct heating.

In a next step the knockdown efficiency of anti-
EGFP siRNA delivered via the photoporation approach

was evaluated in a human non-small-cell lung carcino-
ma cell line (H1299) that stably expresses EGFP. The
knockdown efficiency and cell viability were measured
by both confocal microscopy and flow cytometry.
As shown in Figure 5a�c, the knockdown efficiency
was about ∼40% for direct heating of the plasma
membrane (0.38 J/cm2) as compared to >80% for
VNB-induced pore formation (2.04 J/cm2). No signifi-
cant knockdown was observed in the case where the
cells received exactly the same treatment (2.04 J/cm2)
but without AuNPs or when the same protocol was
performed (∼8 AuNPs per cell) but without laser
exposure. Quantification of cell viability did not reveal
any signs of cytotoxicity for any of the experiments.
Taken together, it can be concluded that VNB-induced
pore formation allows much more efficient cellular
uptake of siRNA and target gene silencing as compared
to cellular delivery via heating of the plasmamembrane.

Tuning the Incident Laser Fluence Allows Size-Selective
Intracellular Delivery. As demonstrated before, the size
of a VNB is governed by the intensity of the incident
laser beam.32 Here we evaluated the hypothesis that
the cellmembrane pore size is thus also proportional to
the incident laser fluence, meaning that large mol-
ecules can be delivered only via the pores formed by
VNBs with a high intensity laser light, while smaller
molecules can be delivered already at lower intensities
such as for direct heating. To investigate this, immedi-
ately prior to the laser treatment, a mixture of two
fluorescent dextrans of different molecular weight
was added to HeLa cells, being red fluorescent
10 kDa Alexa-red dextran (RD10) and green fluorescent
500 kDa FITC-dextran (FD500). The cells were treated
with a laser fluence of either 0.38 or 2.04 J/cm2, after
which the cells were washed and supplied with fresh
cell medium. As can be seen from the confocal images
in Figure 6a�c, at the lowest laser fluence the red
fluorescent dextrans with low molecular weight could
enter the cells quite efficiently. On the other hand, only
a few cells had taken up the larger green fluorescent
dextrans. At the highest laser fluence, clearly both
small and large dextrans were delivered into the cells.
By image analysis it was quantified that ∼50% of
treated cells were found to have taken up 10 kDa
dextran at the lowest laser fluence, while this increased
to∼90% at the highest laser fluence. However, for the
larger 500 kDa dextrans less than 10% of the cells
showed detectable uptake, which increased to >80%
for the highest laser fluence. The average green fluo-
rescence per cell for FD500was only∼2-foldmore than
the control sample in the case of the lowest laser
fluence, which increased to more than 10-fold at the
highest laser fluence. Although more work is needed
to investigate this relationship in more detail, these
experiments show that the pore size can be easily
changed by tuning the laser energy of the photopora-
tion procedure.

Figure 4. Positive cells, cell viability, and loadingof FD10using
8.25� 107AuNP/mLasa functionof thenumberof laserpulses
(N). Different laser fluences are compared: (a) 0.38 J/cm2

(below the VNB threshold) and (b) 2.04 J/cm2 (above the
VNB threshold). No increase in loading efficiency is found by
increasing the number of laser pulses for either condition.

Figure 3. Cell viability and delivery efficiency of FITC-
dextran 10 kDa (FD10) as quantified by imaging processing
of confocal images. HeLa cells were incubated with 70 nm
cationic AuNPs at a concentration of 8.25 � 107 particles/
mL, corresponding to approximately eight AuNPs per cell.
The laser fluence was adjusted to compare heating of the
plasma membrane (0.38 J/cm2) with pore formation by
VNBs (1.02, 2.04, and 4.08 J/cm2). Red bars are the fraction
of FD10 positive cells, blue bars are the fraction of live cells,
and olive bars are the average fluorescence intensity. The
average FD10 fluorescence per cell is a measure of the
loading efficiency. The data shown are the result from three
independent experiments.
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CONCLUSIONS

It was demonstrated that delivering macromole-
cules across the plasma membrane in cells is more
efficient when pores are created by VNBs rather than
by direct heating. This is likely caused by a larger pore
size in the case of VNBs, due to which more molecules
can diffuse into the cell. When delivering siRNA, this
might result inmore efficient gene knockdown aswell.
Despite the fact that VNB generation requires a higher
laser energy, it did not result in increased toxicity. This
is likely due to the fact that VNB generation is an
almost purely mechanical effect that does not lead to
heat diffusion into the surrounding tissue. Interest-
ingly, by tuning the laser energy and hence the size of

the VNBs, it is possible to tune the size of the pores
that are created. This in turn allows controlling the
amount of molecules that are delivered into the
cytosol, as well as the maximum size of molecules
that are allowed to pass through. Combined with the
general applicability of the approach and the fact that
this procedure can be applied to large cell numbers by
scanning of the laser beam, we are convinced that
VNB photoporation is a promising alternative physical
technique to efficiently deliver compounds into cells
with little or no toxicity. In future research it will be
of interest to further investigate the influence of
AuNP size and cell type on pore size and drug delivery
efficiency.

MATERIALS AND METHODS

Materials. Cationic AuNPs of 70 nm were purchased from
NanoPartz (#C2159, Nanopartz Inc., Loveland, CO, USA). These
AuNPs had a zeta potential of 30 mV as measured by dynamic
light scattering (NanoSizer, Malvern, UK). FITC-dextrans with
Mw's of 10 and 500 kDa were purchased from Sigma-Aldrich
(Belgium). Calcein red-orange AM (#C34851, CellTrace) and

Alexa Fluor 647 labeled dextran of 10 kDa (#D-22914) were
obtained from Invitrogen (Belgium). Twenty-one-nucleotide
siRNA duplexes targeting the enhanced green fluorescent
protein (siEGFP) and negative control duplexes (siCTRL) were
purchased from Eurogentec (Seraing, Belgium). siEGFP:
sense strand = 50-CAAGCUGACCCUGAAGUUCtt-30 ; antisense
strand = 50-GAACUUCAGGGUCAGCUUGtt-30 . siCTRL: sense

Figure 5. Photoporation of H1299 EGFP cells with varying laser intensity for siRNA gene silencing. Following the adsorption
of AuNPs (positively charged, 70 nm, 8.25� 107 particles/mL) to the cell surface, photoporation was initiated in the presence
of siRNA. Twenty-four hours after treatment, the cellular EGFP expression was visualized by confocal microscopy and
quantified with flow cytometry. The left and right microscopy images in (a)�(c) represent cells that are incubated with
negative control siRNA and anti-EGFP siRNA, respectively, at a laser fluence of 2.04 J/cm2 without incubation of AuNPs (a)
and 0.38 J/cm2 (b) and 2.04 J/cm2 (c) with incubation of AuNPs. The corresponding flow cytometry histograms in (a)�(c) show
the distributions of the cells' EGFP fluorescence. The cell viability and knockdown efficiency are quantified by flow cytometry
(n = 3) (d). The scale bars shown in (a)�(c) correspond to 200 μm.
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strand = 50-UGCGCUACGAUCGACGAUGtt-30 ; antisense strand =
50-CAUCGUCGAUCGUAGCGCAtt-30 (lower case bold letters rep-
resent 20-deoxyribonucleotides, capital letters are ribonucleotides).
For fluorescence experiments, the siCTRL duplex was labeled
with a Cy5 dye at the 50 end of the sense strand (Eurogentec).

Cell Experiments. HeLa cells as a generally used cell model
were employed in this study, and H1299 cells stably expressing
EGFP were used for siRNA knockdown experiment. Before
laser treatment, HeLa cells (1 � 104 cells/well) were grown in
cell medium of DMEM/F-12 with 2 mM glutamine, 10% heat-
inactivated fetal bovine serum (FBS, Hyclone), and 100 U/mL
penicillin/streptomycin, and H1299_EGFP cells (1 � 104 cells/
well) were cultured in 96 wells (#92096, TPP, Switzerland) at
37 �C in RPMI 1640, supplemented with 2 mM glutamine, 10%
heat-inactivated FBS, and 100 U/mL penicillin/streptomycin at
37 �C in a humidified atmosphere containing 5% CO2 for 24 h
before treatment. For laser treatment, the cells were incubated
with AuNPs for 30min at concentrations as indicated in the text.
Following incubation with AuNPs, the cells were washed to
remove any remaining free AuNPs in solution. Just prior to the
laser scanning treatment, the solution of extracellular agents
(dextrans or siRNA) was added to the cells. After the laser
treatment, the cells were washed and supplied with fresh cell
medium. CellTrace calcein red-orange AM was added to the
samples for 45 min incubation at room temperature to stain
living cells to quantify cell viability. Images of the prepared cell
samples were taken by confocal microscope (C1-si, Nikon,
Japan) to quantify the molecular loading efficiency and cell
viability. The samples were also prepared for measurement by
flow cytometer. The cells were washed with PBS, trypsinized

(trypsin/EDTA 0.25%), and diluted with complete cell culture
medium. Following centrifugation (7 min, 300g), the cell pellet
was resuspended in flow buffer (PBS supplemented with
1% BSA and 0.1% sodium azide), and placed on ice until flow
cytometric analysis. A minimum of 104 cells were analyzed in
each measurement, using a BD Biosciences FACSCalibur flow
cytometer.

Generation and Detection of AuNP Heating and VNB Formation. A
homemade setup including an optical system and electric
timing system was used to generate and detect the AuNP
heating or VNBs. As shown in Figure S2, a pulsed laser with a
pulse duration of ∼7 ns was tuned at a wavelength of 561 nm
(Opolette HE 355 LD, OPOTEK Inc., CA, USA) and used for
illumination of AuNPs. The setup has two modes for detecting
AuNP heating or VNB formation, respectively. The time-re-
sponse mode is used for detecting both of AuNP heating and
VNBs. It makes use of a photodetector (APD110A, Thorlabs) that
monitors a change in transmitted light of a CW red laser
(Spectra-Physics Excelsion-640, Santa Calara, CA, USA) due to
changes in refractive index upon heating.43 VNBs on the other
hand can be very well detected by dark-field microscopy, as
they efficiently scatter light. As VNBs typically have a very short
lifetime (<1 μs), depending on their size, we synchronized the
camera (EMCCD camera, Cascade II: 512, Photometrics, Tucson,
AZ, USA) with the pulsed laser by an electronic pulse generator
(BNC575, Berkeley Nucleonics Corporation, CA, USA). The pulse
laser sends a Q-switch signal to trigger the pulse generator, and
it will trigger the camera at a setting delay.

For treating large areas of cells, such as an entire well of a
96-well plate, an electronic microscope stage was used to scan

Figure 6. Size-selective delivery of fluorescently labeled dextrans is demonstrated in HeLa cells. Cells are supplied with a
mixture of red fluorescent Alexa-red dextran of 10 kDa (RD10) and green fluorescent FITC-dextran of 500 kDa (FD500). (a�c)
Confocal images showing the delivery of RD10 in HeLa cells that received laser treatment of 0.38 or 2.04 J/cm2. (d�f) Confocal
images showing the delivery of FD500. (g�i) Merged confocal images of green and red fluorescence with transmission
images.
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the laser beam (20 Hz pulse frequency) line by line across
the entire sample. The scanning speed was 2 mm/s, and the
distance between subsequent lines was 0.1 mm (diameter of
the laser beam). This way each location in the sample receives
a single laser pulse, with a total treatment time of ∼3.6 min
per well. The laser pulse energy was monitored by an energy
meter (J-25MB-HE&LE, Energy Max-USB/RS sensors, Coherent)
synchronized with the pulsed laser. The intensity of the exciting
pulse laser was calculated as the average pulse energy divided
by the area of the laser beam. Individual pulses were observed
to deviate up to 10% from the average value.

Quantification of Cell Loading and Viability. After laser treatment,
at least five confocal images were acquiredwith a confocal laser
scanning microscope (C1si, Nikon, Japan). Using a 10� lens
(CFI Plan Apochromat, Nikon, Badhoevedorp, The Netherlands),
each image had a field of view of 1.35 mm by 1.35 mm with
several hundreds to a thousand cells for each image. Each
image consisted of three channels, one for green fluorescence
(505�550 nm), one for orange-red fluorescence (575�620 nm),
and one for the transmission image. A Matlab (The Matworks,
Natick, MA, USA) program was written for automated quantifi-
cation of cell loading and cell viability. First, the average
intensity per cell was measured in both fluorescence channels.
Green fluorescence resembles cell loading, and orange-red
fluorescence is used for quantifying cell viability. Untreated
cells are used to define the threshold for positive cell loading,
where the threshold value is defined as the 95% level of
untreated cells. Similarly, cells are considered alive when the
orange-red fluorescence intensity is higher than the 95% level
of dead cells.

For calculating siRNA gene silencing efficiency, EGFP knock-
down efficiency was quantified as the average fluorescence
intensity of cells treated with anti-EGFP siRNA divided by the
average intensity of cells treated with negative control siRNA
under identical experimental conditions as the following equation:

Knockdown effficiency (%) ¼ 1 �MFI siEGFP
MFI siCTRL

� 100%

with MFI siEGFP indicating the mean fluorescence intensity of
cells incubated with anti-EGFP siRNA and MFI siCTRL indicating
the mean fluorescence intensity of cells incubated with negative
control siRNA.

For flow cytometry, data analysis was performed by using
the BD CellQuest Pro analysis software.
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