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a b s t r a c t

A femtosecond laser based transfection method using off-resonance plasmonic gold nanoparticles is
described. For human cancer melanoma cells, the treatment leads to a very high perforation rate of 70%,
transfection efficiency three times higher than for conventional lipofection, and very low toxicity (<1%).
Off-resonance laser excitation inhibited the fracture of the nanoparticles into possibly toxic DNA inter-
calating particles. This efficient and low toxicity method is a promising alternative to viral transfection
for skin cancer treatment.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Transfection is a method widely used by biologists for trans-
ferring foreign genetic material into mammalian cells. None of the
current techniques, including transfection via viral carriers [1],
electroporation [2e4], or liposomes [5e8], is entirely satisfactory
and for each method efficiency strongly depends on the cell type
and/or the vector used to deliver the gene of interest. More
importantly, delivering genetic foreign material to target cells with
high efficiency in vivo remains extremely challenging and repre-
sents a limitation of current gene therapy approaches [9e11]. Even
if techniques relying on the use of viral-mediated gene delivery
show superior gene transfer efficacy, they also facemajor safety and
immunogenicity concerns. Other non-viral methods have thus
become attractive alternatives for human gene therapy. Human
DNA is less expensive, easy to produce, has negligible immunoge-
nicity, and raises less safety concerns compared to viral vectors
preparation. However, the transfection of this naked DNA by
current available methods shows major disadvantages, including
a low level of transfection efficiency in vivo, lack of sustained
expression, as well as tissue damage. Therefore, technical
improvements in transfection methodology are required before
eunier).
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non-viral gene therapy can successfully be used as therapeutic tools
in the clinic.

Single cells of many different types including stem and primary
cells have already been transfected with high perforation efficiency
and with very low cell damage using a tightly focused fs laser
[12e17]. However this technique is limited to a very low
throughput and thus is inappropriate for most biological or medical
applications, which most often require a high population of
transfected cells. Permeabilization of cell membrane using nano-
second pulsed laser resonant gold nanoparticles has also been re-
ported [18e20]. However, because the basic mechanisms [21e23]
rely on the extreme heating of the nanostructures, major cytotox-
icity concerns are raised by the possible particle fragmentation. In
this paper, we present a fs laser high throughput virus-free and
fragmentation-free transfection method based on the dispersion of
out of resonant spherical gold nanoparticles (AuNP) on the cells,
followed by an irradiation using a low fluence from a weakly
focused fs laser. Low fluence is defined by a resulting irradiance on
the cells (I ¼ 2 � 1012 W/cm2 in our case) well below the optical
breakdown condition (Ibreakdown w 1 � 1013 W/cm2 for 45 fs pulse
[22]), thus preventing any laser-induced optoperforation without
the presence of nanoparticles.

The feasibility of this method has been shown earlier in
a preliminary study by Schomaker et al. [24] without presenting
any detailed data about toxicity, long term viability of the treated
cells, transfection efficiency, statistically relevant numbers of
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transfected cells, process description or comparison with existing
transfection methods. This paper presents a complete character-
ization of the technique when applied to the transfection of human
cancer melanoma cells, which presents very interesting perspec-
tives for this kind of optical transfection process. Indeed, over the
past 50 years, the incidence of melanoma in most developed
countries has increased faster than any other cancer andmelanoma
is now the most common cause of cancer deaths in young adults
between the ages 20e35 [25]. While melanoma accounts for only
5% of skin cancers, it is responsible for 80% of all skin cancer deaths.
Although most patients have localized disease at the time of
diagnosis and are cured by surgical excision of the primary tumour,
melanoma can be highly malignant, and formmetastases to almost
any organ of the body, leading to the death of the patient. There is
thus an urgent need for the development of novel therapies to fight
this disease. The skin is an attractive model tissue for gene delivery
using fs laser gene transfer. Indeed, as the tissue is exposed to the
outside of the organism, this could allow for non-invasive intro-
duction of foreign DNA using an articulated fs mobile laser,
following intradermal injection of the nanoparticles and DNA
material. In such case, the gene transfer could be precisely directed
towards chosen cell layers within the skin by determining specific
irradiated areas and depth at the site of injection. Thus, one could
implement this technique to clinical setup and use this gene
transfection method to efficiently deliver cell damaging or cyto-
toxic DNA into dysplastic cells such as melanoma cells to block
tumour formation and prevent the progression of the disease to
metastatic stages.

2. Material and methods

2.1. Sample preparation and laser treatment

The cells were incubated during 3e6 h with the AuNP (8 mg/ml, diameter
100 nm, Nanopartz) in the culture medium at 37 �C and 5% CO2 and then washed
once with PBS. Afterwards, fresh medium was added to the dishes including the
molecules that were meant to be introduced to the cells by the laser treatment: LY
(Lucifer Yellow, Invitrogen), YFP-SMAD2 plasmid [26].

The laser treatment was performed by using a femtosecond laser (Spitfire,
Spectra Physics) at a central wavelength of 800 nm, a repetition rate of 1 kHz, and
maximum output pulse energy of 5 mJ. The laser beamwas attenuated by a Brewster
window and a polarizer and guided through a focussing plano-convex lens
(f ¼ 75 mm) to the sample. The sample was irradiated from below with a Gaussian
beam profile and a spot size of 650 mm in diameter through the glass slide of the
glass bottom dishes. A three axis scanning table performed the movement of the
sample to irradiate the whole or parts of the glass bottom of the petri dish with
a scanning velocity of 3.5 mm/s and a line to line step-size of 280 mm. The treatment
of the complete petri dish (314 mm2) took about 8 min.

After the laser treatment, the cells were washed twice or once to remove the LY
or the DNA respectively. For transfection, the cells were observed by fluorescence
microscopy 48 h after the treatment. Cell counting was performed automatically by
software (Image Pro Plus, Media Cybernetics Inc.), taking into account the brightness
of fluorescent cells of the respective fluorescent dyes. During all perforation and
laser transfection experiments at least 2.2x103 cells were treated per experiment at
a confluence of 80%. Negative control (nanoparticles present but no laser irradiation)
was performed at the same time in the same culture dish, about 1.5 � 105 cells per
experiment. Additional negative control (laser irradiation at optimum fluence for
nanoparticle-enhanced laser perforation but no nanoparticles present) was per-
formed independently.

2.2. Transfection by lipofection

Transfection of WM278 cells by lipofection was performed using Lipofectamine
2000 reagent (Invitrogen) in the conditions previously optimized in the laboratory.
Briefly, 2 mg plasmid was mixed with 10 ml Lipofectamine 2000 reagent and Opti-
mem media (Invitrogen) and added to WM278 cells in glass bottom dishes (MatTek
Corp.). Cells were then incubated at 37 �C in a 5% CO2 incubator. About 2 � 105 cells
were treated per experiment.

2.3. Perforation rate and viability by fluorescence microscopy

The perforation rate was estimated by measuring the uptake of LY, which was
present in the medium during the laser treatment. Two hours after the treatment,
1.5 mM PI (Propidium Iodide, Sigma Aldrich) were added to the cell medium for
10 min, then washed once. Afterwards, the cells were fixed incubating the cells in
3.7% Formaldehyde (Sigma Aldrich) and PBS for 10 min, washed once, then added
10 mM DAPI (40 ,6-Diamidino-2-phenylindole dihydrochloride, Sigma Aldrich) for
10 min and washed once. The cells were then stored at 4 �C.

2.4. Cell culture

WM278 human melanoma cells were cultured in RPMI 1640 (Gibco) containing
10% FBS (Gibco) supplemented with penicillin-streptomycin (Fisher Scientific) and
L-Glutamine (2 mM) (Fisher Scientific). They were incubated at 37 �C and 5% CO2

atmosphere. The cells were trypsinized and seeded onto glass bottom dishes (1x105

cells, MatTek Corp.) about 24 h before the laser treatment.

2.5. Perforation rate and viability by fluorescence microscopy

Observation of perforation rate (LY, green fluorescence) and viability (PI, red
fluorescence) was performed using an inverted fluorescence microscope (Axio
Observer, Colibri illumination system, Zeiss). The viability was calculated by
V ¼ 1�NPI/NDAPI, the perforation rate by P ¼ (NLY�NPI)/NDAPI, so that only viable
perforated cells were counted. At high fluences, the total number of present cells
(DAPI, blue fluorescence) had to be corrected as many cells were detached due to the
laser irradiation and the confluence of the cells in the irradiated areas was lower
than in the control areas (non-irradiated areas in the same petri dish). This differ-
ence was added to the total number of cells NDAPI as well as to the number of dead
cells NPI. Cell counting was performed as for the transfected cells (see section Laser
treatment).

2.6. Toxicity of nanoparticules by MTT assay and long term viability after laser
treatment

The cytotoxicity of the AuNPwas measured by performing anMTTassay (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, TOX1, Sigma Aldrich).
3.5x103 cells per well were plated into a 96-well plate, 24 h before adding the AuNP
(concentration: 15 and 75 mg/ml). The cells were incubated in the culture medium
with AuNP during 3, 6, and 12 h and then washed with PBS once. Afterwards, the
cells were incubated in the culture medium for 36 h. Then, the absorption of
the AuNP in the cells at 570 nmwasmeasured using a plate reader, before adding the
MTT reagent for 2 h, before adding the solvent (acidic isopropanol) to dilute
the formed crystals. 24 h later, the absorption was measured at 570 nm again. The
difference of the absorption ANP of the first and Aall of the second measurement gave
the total absorption of the MTT reagent AMTT ¼ Aall�ANP and therefore the prolif-
eration of the cells during the 36 h.

The same procedure was performed after the laser treatment to measure the
long term viability of the cells after the laser treatment. In this case, the AuNP were
incubated during 6 h before the treatment. The MTT assay was performed 2, 24, 48,
and 72 h after the treatment.

The cytotoxicity of the transfection by lipofection was measured by performing
an MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma Aldrich) 2 he72 h post-transfection. Briefly, 5�103WM278 cells were seeded
in 96-well plates and transfected following the optimized transfection conditions, as
well as with 2 times more lipofectamine. 25 ml MTT (5 mgml�1 in PBS) was added to
the medium and cells were incubated for 2 h at 37 �C in a 5% CO2 incubator. 100 ml of
a 50% H2O 50% dimethylformamide 20% SDS pH 4.7 solution was added. The
absorbance was measured at 570 nm with a reference wavelength at 690 nm. The
Optimem transfection medium was exchanged 8 h after the transfection by culture
medium (2% FBS).

2.7. SEM imaging

The imaging of the cells and the AuNP was performed using a SEM (Scanning
Electron Microscope, Quanta, FEI) in low vacuum mode. The cells were fixed in 5%
Glutaraldehyde in PBS for 30min, then in 5% Glutaraldehyde inwater for 30min. The
cells were dried before putting them into the vacuum chamber of the SEM.

2.8. In-situ spectroscopy

The same laser setup and nanoparticles as in the transfection experiment were
used tomake in-situ spectroscopic measurements. A four faces polished cuvette was
filled with the nanoparticle solution in which Dextran (Leuconostoc ssp.
Mrw40,000) was added with concentration of 1 mg/ml to reduce aggregation.
A white light source (StellarNet SL1, 400e900 nm) probed the sample perpendic-
ularly to the femtosecond laser beam and the absorption spectra were acquired at
every minute for a total of 12 h by using a spectrometer (Ocean Optics USB4000).

2.9. Confocal microscopy

The imaging of the AuNP inside the cells was performed using a confocal
microscope (FV1000, Olympus). A 60� oil objective with a numerical aperture of
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1.42 was used to focus the laser into the sample. The laser wavelengths used were
488 nm for the AuNP and 543 nm for the FM 4e64 FX membrane dye.

3. Results and discussion

3.1. Specificity of the off-resonance plasmonic enhanced laser-
induced cell membrane perforation mechanism

Fs laser-induced transfection is usually associated with the
production of a cavitation bubble near the cell membrane, and the
same mechanism is expected in the case of plasmonic enhanced
laser-induced transfection [13,14,23]. Fs laser interaction with off-
resonance nanoparticles creates small nanoscale pores in the
membrane based on the local electric field amplification of the
incident laser. Indeed, even for off-resonance plasmonic nano-
structures, a near field amplification occurs upon irradiation
(w4.5X for a 100 nm AuNPs irradiated at 800 nm) resulting in an
irradiance way above the optical breakdown threshold
((4.5)2 � I > Ibreakdown where I is 2 � 1012 W/cm2 in our case and
Ibreakdown w 1 � 1013 W/cm2 for 45 fs pulse [22]). This produces
a highly localized plasma in the biological media surrounding the
nanoparticles that relaxes rapidly (w100 fs-1 ps) through electro-
neion interaction, leading eventually to a localized phase trans-
formation and cavitation bubble. Small absorption of the off-
resonance nanoparticles results in its temperature increase and to
a slow (w1e10 ps) water heating process, but this proves to be
insufficient to produce a cavitation bubble under effective trans-
fection fluences (w100 mJ/cm2). The cavitation bubble thus comes
from the relaxation of the plasma and not from the particle heating.
This result is supported by calculations performed using a complete
model including description of the nanoparticle heating, plasma
and water dynamic as well as thermodynamic state evolution that
demonstrate that for the laser parameters used in our transfection
experiments, energy transfer from the nanoparticle alone cannot
explain the generation of a cavitation bubble, whereas the addition
of plasma relaxation creates a sub-micrometric cavitation bubble.
More details about the model will be published elsewhere. In
summary, the use of off-resonance spherical gold nanoparticles
allows to reduce the energy absorption by the nanoparticle,
inhibiting its fragmentation, while using the scattered field to
produce a plasma which induces the nanocavitation process
responsible for the cell membrane permeabilization.

In particular, this approach is very different from the carbon
nanoparticle-enhanced fs laser optoporation of cells recently
proposed by Chakraverty et al. [27]. Their approach was based on
the transient permeabilization of the cell membrane by photo-
acoustic forces resulting from thermally induced decomposition of
strongly absorbing 25 nm carbon black agglomerated nano-
particles. The proposed process is different here as the 100 nm
AuNPs do not significantly absorb photon energy but rather amplify
the scattered near field [28] to induce in the biological media
a highly localized electronic plasma and bubbles (optical break-
down) leading to cell optoporation [14,23].

3.2. Nanoparticle localization and cytotoxicity

In nanoparticle-enhanced fs laser transfection, the localization
of the nanoparticles will have a significant effect on the transfection
efficiency and viability of the cell following the laser irradiation.
While the nanoparticles located near the cell membrane contribute
significantly to its overall permeabilization, the AuNP internaliza-
tion might affect the cell viability. Fig. 1 shows cytotoxicity results
and confocal microscopy and scanning electron microscopy (SEM)
images to localize the nanoparticles. The SEM images (Fig. 1a) taken
after an incubation time of 6 h with a AuNP concentration of
8 mg/ml show that the distribution of AuNP at the membrane
outside the cell are more likely located near the nucleus. In average,
for an incubation concentration of 8 mg/ml of AuNP, approximately
90 � 23 AuNP per cell were counted. Furthermore, confocal images
indeed revealed that a fraction of the AuNP were internalized
(Fig. 1c). However, the actual ratio could not be found due to the
limiting spatial resolution of the measurement.

General cytotoxicity of bare AuNP has therefore been assessed in
order to ensure that cells are not adversely affected by their
internalisation prior to the treatment. The cytotoxicity was
measured by cell viability MTT assay on a human cancer cell line
(WM278) originated from a patient with melanoma, isolated at the
Wistar Institute [29]. In the conditions used for transfection (see
below), the gold nanostructures show very low toxicity of less than
1%. However, at a 1.9� and 9.4� concentrations, the toxicity was
found to be dependent on the co-incubation time of the cells with
100 nm spherical AuNP (see Fig. 1d). At a AuNP concentration of
15 mg/ml (1.9�), the viability of the cells measured after 36 h was
100%, 99.5% and 91.2% for an incubation time of 3 h, 6 h, and 12 h,
respectively. By increasing the concentration to 75 mg/ml (9.4�),
the viability of the cells was slightly lower at 99.5%, 98.2%, and 91.1%
after an incubation time with the particles of 3 h, 6 h, and 12 h,
respectively. In both cases, the large drop of the cell viability after
12 h of incubation could be related to an increase of the total
number of AuNP per cell resulting from their strong sedimentation
and sets the upper limit for the incubation time.

3.3. Perforation rate and long term viability in comparison to
lipofection

Irradiation of NPs located at the cell membrane will open
nanoscale pores allowing extracellular material to enter the cell. To
demonstrate this, we performed laser optoporation in vitro to
introduce the fluorescent dye Lucifer Yellow (LY) or DNA plasmids.
LY was used as a proof of an uptake of extracellular molecules due
to the plasmonic enhanced fs laser pulses as this dye cannot
penetrate through the intact cellular membrane. The plasmonic
enhanced laser treatment leads to a very high perforation rate of up
to 70% at a viability of 80% of the treated cells including the 1%
cytotoxicity of the AuNP (see Fig. 2a and b). The maximum perfo-
ration rate was achieved for a fluence of 100e120mJ/cm2. At higher
fluences, the viability of the WM278 cells decreases to only 10%
whereas it was constant at about 80% for fluences from 60 to
120 mJ/cm2. Hence, under rather weak laser irradiation, both
internalized nanoparticles and nanoparticles at the cell membrane
have a very small effect on the short term cell viability. Negative
controls showed that there was no uptake of fluorescent molecules
(or DNA) into cells loaded with nanoparticles when not irradiatied
(<0. 1%). Similarly, irradiated cells without nanoparticles at a flu-
ence of 100 mJ/cm2 resulted also in no uptake (<0. 1%). A very high
selectivity is therefore reached as only nanoparticle loaded cells
that are irradiated are perforated.

The long term viability of the cells after the laser treatment was
also measured using MTT assay. The viability of the cells was
measured 2 h, 24 h, 48 h, and 72 h after the laser treatment, which
was performed at 100 mJ/cm2 and at the same scanning conditions
as the perforation experiments. The cells were incubated with
8 mg/ml spherical AuNP of a diameter of 100 nm during 4 he6 h
before the laser treatment. The 80% viability 2 h after treatment is
in very good agreement with the viability measurement using
Propidium Iodide (PI) as marker shown in Fig. 2a. During 24 he72 h
after the laser treatment, the viability increases slightly to 87%, 90%,
and 95%, respectively. This increase is explained by the proliferation
of the cells in the culture medium containing 2% fetal bovine serum
(FBS), and indicates that the cell membrane recovers after the
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Fig. 2. Perforation efficiency and viability of the treated cells. (a) Perforation and transfection of human melanoma cells. Viability (squares) 2 h after the treatment and perforation
rate of viable cells (triangles) depending on the laser fluence. (b) Viability of human melanoma cells 2e72 h after laser treatment or after lipofection (½� and 1� the recommended
concentration) measured by MTT assay. Error bars: standard derivation; n � 6.

Fig. 1. Cytotoxicity and localization of the AuNP. (a) SEM images (low vacuum mode) of human melanoma cells and spherical AuNP (ø ¼ 100 nm) on the cell membrane without
laser treatment and (b) after laser treatment at a fluence of 100 mJ/cm2. Scale bars: 10 mm, in zoom in images: 100 nm. (c) Confocal microscopy images of human melanoma cells
showing the AuNP inside the cells after an incubation time of 6 h. Top: the image was taken at a distance of 1.5 mm to the glass slide; bottom: the confocal fluorescence image of the
cross section through the cell (dashed line). The green fluorescence represents scattering light of the AuNP, the red fluorescence was emitted by the membrane dye FM 4e64 FX. The
thickness of the cross section is 9 mm. Scale bar: 10 mm. (d) Human melanoma cells were incubated with AuNP (ø ¼ 100 nm, 15 and 75 mg/ml) for 3, 6, and 12 h and allowed to grow
for an additional 36 h before being assessed for cell viability (MTT). Negative control is the culture medium without cells, meaning no viable cells; positive control is cells without
AuNP, meaning 100% viability. Error bars: standard derivation of the mean.
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Fig. 3. Comparison of transfected cells with YFP-SMAD2 cDNA plasmid: fs laser plasmonic enhanced transfection and lipofection. Fluorescence (a) and phase contrast image (b) of
cells transfected by plasmonic enhanced fs laser pulses; fluorescence (c) and differential interference contrast (DIC) image (d) of cells transfected by Lipofectamine. Scale bars:
100 mm. (e) Transfection efficiency of the laser based transfection method and lipofection. Error bars represent standard deviation; n � 3.
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irradiation and that the irradiated internalized AuNP have no
adverse effect on the cell growth. Additionally, the same experi-
ment was performed with cells treated with two different quanti-
ties of lipofectamine (see Fig. 2b). The recommended volume of
lipofectamine for efficient transfection (see methods) leads to
a very poor viability of 90%, 58%, 41%, and 26% after 2 h, 24 h, 48 h,
and 72 h, whereas half of this volume leads to a viability of 100%,
86%, 89%, and 84%, respectively. Hence, beside the very high
optoporation efficiency, the laser based optoperforation approach
offers much better long term viability in comparison to the opti-
mized standard transfection method for this cell line as it does not
rely on the use of toxic chemical agents.

3.4. Transfection by laser treatment in comparison to lipofection

The transfection of the WM278 melanoma cells was performed
by perforation in presence of 50 mg/ml YFP-SMAD2 cDNA plasmid
at a fluence of 100 mJ/cm2 to study the transfection efficiency. The
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and 5% CO2. Lipofection led to a transfection efficiency of 8% (see
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3.5. Fragmentation study of gold nanoparticles

Although the general cytoxicity of bare AuNP was found to be
negligible under working conditions, very small AuNP (nm range)
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covered cells after the laser treatment did not significantly differ in
terms of the number of AuNP on the cell membrane (91 � 16), as
well as the shape and size of the AuNP were not visibly changed
after laser irradiation (see Fig. 1d). As seen in Fig. 4, this result is
further confirmed by in-situ spectroscopic studies showing that
a solution containing 50 mg/ml of spherical 100 nm diameter AuNP
irradiated during 12 h with the laser parameters used for the
transfection process experiences no significant modification
(Dl < 0.03 nm) of its extinction spectrum due to the irradiation.
Such a modification would have been the fingerprint of a change in
the particle size resulting from ablation or fragmentation [32].
Indeed, using Mie theory, it is possible to calculate the extinction
spectrum for a nanosphere of a given diameter, and thus to relate
a change in position of the extinction peak to a modification in the
nanosphere diameter. Calculation reveals a change in the sphere
diameter limited to 0.03 nm. Appreciable change in the extinction
spectrum occurs for fluences 6 times higher than the one used in
transfection experiments. Previous studies have also shown that
non-thermal mechanisms may result in the ejection of some
material layers from the nanoparticle to its environment following
a laser irradiation [33], possibly leading to the formation of small
AuNP. Results obtained although reveal that the concentration of
such small AuNP is limited to <0.003 mg/ml for an initial 100 nm
AuNP 8 mg/ml concentration, well below the w1 mg/ml range re-
ported to initiate cytotoxic effects [30]. All results hence show that
the AuNP are not significantly affected and should not lead to the
production of potentially toxic fragments produced during the laser
treatment.

4. Conclusion

Overall, our results indicate that transfection of human cancer
cells by using plasmonic enhanced fs laser pulses is a very prom-
ising method with a very high viability of the cells associated with
an enhanced transfection efficiency compared to the classic lip-
ofection approach. The setup allows a treatment of an area of
40 mm2/min, so that a large number of adherent cells can be
treated in an appropriate amount of time for biological or medical
applications. In comparison, Chakraverty et al. reported that 10 min
were required for the treatment of a 28 mm2 area using carbon
black nanoparticles to get similar results [27]. Especially, the
cytotoxicity of the AuNP is very low (<1%), even though the cells
internalize the particles. Additionally, there is only low heating of
the AuNP and therefore no fragmentation to smaller particles that
could intercalate into the DNA, so that even in vivo application for
cells at the surface of the tissuewould be possible. Furthermore, the
comparison between the laser based plasmonic enhanced tech-
nique with commonly used lipofection shows a w3-times higher
transfection efficiency for the laser based method with equivalent
cell viability. Additionally, the spatial selectivity is an important
advantage for possible in vivo applications. Only laser exposed cells
covered with nanoparticles are treated and a bioconjugation of
those particles adds a cellular selectivity, leading to a treatment
limited to the cells of interest, even in mixed culture or tissue.
Therefore, the proposed method shows promises as an alternative
transfection technology that could be adapted to therapeutic tools
in the clinic.
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