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Abstract. In comparison to standard transfection meth-
ods, gold nanoparticle-mediated laser transfection has
proven to be a versatile alternative. This is based on its
minor influence on cell viability and its high efficiency,
especially for the delivery of small molecules like small
interfering RNA. However, in order to transfer it to routine
usage, a safety aspect is of major concern: The avoidance
of nanoparticle uptake by the cells is desired. The immo-
bilization of the gold nanoparticles on cell culture surfaces
can address this issue. In this study, we achieved this by
silanization of the appropriate surfaces and the binding of
gold nanoparticles to them. Comparable perforation
efficiencies to the previous approaches of gold nanopar-
ticle-mediated laser transfection with free gold nanopar-
ticles are demonstrated. The uptake of the immobilized
particles by the cells is unlikely. Consequently, these
investigations offer the possibility of bringing gold nanopar-
ticle-mediated laser transfection closer to routine usage. ©
2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10

.1117/1.JBO.19.7.070505]
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Cell transfection is one of the most important techniques in life
sciences. It allows a specific modification of the gene expression
of a cell. This is often achieved by the transient expression of a
gene after DNA transfection. The delivery of small interfering
RNA (siRNA) or Morpholinos allows the transient blockage of
the translation of a protein of interest. Thereby, a knockdown of
a gene of interest is achieved. The injection of proteins enables
direct manipulation without modifications on the genetic level.

A versatile alternative to common transfection techniques,
like electroporation and lipofection, is based on the interaction

of laser irradiation and gold nanoparticles.1–3 The routine pro-
cedure consists of the incubation of cells with gold nanoparticles
with sizes of 80 to 200 nm for 3 to 6 h, which is sufficient for
sedimentation for these large particles.1,2,4 Alternatively, smaller
antibody-conjugated particles are used.3 Irradiation of the gold
nanoparticles can be performed at various pulse lengths and
laser wavelengths. Yao et al. applied nanosecond and picosec-
ond laser pulses at 532 nm to deliver 10-kDa dextrans and anti-
bodies into cells. Antibody conjugated 30-nm nanospheres were
used in their study.3 Heinemann et al.1 presented a fully auto-
mated setup employing 850-ps pulses at 532 nm. The delivery of
siRNA, Morpholinos, and dextrans of sizes up to 2000 kDa was
demonstrated using this setup.1,4,5 For this purpose, 80 to 200-
nm gold nanoparticles were analyzed. Baumgart et al.2 used
femtosecond laser pulses to deliver DNA to cells by the irradi-
ation of 100-nm gold nanoparticles. The interactions, which lead
to membrane permeabilization, are based on heating of the par-
ticle or nanocavitation due to the near-field enhancement.6,7

The main disadvantage of all techniques is the incubation
with the gold nanoparticles. First, it is time-consuming,
which limits the high-throughput applicability in routine
usage. Second, it might affect the safety of the procedure, espe-
cially for sensitive cells. Both issues can be overcome using gold
nanostructures as demonstrated by Wu et al.8 and Schomaker et
al.9 This requires the complex production of plasmonic struc-
tures. Furthermore, they need to fit standard cell culture plates
for routine usage, which is probably difficult to achieve.

In this study, we aim to present a new and very simple tech-
nique to achieve an immobilization of spherical gold nanopar-
ticles on glass and surface-treated cell culture surfaces in
combination with gold nanoparticle-mediated laser transfection.
It is based on the attachment of gold nanoparticles to surfaces
after silanization.10 It is applied for nanoparticles of different
sizes. The delivery of 10-kDa dextrans is demonstrated. A com-
parison to the standard procedure of gold nanoparticle mediate
laser transfection with 3 h of incubation is given.

The fully automatized optical setup and the standard perfo-
ration parameters with about six particles on the cell surface are
described by Heinemann et al.1 and Kalies et al.4 Briefly, it con-
sists of an 850-ps laser operating at 532 nm and at a repetition
rate of 20.25 kHz, two galvanometer scanning mirrors, an
attenuator, focusing optics, and a moveable microscopy stage.
In this study, a fixed radiant exposure of 42 mJ∕cm2, a scanning
velocity of 200 mm∕s, and a spot size of 86 μm were applied.
This leads to a speed of 8 s per single well of a 96 well plate.
Spherical gold nanoparticles of sizes 30, 60, 80, and 200 nm
were tested.

The standard protocol with incubation consists of three steps.
First, about 60,000 cells at the day of the experiment are incu-
bated with 0.5 μg∕cm2 200-nm gold nanoparticles in a 96 well
plate.1 S, 10-kDa fluorescein isothiocyanate (FITC) dextrans as
an indicator of perforation efficiency are added in new medium.
The perforation efficiency combines the number of perforated
cells with the fluorescence per single cell. The concentration
is 2 mg∕ml. In the last step, the perforation efficiency is evalu-
ated by the readout of the fluorescence per well with a micro-
plate reader at a 520-nm emission wavelength. Furthermore, the
viability is tested with the viability indicator QBlue which is
based on the reduction of resorufin in metabolically active
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cells 1 h after laser treatment. Heinemann et al.1,4,5 also give a
more detailed protocol.

The proposed immobilization protocol of this study
makes use of the silane (3-aminopropyl)-trimethoxysilane
(APTMS).10 In a process called silanization, hydroxyl groups
on glass replace the alkoxy groups on the silane. This leads
to the formation of a covalent ─Si─O─Si─ bond. A self-
assembled monolayer is created. It yields free amino groups,
which can electrostatically bind the gold nanoparticles.10 The
binding to the used polystyrene cell culture surfaces (black,
clear-bottom 96 well plates, Corning, Pittston, Pennsylvania
GmbH) occurs because the surfaces are routinely surface-modi-
fied by the manufacturer to enhance cell adhesion. This modi-
fication leads to the addition of oxygen containing chemical
groups to the surface. These can be used equally for the
described hydroxyl groups on glass surfaces. The 96 well plates
or glass cover slips are treated for 16 h with 1% APTMS in etha-
nol. Then, the gold nanoparticles are added for 2 h with the
given surface concentrations. The wells were washed with dis-
tilled water. Finally, 30,000 ZMTH3 cells were seeded in the
wells for another 24 h. As in the standard procedure, 10 kDa
dextrans served as a perforation indicator. Laser treatment
can be started without the need for further incubation steps.
If not stated separately, all experiments were conducted in trip-
licate on three different days and the standard error of the mean
is shown.

In the first set of experiments, a parameter study was con-
ducted to explore the optimal particle concentration for different
particle sizes. We determined that the concentrations of 0.05 to
1 μg∕cm2 were all suited for membrane perforation dependent
on the particle size [see Fig. 1(a)]. In all experiments, 30-nm
gold nanoparticles yielded the lowest perforation. For the con-
centrations of 0.1 and 0.25 μg∕cm2, good perforation efficien-
cies were achieved with 60 and 80-nm particles. The highest
values were yielded for 0.25 μg∕cm2, where almost every
cell was perforated. The efficiency for 200-nm particles was
best at 0.5 and 1 μg∕cm2. These concentrations correspond
well to the concentrations needed with 3 h of incubation in
the standard procedure. The viability decreased strongly with
higher concentrations for gold nanoparticles with sizes lower
than 200 nm [see Fig. 1(b)]. For these particles, only a slight
decrease could be observed. The decrease in viability is in
good agreement with the perforation measurements, as dead
cells do not retain the 10-kDa dextrans after perforation.
Probably, the total number of particles per cell for a given sur-
face concentration, which is different for each size, leads to
these results. This needs to be investigated in further studies.
In the following experiments, we used 80-nm particles with a
concentration of 0.25 μg∕cm2 and 200-nm particles with a con-
centration of 0.5 μg∕cm2.

Next, we analyzed whether the newly proposed method is on
par with the standard procedure of gold nanoparticle-mediated
laser transfection. We incubated cells with 0.5 μg∕cm2 200-nm
gold nanoparticles for 3 h and compared the perforation effi-
ciency to the previously mentioned parameters.

The obtained efficiencies were equal or slightly better than
those with the standard procedure [see Fig. 2(a)]. Therefore, the
immobilization of the nanoparticles does not affect the perfora-
tion efficiency. The location of particles beneath or next to the
cells seems to have a minor influence on the delivery of small
molecules. This might be explained by the formation of vapor
bubbles due to heating, which perforate cell parts that are

accessible by the external medium. The viability for 80-nm par-
ticles at 0.25 μg∕cm was about 60% compared to the better
viability with 200-nm particles at 0.05 μg∕cm2 of almost
90%. This is in good agreement with our previous studies,
which demonstrated a viability of about 90% in gold nanopar-
ticle-mediated laser transfection, and with Fig. 1(b).1,4,5

We also investigated whether the procedure in conjunction
with laser perforation influences the long-term viability of
the cells (see Fig. 3). For this purpose, 8000 cells were seeded
on the day before the experiment. The viability after 24 and 48 h
was comparable to the viability 2 h after laser treatment. In non-
irradiated samples, no impact on the viability was observed.
Therefore, only the irradiation of the particles but not the
new immobilization procedure influences viability.

We used dark-field microscopy and ImageJ11 to count the
particles in one field-of-view on cover slips with immobilized
gold nanoparticles, with irradiated immobilized particles, and
with (irradiated) cells and immobilized particles. The cells
were detached by trypsinization before counting. No significant
difference in 15 samples was found (p > 0.18).

Finally, the results of our study lead us to the conclusion that
the handling of gold nanoparticle-mediated laser transfection
can be improved using immobilized particles. This can be
achieved by the simple method described in this study. The effi-
ciency of perforation and viability of the cells is comparable to
the results previously published with incubation of particles.

Fig. 1 Influence of different nanoparticle sizes and concentrations on
perforation efficiency (a) and cell viability (b) in gold nanoparticle-
mediated laser transfection with immobilized particles on the cell cul-
ture surface. Fluorescence is normalized to the highest value.
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Therefore, this new study is of high importance for research on
laser transfection with gold nanoparticles.
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Fig. 2 Comparison of the proposed immobilization technique to the standard procedure of gold nano-
particle-mediated laser perforation.

Fig. 3 Long-term viability after laser transfection with immobilized
particles on cell culture surfaces. Nonirradiated samples showed
no decrease in viability, the particle containing and the irradiated sam-
ples showed a decrease.
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