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Abstract. Laser-based transfection techniques have proven high applicability in several cell biologic applica-
tions. The delivery of different molecules using these techniques has been extensively investigated. In particular,
new high-throughput approaches such as gold nanoparticle—mediated laser transfection allow efficient delivery
of antisense molecules or proteins into cells preserving high cell viabilities. However, the cellular response to the
perforation procedure is not well understood. We herein analyzed the perforation kinetics of single cells during
resonant gold nanoparticle—mediated laser manipulation with an 850-ps laser system at a wavelength of 532 nm.
Inflow velocity of propidium iodide into manipulated cells reached a maximum within a few seconds. Experiments
based on the inflow of FM4-64 indicated that the membrane remains permeable for a few minutes for small
molecules. To further characterize the cellular response postmanipulation, we analyzed levels of oxidative
heat or general stress. Although we observed an increased formation of reactive oxygen species by an increase
of dichlorofluorescein fluorescence, heat shock protein 70 was not upregulated in laser-treated cells.
Additionally, no evidence of stress granule formation was visible by immunofluorescence staining. The data
provided in this study help to identify the cellular reactions to gold nanoparticle—mediated laser manipulation.
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1 Introduction

Laser transfection has proven to be an enabling technology in
cell biology allowing alternative development of regenerative
approaches. The specific features of laser transfection, which
combines high efficiency, minimal invasive treatment of the
cells, and spatial selectivity, fulfill key requirements for directed
cell manipulation.'™

Early demonstration of laser-induced membrane permeabili-
zation using a membrane-targeted 355 nm Nd: YAG laser with a
pulse length of 5 ns in normal rat kidney cells was realized as
early as 1984.! The following studies focused on the improve-
ment of this application using similar laser parameters.*’
Additionally, the combination of continuous wave irradiation
with the absorption of phenol red in the cell culture medium
for dye-assisted laser-induced membrane permeabilization or
the laser-based transfection of plant cells was investigated.®’
A seminal achievement in the field was realized by the introduc-
tion of femtosecond laser pulses for targeted single-cell laser
transfection leading to extremely high DNA transfection
efficiencies.> Femtosecond single-cell laser transfection is
reviewed in detail by Stevenson et al.> Further, several experi-
mental settings based on femtosecond laser transfection were
evaluated, including the application of femtosecond laser pulses
via endoscopic systems, the use of a spatial light modulator to
specifically target cells, or microfluidic platforms to enhance the
throughput of the method.®'°

Although single-cell laser transfection is well suited to follow
individual cells’ fates after transfection, the technique does not
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allow to transfect a high cell number in reasonably short time
scales. However, high efficiencies are required in high-throughput
screening of pharmaceutically or therapeutically active com-
pounds or to manipulate high cell numbers for cell reconstructive
therapies.'! Several groups evaluated multicell laser perforation
setups using the emission of a laser-induced stress wave for
cell membrane permeabilization.'>'* These approaches were
extended resulting in actual gene transfection in vivo.'>!°
Recently, Wu et al.'” introduced a silicon array containing small
holes and channels providing a pressurized flow during the laser
transfection procedure. Titanium films at the sides of each hole
are heated by a scanning nanosecond laser beam triggering cav-
itation bubbles for membrane permeabilization. This approach
enabled the delivery of proteins, nanoparticles, and bacteria
into cells.!” A third approach uses membrane adhered gold nano-
particles irradiated by weakly focused laser pulses. Thereby, high
cell numbers can be treated rapidly. Typically, either resonant
(around 532 nm) or off-resonant (around 800 nm) excitation
of the gold nanoparticles is applied using laser pulse length rang-
ing from femto- to nanoseconds. Boulais et al.'® recently
reviewed the physical mechanism of this permeabilization pro-
cedure in detail. Heating of the particles or near-field enhance-
ment of the particles can lead to bubble formation, finally
causing membrane perforation.'®!” Several recent studies studied
the efficiency of DNA, siRNA, Morpholino, and protein delivery
and cell viability after treatment using this method. Thereby, vari-
ous laser parameters, including resonant and off-resonant irradi-
ation of the gold nanoparticles, were taken into account.”’*
However, the biological consequences of this approach and
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other laser transfection procedures are still not well understood.
Addressing this, we previously analyzed cell membrane potential
changes by patch clamp analysis in off-resonant gold nanopar-
ticle—mediated laser transfection.””> Furthermore, we analyzed
the dependence of dextran inflow into the cells on the extracel-
lular salt concentration and observed no dependency on the
osmolarity.® Additionally, we showed that dextrans up to
2000 kDa can pass the cell membrane during the perforation
procedure.?® Recently, we were able to provide a comprehensive
analysis of four important cell parameters: cell volume and area,
ion exchange (calcium), and the cytoskeleton (filamentous actin)
in resonant gold nanoparticle-mediated laser manipulation with
850 ps laser pulses by a multimodal imaging setup.?’ Despite
these analyses, an exhaustive characterization of the transfection
procedure requires an extension of this work to the perforation
kinetics and oxidative or heat-induced cell stress phenomena.
A detailed examination of these additional parameters was per-
formed within this study and extends the biophysical and bio-
chemical analysis of the cell response in laser transfection. We
analyze the perforation procedure by propidium iodide and
FM4-64 inflow, detect the increased formation of the reactive
oxygen species (ROS) via a dichlorofluorescein-based assay,
evaluate heat stress by quantitative real-time polymerase chain
reaction (PCR) marker gene analysis, and investigate the forma-
tion of stress granules by antibody staining.

2 Methods

2.1 Laser Manipulation Setup

Two different manipulation systems, employing the same laser
source, were used in this study to investigate the cellular
response triggered by gold nanoparticle-mediated laser manipu-
lation. The laser source is an 850-ps laser system operating at a
wavelength of 532 nm and a repetition rate of 20.25 kHz (Horus,
France).

Our microscopy setup allows following the treatment of a
few cells in glass-bottom dishes by a multimodal imaging
approach. In this study, we used the fluorescence imaging
part of this setup as described by us previously.?’ It is based
on epifluorescence illumination with a mercury vapor lamp.
Fluorescence images were recorded with a CCD camera
(Progres MF Cool, Jenoptik, Germany). An OD6 notch filter
(NF533-17, Thorlabs, Germany) was employed to attenuate
the manipulation beam. Cells were randomly selected using a
motorized stage with bright field illumination. A fixed irradia-
tion time of 40 ms was applied for manipulation. The parameter
space was based on our previous study with three radiant expo-
sures covering the threshold of perforation (15 mJ/cm?), high
perforation efficiencies and good viability (27 mJ/cm?), and
invasive treatment of the cell, possibly leading to cell death
(41 mJ/cm?).?” Moreover, light scattering of gold nanoparticles
was detected using a 535 nm =+ 20 nm excitation filter and a
520 nm longpass emission filter.

Our high-throughput setup was used in previous studies to
treat and analyze the efficiency of molecular delivery
(siRNA, Morpholinos, and proteins) and the cell viability of
high cell numbers.?"*** A single well of a 96-well plate can
be handled within 8 s and examined afterward in a separate fluo-
rescence microscope. In this study, two scanning velocities were
applied. The standard perforation procedure irradiates cells with
a radiant exposure of 42 mJ/cm? and a scanning velocity of
200 mm/s. Invasive treatment of the cells is accomplished by
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reducing the scanning speed to 50 mm/s.?!** Although both
irradiation times (scanning velocities) are shorter than the irra-
diation time of the microscopic setup, the parameter regimes are
comparable.?!"?’

2.2 Cell Culture and Nanoparticle Labeling

Canine ZMTH3 cells were used in all experiments, except for
the immunofluorescence staining of T-cell internal antigen-1
related (TIAR) protein in murine 1929 cells owing to the anti-
body species specificity. Each cell line was cultured in RPMI
1640 medium supplemented with 10% of fetal bovine serum
and 1% of the antibiotic Zellshield (all Biochrom, Germany).
Spherical gold nanoparticles of 200 nm diameter (PGO200,
Kisker, Germany) were added 3 h before perforation at concen-
trations of 0.05 and 0.5 ug/cm?. The first concentration was
used in the perforation kinetics and oxidative stress measure-
ments to investigate the perforation with a minimal number
of particles (~5) per cell. The latter concentration of 0.5 ug/cm?
is equivalent to ~30 particles per cell in a glass-bottom dish.
This parameter is routinely used in gold nanoparticle-mediated
laser transfection.”!

2.3 Analysis of Perforation Kinetics

Analysis of perforation kinetics was performed in the microscopy
setup in glass-bottom dishes (u-Dish 35 mm, ibidi, Germany)
with 150,000 ZMTH3 cells seeded 24 h prior to the experiment.
To analyze the propidium iodide inflow, 1.5 yuM propidium
iodide (Life Technologies) was added to the cell medium.
Propidium iodide, a membrane impermeable dye with a molecu-
lar weight of 670 Da, becomes fluorescently detectable upon
binding to nucleic acids after inflow. This molecule is extremely
small compared to the cell, enabling isotropic inflow at the site of
perforation. Within the cytoplasm, propidium iodide immediately
binds nucleic acids, limiting the concentration of free propidium
iodide to nearly zero. The change of the fluorescent area over time
indicates the diffusion of propidium iodide-nucleic acid com-
plexes from the perforation site.”” The diffusion is dominated
by the nucleic acids, which are larger and heavier than propidium
iodide.?’ The respective area was outlined in ImageJ and analyzed
based on a custom-written ImageJ macro for threshold analysis.*
Within a few minutes, propidium iodide might pass into the cell
nucleus and stain it brightly owing to the high concentration of
nucleic acids compared to the cytoplasm. This would exacerbate
the analysis on a longer time scale. As a consequence, to examine
the behavior on a minute time scale, we switched to the dye FM4-
64 (Life Technologies) that was previously used in membrane
repair analysis.*! This dye binds the outer leaflet of the membrane
and penetrates the cell after perforation. We measured the change
of fluorescence per cell, which should saturate with membrane
repair. Cells were outlined in ImageJ, fluorescence was measured,
and a background fluorescence value was subtracted for each
image of a stack. A concentration of 1 ug/ml FM4-64 was
applied. FM4-64 and propidium iodide fluorescence were excited
using a 535 nm + 20 nm bandpass filter and detected with a
610 nm =+ 25 nm filter. All data points show the mean and stan-
dard error of five single cells in three independent samples.

2.4 Quantification of Oxidative Stress

The examination of the increased formation of ROS was per-
formed using the microscopic setup in glass-bottom dishes
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with 150,000 seeded ZMTH3 cells. Carboxy-H,DCFDA (Life
Technologies) was added to the cell medium at a working con-
centration of 25 M in HEPES buffered saline (25 mM HEPES,
120 mM NaCl, 54 mM KCI, 1.8 mM CaCl,, 25 mM
NaHCOs;, and 15 mM glucose, pH 7.4). The cells were incu-
bated for 30 min at 37°C and washed with HEPES-buffered
saline afterward. Acetate groups are removed by intracellular
esterases, and upon oxidation by ROS, the fluorescent product
dichlorofluorescein (DCF) is yielded. A control group (only
laser irradiated, without gold nanoparticles) accounting for pho-
tobleaching effects was also analyzed. DCF fluorescence was
excited using a 480 nm % 15 nm bandpass filter and detected
with a 520 nm longpass filter. Image analysis was performed
according to the Sec. 2.3 All data points represent the mean
and standard error of five single cells in three independent
samples.

2.5 Quantification of Heat Stress

For quantitative PCR (qPCR) analysis, 100,000 ZMTH3 cells
were seeded per well in a 24-well plate, and three wells were
pooled per sample after laser treatment in the high-throughput
setup. RNA expression of the heat inducible stress marker gene
heat shock protein 70 (HSP70) relative to the housekeeping
genes beta-actin (ACTB) and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was analyzed 2 h after laser or heat treat-
ment (30 min at 45°C) via quantitative reverse transcription PCR
(RT-gPCR) analysis. RNA was purified with a phenol/chloro-
form-based protocol using the commercially available reagent
TriFast (peqlab, Germany). DNAsel (RQ1 DNase, Promega,
Germany) treatment of purified RNA was performed to ensure
complete removal of remaining genomic DNA. 25 ng of RNA
was used for quantification and mixed with SYBR green
(QuantiTect SYBR Green RT-PCR, Qiagen, Germany), canine
HSP70 primers (PPFO0191A, Qiagen), and reverse transcrip-
tase. Expression of HSP70 was quantified relative to the
housekeeping genes ACTB and GAPDH and comparatively
normalized to the untreated sample. The expression analyses
were performed using the Mastercycler realplex (Eppendorf
AG, Germany). RT-gPCR conditions were 30 min at 50°C
and 15 min at 95°C, followed by 40 cycles with 15 s at 94°
C, 30 s at 58.5°C, and 30 s at 72°C. Gene expression levels
were derived based on the AACT method, and statistical analy-
sis was done using the software tool REST 2009.%% A p value of
<0.05 was considered statistically significant.

2.6 Immunofluorescence Staining of T-Cell Internal
Antigen-1 Related Protein

Antibody staining of stress granules (TIAR protein) was per-
formed in black, clear-bottom 96-well microplates with
30,000 seeded L929 cells in the high-throughput setup. After
laser treatment, cells were briefly washed with phosphate-buf-
fered saline (PBS), fixed with 4% of paraformaldehyde in PBS
(Sigma Aldrich, Germany), and permeabilized with 1% Triton-
X 100 in PBS (Sigma Aldrich). Two washing steps with 3%
bovine serum albumin (BSA) plus 0.05% Tween 20 in PBS
were followed. Incubation for 45 min in 10% goat serum in
PBS served to block unspecific binding. The primary antibody
(TIAR D32D3 XP Rabbit mAb, NEB, Germany) was diluted
1:1000 and added to the cells in 3% BSA in PBS over night
at 4°C. Two washing steps in 3% BSA plus 0.05% Tween 20
in PBS were followed. The secondary antibody [Goat anti-
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Rabbit [gG H&L (Alexa Fluor 488), abcam) was diluted
1:500 in 3% BSA in PBS and added to the cells for 1 h at
room temperature. Finally, cells were washed three times
with PBS, and cell nuclei were costained with 9 uM Hoechst
33342 (Life Technologies). Subsequently, cells were imaged
using a fluorescence microscope (Zeiss Axiovert 200, Carl
Zeiss, Germany) equipped with an EMCCD-camera (Andor
Luca R, Andor).

3 Results and Discussion

3.1 Investigation of Perforation Kinetics During Gold
Nanoparticle—Mediated Laser Manipulation

A key issue of molecular delivery is the actual achieved inflow
of molecules during perforation. In laser-induced perforation,
the solute transport is dominated by simple diffusion, while
large structures, such as plasmids, might enter the cell through
membrane adherence after perforation.*® The kinetics of the per-
foration procedure acting hereby is currently still unknown. We
investigated the inflow of propidium iodide during the first few
seconds after perforation in this study [see Figs. 1(a) and 1(b)
and Video 1], based on our previous work.” In detail, we deter-
mined the area of the cell in which propidium iodide—nucleic
acid complexes have diffused after perforation, normalized to
the total cell area. We observed that not all irradiated particles
contributed to the inflow of propidium iodide. The interaction of
laser light and particles is possibly affected by the position of
the particles relative to the intensity profile of the laser.
Additionally, optical properties of the particle could be altered
owing to the formation of a soft protein corona around the par-
ticle combined with the beginning of endocytotic uptake.**
Protein—particle complex building might change the absorption
of the laser light. A laser radiant exposure of 15 mJ/cm? is the
threshold of perforation and led to the lowest inflow of propi-
dium iodide after perforation [see Fig. 1(b)]. The highest
achieved inflow of propidium iodide was observed in the dam-
age regime of the cells upon applying a radiant exposure of
41 mJ /cm?. Two effects could contribute to these observations:
a higher radiant exposure leading to more pronounced heating
and associated bubble formation at the particles,'® additionally,
as mentioned above, higher radiant exposures might induce per-
foration at particular particles that are affected by the environ-
ment or by their position relative to the laser spot.

To examine the kinetics of perforation during the first few
seconds after laser treatment, we calculated the first derivative
of the filled area per time, which constitutes a velocity of area
inflow per time [see Fig. 1(c)]. Interestingly, the highest velocity
was observed ~10 s after perforation, in particular in the dam-
age regime of 41 mJ/cm?. This observation matches results of
our previous study using digital holography to analyze the vol-
ume outflow during perforation, where we observed two phases
of volume exchange. The fast phase volume outflow occurred
during the first 10 s accompanied by a lower, linear outflow
of volume in the following time.?” Based on these combined
study results, it is reasonable to assume a sequential-steps per-
foration procedure. Schomaker et al. performed patch clamp
analysis and observed multiphase behavior with a rapid inflow
of ions in 6 to 10 s followed by a smaller increase of current.”
Furthermore, the cellular calcium response also occurs in the
first few seconds after perforation in gold nanoparticle-medi-
ated laser manipulation, resembling a rapid inflow of ions.?’
Consequently, we can assume that this first phase of perforation
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Fig. 1 Inflow of propidium iodide and area covered by propidium iodide—nucleic acid complexes in
ZMTHS cells during the first few seconds after gold nanoparticle-mediated laser manipulation.
(a) Sequence of contrast-enhanced images from Video 1 after the perforation event showing the inflow
at single particles. Inflow does not occur at all irradiated particles. A radiant exposure of 27 mJ/cm? and a
concentration of 0.5 ug/cm? gold nanoparticles were applied. Cells are outlined red, and gold nanopar-
ticles are depicted in yellow. Laser spot is outlined in green. Scale bar: 20 um. (b) The area in which
propidium iodide diffuses is dependent on laser radiant exposure and nanopatrticle concentration for
a fixed irradiation time of 40 ms. The kinetic of the diffusion process is indicated by the derivative of
the time-dependent inflow in (c). A maximum inflow rate is achieved around 10 to 15 s. Connection
of data points by smoothed lines solely serves for illustration purposes (Video 1 MP4, 7 MB [URL:
http://dx.doi.org/10.1117/1.JB0O.20.11.115005.1]).
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Fig. 2 Kinetics of FM4-64 inflow in ZMTH3 cells after gold nanoparticle-mediated laser manipulation.
(a) Sequence of images on a minute scale after the perforation event. A radiant exposure of
27 md/cm? and 0.5 ug/cm? gold nanoparticles were applied. Scale bar: 20 um. (b) Corresponding nor-
malized fluorescence values and applied fit functions. Directly after laser treatment, the signal is
bleached by the manipulation laser (starting point below 0). Inflow of FM4-64 occurs in some cases
over several minutes and goes into saturation (Video 2, MP4, 4 MB [URL: http://dx.doi.org/10.1117/1
.JB0.20.11.115005.2]).
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represents the phase of highest molecule exchange.>?’

Additionally, this observation might be influenced by a possible
accumulation of propidium iodide at the point of inflow in
the cell.

We applied the dye FM4-64 to assess the membrane perfo-
ration over a time scale of minutes [Figs. 2(a) and 2(b) and
Video 2]. FM4-64 has a similar weight to propidium iodide
but binds to membraneous structures. In these experiments,
fluorescence intensity was examined. The FM4-64 fluorescence
bleached owing to the treatment laser pulse (please see laser
control in Fig. 2) but increased due to FM4-64 inflow after per-
foration. The slope of the time dependence indicated a saturation
of inflow.

The change of fluorescence could be well described by a
diffusion model®™ for the concentration of FM4-64 in the
cell: C(f) = Cpax - {1 — el7M2)/7} _offset. The value Cpyy

Table 1 Obtained fit values for the concentration doubling time.

Nanoparticle Radiant exposure Concentration doubling
concentration (ug/cm?) (mJ/cm?) time 7 (min)

0.05 15 26+04

0.05 27 27+0.2

0.05 41 26+04

0.5 15 34+0.6

0.5 27 29+02

0.5 41 28+0.2

Q
172}
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100 -

represents the saturation of FM4-64 in the cell, = describes
the doubling time of the concentration, and the offset accounts
for the laser-induced photobleaching.

Employing the method described above, we obtained values
around 2.8 £ 0.3 min for 7 by fitting this function to our data
[Fig. 2(b) and Table 1]. This value is in agreement with previous
studies by Yao et al. and Umebayashi et al. who analyzed pro-
pidium iodide uptake, added to the cell medium at various points
in time after gold nanoparticle— or latex particle-mediated laser
perforation. Uptake was observed up to several minutes after
perforation.***” Therefore, it is possible that the membrane
remains permeable for small molecules, like ions, after perfora-
tion to rebalance cell homeostasis. Furthermore, the rearrange-
ment of filamentous actin was observed within this time span.?’
Since the actin cortex is connected to the membrane, this could
indicate membrane repair processes.

3.2 Analysis of Cell Stress After Gold
Nanoparticle—Mediated Laser Manipulation

The long-lasting membrane permeability also indicates that the
cell might be affected by cell stress. Our previous observations
on changes of area, volume, ion exchange, and cytoskeleton
support this assumption.”’ To further analyze the cell response,
we investigated the formation of ROS in the irradiated cells
[Figs. 3(a) and 3(b)]. The fluorescence of DCF, a common indi-
cator of ROS, was normalized to its initial value before treat-
ment. It is challenging to evaluate ROS formation directly
after laser treatment because this might also induce some radiant
exposure dependent photobleaching. Therefore, a slight increase
in fluorescence might be dominated by the bleaching or limited
by the detection capabilities. An increase in fluorescence was
clearly distinguishable from the background 5 min after

Laser control

0.05 pg/cm? gold nanoparticles

0 0 o

0.5 pg/em? gold nanoparticles

Time after perforation (min)

Fig. 3 Change of dichlorofluorescein (DCF) fluorescence in ZMTHS3 cells after gold nanoparticle—medi-
ated laser manipulation due to the additional formation of reactive oxygen species (ROS). (a) Sequence
of microscopic images indicating the formation of ROS after perforation. A radiant exposure of
27 md/cm? and 0.5 ug/cm? gold nanoparticle were applied. Scale bar: 20 um. (b) Increase in DCF fluo-
rescence directly (O min) and up to 11 min after perforation normalized to its initial value. Formation of
ROS is highly dependent on the applied radiant exposures.
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perforation for 41 mJ/cm? and at a later point in time for
27 mJ/cm?> with a gold nanoparticle concentration of
0.5 ug/cm?. The application of the lower gold nanoparticle con-
centration of 0.05 ug/cm? and laser irradiation without particles
yielded fluorescence values in the same range as during the first
3 min in the 0.5 ug/cm? gold nanoparticle sample. As a con-
sequence, we do not assume elevated levels of ROS in these
samples and at these points in time. However, ROS formation
might also be below our limit of detection in these cases.
Additionally, at the points of perforation, possible dye outflow
covered the signal of ROS formation at early points in time. The
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Fig. 4 Relative level of gene expression of HSP70 to the housekeep-
ing genes ACTB and GAPDH determined by one-step quantitative
real-time polymerase chain reaction analysis in ZMTH3 cells. In
the positive control, heat treated 30 min at 45°C, a significant upre-
gulation of HSP70 was detectable. Two laser-treated samples, a laser
control, and a nanoparticle control showed no significant difference to
the untreated control (p > 0.38). Gene expression levels were derived
based on the AACT method.

o T

42 mJ/cm? and 200 mm/s

Nanoparticle ctrl.

Positive (heat) ctrl.

observed fluorescence at later points in time indicates the for-
mation of ROS and oxidative stress. These observations are in
accordance with a previous study by Minai et al., who investi-
gated the formation of ROS in cells at a fixed time in point of
90 min after femtosecond laser gold nanoparticle-mediated
laser manipulation.*® Our results indicate that the onset of the
increased ROS formation occurs on a short time scale after per-
foration. However, it is questionable if there is a direct correla-
tion between the membrane perforation event, for example,
associated with lipid peroxidation, and the ROS formation or
if endogenous ROS formation occurs as a cellular stress reac-
tion. Based on the delayed response (5 min) in our observations,
the latter appears more likely. A reason for increased endog-
enous ROS formation might be mitochondrial changes, which
mainly release ROS into the cytoplasm. However, all regulatory
levels and compartments of the cell might be involved in the
ROS formation and redox signaling.*

The perforation process itself is connected to heating of the
gold nanoparticles at the membrane. This heating process and fur-
ther cellular stress events might induce the expression of heat
shock proteins in the cell if certain cell stress levels are reached.
In detail, cellular proteins might be thermally damaged during the
manipulation process. Heat shock proteins prevent protein mis-
folding and aggregation during cell stress.***! HSP70 is a
well-understood HSP with a molecular mass of 70 kDa. In
unstressed cells, it is bound to the heat shock factor 1 monomer
(HSF1). Upon exposure to stress, HSF1 is released, undergoes
trimerization, enters the nucleus, and is phosphorylated to induce
the expression of HSP70 by binding in its gene promoter.***!
Maximum protein expression of HSP70 is accomplished in 3
to 5 h after the onset of cellular stress and is a reliable stress
indicator.*! Therefore, we analyzed HSP70 mRNA levels by
RT-gPCR 2 h after laser treatment.

Untreated ctrl.

Fig.5 Immunofluorescence staining of TIAR protein in L929 cells after gold nanoparticle-mediated laser
manipulation. Cells were fixed 10 min after laser manipulation. In the overlays, cell nuclei are colored
blue, and secondary antibody is in green. The formation of stress granules in the positive (heat) control
(30 min at 45°C) is easily distinguishable from all other samples owing to the granularity. We did not
observe stress granule formation in the laser-treated samples. Scale bar: 100 um.
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HSP70 expression was not upregulated in two laser-treated
samples (42 mJ/cm? with 200/s and 50 mm/s scanning veloc-
ity) compared to an untreated control (see Fig. 4). Additionally,
we did not observe any upregulation of gene expression in a laser
control group, which was only laser irradiated but contained no
nanoparticles, and in a nanoparticle control group. A convention-
ally heated control group showed a significant upregulation of
HSP70 expression. During laser irradiation, particles are heated
up several hundred degrees for a few 10 ns, while in the heat
control, continuously heating until 45°C was applied over
30 min. The laser process is likely too short to induce significant
protein activation and, thus, an elevation of HSP70 expression,
although the marker also functions as a more general indicator
of cell stress. Therefore, we conclude that a perforation with
gold nanoparticle—mediated laser manipulation does not stimulate
a cytoprotective effect through HSP70 expression for the applied
laser parameters. The formation of oxidative stress is not neces-
sarily connected to HSP expression, as long as proteins are not
affected by the ROS formation.

To further extend our measurements of induced cell stress,
we analyzed stress granule formation by immunofluorescence
staining of the TIAR protein. Stress granules are composed
of proteins and RNAs and are associated to translational arrest
during cell stress.**™* Untranslated mRNAs accumulate in these
granular structures after phosphorylation of the eukaryotic ini-
tiation factor elF2a.*> Aggregates of TIA-1 and TIAR are
formed further downstream of this cascade and are required
for stress granule assembly.*>* Stress granules are generally
formed under various conditions of cell stress but, for example,
not by treatment with hydrogen peroxide, actinomycin, lipopo-
lysaccharides, and other specific cell stress inducers.** In the
case of gold nanoparticle-mediated laser manipulation, stress
granule formation was not observed by TIAR immunofluores-
cence staining in two laser-treated sample groups, the respective
laser and nanoparticle controls, and in the untreated control at
10 min, 1 h, and 3 h after laser treatment (Fig. 5). In a heat-
treated control group, granular structures in the cytoplasm
served as evidence for stress granule formation.

As a consequence, gold nanoparticle-mediated laser manipu-
lation does not seem to drive stress granule formation or the
level of cell stress is not sufficient to initiate this process.
These observations match our HSP70 expression measurements.
A feedback regulation between stress granule formation and
HSP70 prevents stress granules from aggregation owing to a
modulation of the properties of TIA-1/TIAR by HSP70.*
During HSP70 action upon stress, it is diverted away from
TIA-1 such that stress granule assembly proceeds.**

4 Conclusion

Although many studies have proven the versatile applicability
and efficacy of laser transfection procedures, only a few inves-
tigated the process-mediated consequences for single cells. In
this study, we extended our previous work addressing cell vol-
ume, area, ion exchange, and filamentous actin (f-actin) cytos-
keleton by an analysis of the perforation kinetics and the stress
response in gold nanoparticle-mediated laser manipulation. The
perforation kinetics indicates a sequential multistep procedure,
which is supported by former calcium imaging and patch clamp
analysis. Small molecules can penetrate the membrane even
minutes after perforation. The initial time span possibly encom-
passes the inflow of larger molecules into the cell, whereas the
later time span resembles the recovery of cellular homeostasis

Journal of Biomedical Optics

115005-7

and of the cell membrane. In this context, cell stress would be
a potential disadvantage of gold nanoparticle-mediated laser
manipulation. Although we showed the formation of ROS, nei-
ther heat stress nor the formation of stress granules was observed.
The formation of ROS was dependent on the radiant exposure. In
our previous study, changes in volume, area, calcium, and f-actin
reorganization were also dependent on radiant exposure in a sim-
ilar fashion. Endogenous ROS production and calcium transients
are rapid cellular stress responses. ROS are involved in redox
regulatory mechanisms, which could influence cellular homeosta-
sis, maybe leading to cell death in some cases.*

As a conclusion, this study considerably extends our knowl-
edge about laser-induced perforation and the associated biologi-
cal processes, especially about the cellular response to the
procedure.
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