Mechanisms of nanoparticle-mediated
photomechanical cell damage

Sara Peeters,' Michael Kitz,' Stefan Preisser,' Antoinette Wetterwald,’
Barbara Rothen-Rutishauser,”* George N. Thalmann,’ Christina Brandenberger,**
Arthur Bailey,” and Martin Frenz"

!Institute of Applied Physics, University of Bern; Sidlerstrasse 5, 3012 Bern, Switzerland
’Department of Clinical Research, University of Bern, 3010 Bern, Switzerland
*Institute of Anatomy, University of Bern, Baltzerstrasse 2, 3000 Bern 9, Switzerland
“Now at Adolphe Merkle Institute for nanoscience, University of Fribourg, 1723 Marby, Switzerland
’Department of Urology, University of Bern, 3010 Bern, Switzerland
®Now at Department of Pathobiology and Diagnostic Investigation, Michigan State University, East Lansing,
Michigan, USA
’Scitech Instruments, North Vancouver, BC, V7.J 2S5 Canada
*Martin. Frenz@iap.unibe.ch

Abstract: Laser-assisted killing of gold nanoparticle targeted macrophages
was investigated. Using pressure transient detection, flash photography and
transmission electron microscopy (TEM) imaging, we studied the
mechanism of single cell damage by vapor bubble formation around gold
nanospheres induced by nanosecond laser pulses. The influence of the
number of irradiating laser pulses and of particle size and concentration on
the threshold for acute cell damage was determined. While the single pulse
damage threshold is independent of the particle size, the threshold decreases
with increasing particle size when using trains of pulses. The dependence of
the cell damage threshold on the nanoparticle concentration during
incubation reveals that particle accumulation and distribution inside the cell
plays a key role in tissue imaging or cell damaging.
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1. Background

Gold nanoparticles have extraordinary optical properties and excellent biocompatibility
resulting in substantial interest in their application to bioanalysis [1-3], diagnosis [4,5], and
medical therapy [6—13]. The optical properties of gold nanoparticles, determined by the
surface plasmon resonance which results in strong optical absorption in a narrow wavelength
range, can be selected via the particle size and shape [14]. For bioanalysis, proposed
biomolecular assays suggest detection of slight shifts of the nanoparticles’ resonance
wavelength due to changes of the refractive index in their immediate surroundings [1] or their
use in surface-enhanced Raman scattering (SERS) to improve assay sensitivity [2]. The strong
absorption of the particles at the resonance wavelength appears to improve contrast in
optoacoustic imaging [15,16], an emerging technique depending on ultrasound transients
generated by the heating of tissue using nanosecond laser pulses. Functionalizing
nanoparticles with antibodies or proteins to target specific tumor cell types, increases signal
amplitude from these areas and, thus, creates possible new methods for early cancer detection
[4]. Continuous-wave (CW) laser heating of tissue via gold nanorods increases the reflection
of a scanning THz beam used for two-dimensional imaging in a microscopic setup enabling
detection of cells containing the particles [5].

Besides using nanoparticles for diagnostic purposes, they are increasingly used in the
development of novel medical therapies. For example, a CW laser can selectively heat
nanoparticle-targeted cells and induce hyperthermia [6,7,9]. On the other hand, pulsed lasers,
which deliver the energy on too short a time scale to heat an entire cell, generate nano- or
microscale transient vapor bubbles around internalized nanoparticles when operated at
sufficiently high radiant exposures. These vapor bubbles may cause cell death upon collapse
[10—-12]. Smaller bubbles can be used to control the release of liposome contents [8,13].

Although an increasing number of medical applications make use of laser-induced vapor
bubble formation for damaging cell or liposome membranes, the exact mechanism of when
and how damage occurs remains controversial. For example, current literature includes a wide
variation of radiant exposure thresholds for cell damage ranging from 0.1 to 1 J/cm® [10,17—
20] without a detailed explanation in terms of the damage mechanism. Furthermore, the
question of if and under what conditions a single bubble is sufficient for effective cell killing
[19,20] remains open. On the other hand, it seems clear that the effectiveness of vapor bubble
cell damage depends on the nanoparticle localization, which, in turn, depends on the
incubation time as well as other factors including the particle functionalization or coating, cell
type, degree of nanoparticle clustering and mechanisms of nanoparticle uptake in the cell [21—
25]. Understanding these aspects is, however, crucial to development of routine clinical
applications.

In both our previous [26] and our current work we address this gap and develop a more
complete understanding of the effects that laser induced vapor bubbles around gold
nanoparticles have on cells. The earlier article focused on vapor bubble formation around
single spherical gold nanoparticles and described our preliminary study of the behavior of
nanoparticles in cells. This earlier study demonstrated that an accumulation of nanoparticles
leads to lower bubble formation thresholds. The current work presents a more detailed study
of the cell damage caused by laser induced vapor bubbles around internalized nanoparticles
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without specific targeting in macrophages. The choice to use non-targeted particles in
combination with macrophages is based on two considerations. In contrast to targeted
particles, which tend to stay at the surface of the cell, untargeted particles are integrated rather
deeply into lysosomes inside the cell. Moreover, macrophages may, in future clinical
applications, be used as conduit cells to deliver the untargeted particles to specific places in
the body. A combination of microscope images taken during the bubble formation process,
pressure signals and transmission electron microscopy (TEM) yielded a vast amount of
information leading to greater insight into the actual damage mechanism both under a single
laser pulse and multiple pulse irradiation. We determined the influence of the particle size and
concentration in the incubation suspension on the damage threshold and suggest a two-step
damage mechanism occurs during the irradiation with multiple pulses.

2. Methods
2.1. Microscope setup

An upright, bright-field microscope was used to irradiate target cells with pulsed laser light, to
measure laser-induced pressure transients and to image the cells during vapor bubble
generation. As shown schematically in Fig. 1, pulsed laser light was coupled through an
optical fiber (core diameter 430 pm) whose distal tip was imaged onto the sample using a lens
and a microscope objective resulting in an approximate top-hat irradiance profile. A
beamsplitter picked off a portion of the laser beam to allow measurement of the pulse energy.
The laser light source for these experiments was an optical parametric oscillator (OPO),
emitting laser light with a pulse duration of 5 ns and a wavelength of 532 nm, close to the
surface plasmon resonance of the gold nanoparticles. The radiant exposure was adjusted by
inserting neutral density filters in the beam prior to coupling the beam into the optical fiber.

CCD for
sample imaging

Excitation laser
rejection filter

I Excitation laser
A =532 nm
t=5ns

Energy
detector

Acoustic coupling

AN Optically transparent
acoustic mirror with
acoustic lens

Acoustic/

Transducer ®
Sample
illumination

Fig. 1. Microscope setup for cell irradiation with simultaneous imaging and pressure transient
measurement.

We used a range of spot sizes (40 to 370 um diameter) to allow irradiation of either single
cells or groups of cells. Single cell irradiation allowed us to study the laser-induced pressure
transients generated by vapor bubble formation and collapse. Irradiating groups of cells
provided better statistics in the determination of cell damage thresholds within the same
measurement time and resulted in more uniform irradiation of the individual cells. The
different spot sizes were produced by changing the magnification of the microscope objective
and confirmed by measuring the irradiance profile using a scanned knife-edge technique. In
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all measurements, the fluence of each pulse was monitored and the fluence per cell was
calculated.

Our microscope setup also provided the means to image the cells either in white light or
using flash photography during vapor bubble formation. The sample was illuminated from
below using a broadband light source for white light imaging. For flash imaging, a 700 ps dye
laser illuminated the sample from the same direction. The timing of the flash was selectable
via an electronic delay relative to the firing of the OPO pulse. All images were recorded with
a CCD camera.

Pressure transients in the sample were detected via an acoustic lens focused on the sample
and a 45 degree acoustic mirror below the sample using an ultrasonic transducer. Both the
acoustic lens and mirror were optically transparent to enable illumination of the sample. The
signal from the 2.25 MHz central-frequency pressure transducer (Olympus-Panametrics, 60%
bandwidth) was amplified and digitized for subsequent analysis.

2.2. Measurement procedure

Macrophages were chosen as host cells because of the important role they play in the
development of atherosclerosis [27] and the associated interest in using them as a target in
new anti-macrophage therapeutic strategies [28—30]. The macrophage cell line Bac-1 was
cultured in alpha MEM (Biochrom, Berlin, Germany) supplemented with 15% fetal bovine
serum (FBS) (Biochrom) and 8000 U/ml macrophage colony-stimulating factor-1 (CSF-1,
kindly provided by Cetus Corporation, CA). Cells were plated in 3 cm diameter Petri dishes
and grown for 1-2 days before incubation with colloidal gold nanoparticles of different sizes
(40 nm, 60 nm, both obtained from BBInternational, UK, and 90 nm diameter, obtained from
Nanopartz Inc., USA). DLS [31] and extinction measurements using a spectrophotometer
(Perkin Elmer lambda-9) verified particle size and concentration. The particles were
suspended in phosphate-buffered saline (PBS) with 1% bovine serum albumin (BSA) at 37°C
and 5% CO,. A constant incubation time of 3.5 hours was used to assure complete penetration
of the nanoparticles into the cells (as expected by previous experiments and confirmed by
TEM images). Sufficiently long incubation times result in the number of ingested particles
being independent of the concentration due to the engulfment saturation of the macrophages
[32,33]. However, PBS/1%BSA is not suited for long term incubation due to the lack of
growth factor. The nourishing medium, on the other hand, was poorly suited for use with
nanoparticles. To study the effect of particle size, we elected to prepare suspensions whose
mass of gold per unit volume was constant to within 10%. The resulting particle
concentrations were 6.2-10'° part/ml for 40 nm, 1.8-10'" part/ml for 60nm and 4.5-10° part/ml
for 90 nm particles. To study the influence of the concentration particles of one single size
(90nm) were used in concentrations from 0.6:10° to 4.5:10° part/ml. After incubation the
particle suspension was gently removed and replaced by PBS.

To determine the threshold radiant exposure for acute cell damage, a few hundred
individual cells were irradiated at a range of radiant exposures. Images of the irradiated cells
were taken before, immediately after irradiation, and after staining with trypan blue. To
ensure the same cells were imaged, the dish was mounted on an automated translation stage to
repeatably return to the same imaging positions. Figures 2 (A-C) shows examples of such
image series for cells incubated with 90 nm gold nanoparticles at a concentration of 4.5-10°
particles/ml and irradiated with different radiant exposures (45mJ/cm’, 80mJ/cm’ and
330mJ/cm’® respectively). The images taken before the laser irradiation (marked I) clearly
show the accumulated internalized nanoparticles or nanoparticle clusters visible as dark spots
in the cells. As revealed by comparison with the bubble images (marked II) these particle
accumulations act as centers for vapor bubble formation. Within 10 minutes after irradiation,
the cell sample was treated with trypan blue for 3 minutes to stain cells that had suffered acute
membrane damage. After rinsing the sample with PBS to remove the excess dye, images of all
irradiated locations were taken again (III) and visually assessed. Figure 2A, panel III shows a
typical example in which the cell was not stained and thus has not suffered acute cell damage.
Figure 2B, panel III exhibits staining by trypan blue indicating cell membrane damage. In Fig.
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2C, the bubble destroying the cell was much larger than the cell itself. Immediately after the
laser pulse, only debris and possibly some nanoparticles remained visible, while the cell was
detached from the Petri dish by the large mechanical force.

Fig. 2. Bac-1 cells incubated with 90 nm gold spheres at 4.5-10° part/ml and irradiated at 532
nm: (I) before irradiation, (IT) with a delay equal to half the bubble lifetime after irradiation
with a single laser pulse and after the trypan blue staining procedure. (A) Radiant exposure =
45 mJ/em?, At = 300 ns. Absence of staining after application of trypan blue (IIT) suggests an
intact cell membrane. (B) Radiant exposure = 80 ml/cm?, At = 500 ns. The staining (IIT)
indicates acute membrane damage. (C) Radiant exposure = 330 mJ/cm?, At = 190 ns. The cell
is destroyed beyond recognition (III). Note that this cell was not stained. The staining
procedure washes away the remnants of the cell. Scale bar: 10 um, applicable to all images.

The data was expressed in terms of the fraction of cells stained by trypan blue as a
function of the radiant exposure. Although cells as depicted in Fig. 2C could not be stained,
they were counted as stained for this calculation. The resulting damaged cell fraction vs.
radiant exposure data were fit to a logistic distribution and the cell damage threshold was
taken from the fit as the radiant exposure causing a 50% of the irradiated cells to be stained
[26]. As a reference, cells without nanoparticles were irradiated with laser pulses of twice the
maximum radiant exposure. No cell damage was found in these cells.

Measurement of the pressure transients related to bubble formation and collapse provided
a means to determine the bubble lifetime. Figure 3 represents a typical pressure signal
recorded during a measurement such as the one shown in Fig. 2B. The pressure signal exhibits
two distinct transients of almost equal shape resulting from a cell with one large bubble,
possibly with some significantly smaller bubbles. The fact that both transients have the same
polarity and shape shows that they result from nucleation and final collapse of the vapor
bubble [34] and not from volumetric changes of the bubble. The measured delay time of © =
1.28 us between the two pressure transients is used as the lifetime of the vapor bubble. When
several bubbles of varying sizes are formed in a cell, superposition of the individual pressure
transients impedes correct lifetime determination. The multiple transients representing bubble
formation occur at the same time and therefore add up constructively. However, superposition
of the transients resulting from the collapse of these bubbles does not lead to a single
distinguishable second transient because of size and lifetime differences. For lifetime
determination, such pressure signals from multiple bubble collapse were excluded.

By timing the delay of the flash photography bubble images such that they are acquired at
approximately half the bubble lifetime, the maximal bubble size can be measured from the
resulting image. Because of the statistical nature of bubble formation in cells this timing of the
flash is not exact. To set the flash photography delay, we rely on the average half lifetime
obtained from previous pressure measurements. Flash photography and pressure measurement
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Fig. 3. Pressure signal (raw data) recorded during measurements such as the one shown in Fig.
2B, panel II. Pressure signal of one large bubble. The two transients stem from vapor bubble
formation and collapse; their relative delay indicating the vapor bubble lifetime is 1.28 ps.

are then simultaneously applied on the next identically irradiated cells. Comparison of the half
lifetime measured using the pressure signal from the imaged cell and the chosen delay for the
bubble photograph ensures the photograph was indeed taken at approximately the right time.

To study the influence of the number of applied laser pulses on the cell damage threshold,
pulse trains of 10, 30, 50, and 90 pulses were used at a repetition rate of 5 Hz. The applied
radiant exposure was always chosen to be well below the single pulse damage threshold. From
each pulse train length a multiple-pulse cell damage threshold was measured using the same
technique of imaging trypan blue stained cells described above. This was repeated for the
three different particle sizes.

Finally, the long-term cell death after irradiation and the influence of temperature were
investigated. The possibility that cells die a significant time after irradiation was examined by
irradiating cells below the damage threshold and incubating the dish for 1 to 3 days before
staining. To evaluate the importance of apoptosis both cells that had been irradiated and
untreated cells were kept in the incubator and stained after incubation. The difference in
staining rate of these cells was then compared to the staining rate of cells that had been stained
immediately after irradiation. All detailed results described below were collected at room
temperature (22 + 2°C), but some experiments were repeated at 37 °C to investigate the
influence of temperature.

2.3. TEM imaging

To obtain further insight in the position of the particles in the cells, TEM images were taken
of groups of irradiated and non-irradiated cells. Cells that had not suffered damage but had
shown clear signs of vapor bubble formation were selected using the flash photography
images and pressure transient measurements. For TEM imaging the cells were prepared as
described in [35]. Briefly, the cells were fixed in 2.5% glutaraldehyde in 0.03 M potassium
phosphate buffer for at least 24 h. After washing with potassium phosphate buffer, the cells
were post-fixed with 1% osmium tetroxide in sodium cacodylate buffer, washed with maleate
buffer, and stained with 0.5% uranyl acetate in maleate buffer. Afterwards, the cells were
dehydrated in ascending ethanol series and embedded in epon. The embedded cells were
removed from the Petri dish using liquid nitrogen. Ultrathin slices (60 = 10 nm) were cut
parallel to the cell layer, mounted on copper grids and stained with lead citrate and uranyl
acetate. Images were acquired with a Morgani TEM (FEI Co Philips Electron Optics, Ziirich,
Switzerland).
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3. Results
3.1. Single pulse irradiation: influence of the concentration

Using the pressure measurements, the bubble lifetime as a function of radiant exposure was
determined for different concentrations of 90 nm particles. The results are shown in Fig. 4 for
incubation with two concentrations, 0.6-10° and 4.5-10° particles/ml, referred to here after as
high concentration and low concentration respectively. The graph reveals an almost linear
dependence of the bubble lifetime on the radiant exposure within the measured range. The
scattering of the data points results from the statistical nature of nanoparticle internalization.
By extrapolating the lifetime measurements to very small lifetimes using a linear fit (see
dashed lines in Fig. 4), we determined bubble formation thresholds of 20 mJ/cm? and 40
mJ/cm?® for high and low concentrations respectively. Simultaneously, pressure signals and
flash photography images confirmed the existence of bubbles starting from these threshold
radiant exposures. However, bubbles whose lifetimes are shorter than 0.5 pus generate the two
pressure transients indicating bubble generation and collapse so close together in time that
they cannot be resolved due to the bandwidth and noise level limitations of the detection
system. These measurements, therefore, don’t appear in Fig. 4.
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Fig. 4. Bubble lifetimes in Bac-1 cells incubated with 90nm gold spheres at 0.6 and 4.5-10°
particles/ml as a function of the radiant exposure (532 nm) for two different particle
concentrations during incubation as derived from pressure measurements. Dashed lines show
the linear fits to the two data sets. Both measurements yield almost the same vapor bubble
lifetime of 0.7 ps (dotted line) at the respective damage thresholds (per Table 1, solid vertical
lines).

The damage threshold for each particle concentration was then determined as described
above. As illustrated by the results presented in Table 1, the threshold decreases significantly
when increasing the particle concentration from 0.6 to 2.4-10° part/ml but does not change
upon further increase. It is noteworthy that the damage threshold occurs at the same vapor
bubble lifetime of 0.7 ps, independent of particle concentration (dotted line in Fig. 4).

Table 1. Single-pulse staining threshold for samples incubated with different
concentrations of 90 nm particles

Concentration [particles/ml] 0.6:10° 2.4:10° 4.5-10°
Acute damage threshold [mJ/cm?] 116 £8 53+4 54+ 13

#158922 - $15.00 USD Received 28 Nov 2011; revised 30 Jan 2012; accepted 31 Jan 2012; published 7 Feb 2012
(C)2012 OSA 1 March 2012 / Vol. 3, No. 3/ BIOMEDICAL OPTICS EXPRESS 442



3.2. Single pulse irradiation: influence of the particle size

To study the influence of the particle size, the Bac-1 cells were incubated with different sized
gold colloids at concentrations yielding about equal amounts of gold per volume in the
incubation suspension. The threshold for acute damage after single pulse irradiation of these
cells was found to be independent of the particle size (54 + 13, 55 + 9 and 54 + 12 mJ/cm? for
90, 60 and 40 nm diameter respectively), which may be the result of clustering of the
nanoparticles.

3.3. Irradiation with multiple pulses

We determined lower damage thresholds for cells irradiated with multiple pulses. As shown in
Fig. 5, the lowest damage threshold was found for a pulse train of 50 pulses while further
increase of the number of pulses had no additional effect. The lowest threshold was found for
cells incubated with 90 nm particles at 4.5-10° part/ml. Note that the damage threshold
decreased less for smaller particles.
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Fig. 5. Damage threshold in mJ/cm? as a function of the applied number of pulses for 40, 60
and 90 nm particles. Only the error bar for 40 nm particles is shown for a single pulse for
clarity. The omitted error bars are nearly identical.

The simultaneously performed pressure measurements revealed a successive decrease of
the pressure amplitude from pulse to pulse. This decrease in pressure amplitude was found to
be strongest over the first few pulses whereas little change could be observed after ten pulses.

TEM images taken before and after irradiation of the cell reveal that the nanoparticles,
initially confined to lysosomes, become distributed through the cell. Prior to irradiation, as
shown in Fig. 6, no particles are observed in the cytosol or nucleus and are clustered in the

Fig. 6. Transmission electron microscopy image of a Bac-1 cell after incubation for 3.5 hours
with 90 nm gold spheres at 4.5-10° particles/ml. A) The particles are accumulated in lysosomes
throughout the cell but are not found within the nucleus or in the cytosol. B) Magnification of
the upper left lysosomes in figure A.
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Fig. 7. A) Bac-1 cell with 90 nm Au particles after single pulse irradiation with 30 mJ/cm? at
532 nm; B) the magnified image shows that unlike prior to irradiation (Fig. 6) the lysosomes
are mostly destroyed and the particles are more widely distributed in the cytosol.

lysosomes. After irradiation with one laser pulse having a fluence between the bubble
formation and cell damage thresholds (30 mJ/cm?), as shown in the images of Fig. 7,
substantially fewer lysosomes remain. Only a few lysosomes with a small number of enclosed
particles remain intact. Light microscopy images that were taken in between the laser pulses
initially show clearly distinguishable dark areas, which become more and more blurred after
each pulse.

4. Discussion
4.1. Single pulse damage mechanism

The measurements of the single pulse damage threshold clearly demonstrate that allowing
cells to accumulate nanoparticles enhances the effect of vapor bubble formation.
Experimentally, the bubble lifetime was found to be linearly dependent on the radiant
exposure with different slopes depending on the applied nanoparticle concentration. The
intersection of the linear fit with the horizontal axis reveals the threshold for bubble
formation. For the data depicted in Fig. 4 these thresholds are 20 mJ/cm” and 40 mJ/cm” for
the high and the low concentration of nanoparticles respectively. These thresholds are
significantly lower than the threshold of vapor bubble formation around single nanoparticles
of 60 mJ/cm?, that we found in our previous work [26]. This demonstrates that the clusters of
nanoparticles inside the cell substantially increase the efficiency of vapor bubble formation.

The single pulse cell killing mechanism appears to be the growth of one or more vapor
bubbles in the cell which rupture the cell membrane. According to Rayleigh [36], the bubble
lifetime 7 is proportionally related to the maximum bubble expansion:

po= L P s46™ (1)
0915 2 Yol N

Rayleigh’s equation was derived for free spherical bubbles and may slightly overestimate the
size of the bubbles inside a cell [26]. Regardless, analysis of the average bubble lifetime at the
threshold for acute damage revealed nearly the same lifetime was for all single-pulse
experiments, typically 0.7 + 0.1 ps which corresponds via Eq. (1) to a maximum bubble
diameter of 7.6 £ 1.1 pm. This maximum bubble radius was confirmed within = 20% by
measurements of the bubble radius in images taken at about half the bubble lifetime. Since the
measured average cell diameter is about 16 to 18 um, bubbles of about half the cell size
appear to instantaneously Kkill the cells. This rule of thumb likely applies to cells in which
clusters of nanoparticles have been well integrated inside the cell.

When, for a given incubation time, the concentration of nanoparticles in the incubation
suspension is sufficiently high, the cell damage threshold depends only on the amount of
ingested gold. At low concentrations, fewer particles are taken up in the lysosomes, leading to
smaller bubbles at the same radiant exposure. Increasing the concentration by a factor four
from 0.6-10° particles/ml to 2.4-10° particles/ml halves the threshold for acute cell damage
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(Table 1). At higher concentrations both the engulfment saturates, as mentioned in the method
section, and the damage threshold reaches a plateau. These results indicate that the irradiation
effects are governed by accumulated nanoparticle volume inside the cell, whereas the size of
the individual particles constituting the accumulation seems to be irrelevant.

Laser induced apoptosis is very unlikely at the irradiaton levels explored. No increased
cell damage was found for cells that were kept in the incubator after irradiation with laser
pulses just below the damage threshold. In addition, the comparison with experiments
performed at 37°C showed that the temperature during pulsed irradiation neither influences
the acute cell damage nor the long-term effects. Our observation that cells are either killed
immediately upon vapor bubble formation or remain viable when irradiated with a single laser
pulse corresponds to the results reported by Pistillides et al. [11].

4.2. Multiple pulse damage mechanism

Although the formation of small bubbles inside the cell does not cause immediate cell
destruction, it does lead to the disruption of the lysosomes. Subsequent pulses distribute the
nanoparticles inside the cell leading to a significant reduction of the cell damage threshold.
The decrease in the pressure amplitude from pulse to pulse indicates a concomitant decrease
in bubble diameter. Since the maximum size of the laser-induced vapor bubble depends on the
absorbed energy density, the pressure amplitude decrease also reflects the wider distribution
of the nanoparticles. Because cell damage occurs at significantly lower radiant exposures by
significantly smaller vapor bubbles, the damage mechanism must have been modified.
Membrane damage might be supported by repetitive stress from a number of small vapor
bubbles or be induced via biochemical effects such as oxidative stress from generation of
reactive oxygen species or release of intracellular Ca**. Such biochemical effects have been
reported for ultrasound exposure [37] and fs-pulse irradiation [38,39] and may occur upon
exposure to ns-pulse induced vapor bubble formation in the immediate vicinity of cell
organelles. However, we believe that the most important reason for the lower damage
threshold under multiple pulse exposure is related to the change in position of the
nanoparticles. During repetitive irradiation particles drift closer to the plasma membrane
allowing smaller vapor bubbles to ultimately be sufficient for membrane destruction. This
agrees with previously reported results for cells targeted with conjugated nanoparticles [20].
The weaker decrease in cell damage threshold observed upon multi-pulse irradiation of cells
incubated with 60 and 40 nm particles compared to the larger 90 nm particles results from a
much faster spreading of the smaller particles inside the cell. The minimum cell damage
threshold found for multiple pulses was 23 + 1 mJ/cm® which corresponds well with the
threshold for bubble formation inside the cell (Fig. 4) and is therefore most likely the lower
limit for cell damage thresholds with these particles.

4.3. Implications

When irradiating cells with a single laser pulse, pressure transients were measured and bubble
formation was seen at radiant exposures starting from 20 mJ/cm®. This indicates that pressure
transients detected when irradiating a single cell only result from vapor bubble formation and
collapse and not by thermoelastic expansion. In general, the threshold for bubble formation
was about one third of the cell damage threshold. The vapor bubble induced pressure
transients generated in this window between the bubble formation threshold and the cell
destruction threshold are significantly stronger than thermoelastic transients and are,
therefore, critical to the enhancement of optoacoustic imaging of nanoparticle targeted cells.
When using multiple pulses, the window between bubble formation and cell damage, with its
excellent properties for imaging, becomes even narrower. This has the further implication that
optoacoustic imaging with contrast enhancing nanoparticles must be undertaken with care as
the creation of the imaging signal may very well result in cell destruction. However, this same
reduction of the cell damage threshold improves the outlook for therapeutic applications of
nanoparticles for targeted cell destruction to be applied within the established laser safety
standards. The measured lower limit for acute cell damage of 20-25 mJ/cm? is close to the
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ANSI Z136.1 limit for skin exposure to 5 ns pulses at 532 nm, which is 15 mJ/cm®. Taking
into account that gold nanoparticle aggregation or accumulation causes a broadening and red-
shift in the absorption spectrum [40], we expect that the cell damage threshold can further be
decreased by using longer laser wavelengths.

Single pulse irradiation below the cell damage threshold could also be used for active drug
delivery into the cytosol of the cell when using gold nanoparticles functionalized with small
molecules, peptides or proteins [41-43]. In this process the plasmonic heating and the
formation of the vapor bubble ensure both the release of the payload from its carrier and the
release into the cytosol from the encapsulation in the lysosome after uptake by the cell.

Although nanospheres themselves appear unsuitable for in vivo imaging applications due
to the short radiation penetration depth and low multiple-pulse damage threshold, other
options for in vivo applications remain viable. At short penetration depths, functionalized
nanospheres may be useful for simultaneous imaging and phototherapeutic applications where
the low threshold for cell destruction is acceptable. However, the majority of in vivo imaging
applications require greater illumination penetration depth which can easily be achieved by
using nanorods since their absorption spectrum can be shifted to longer wavelengths by
adapting the particles aspect ratio [44]. In addition, recent work has demonstrated that such
nano particles can be stabilized against surface melting [45], which should further improve
their suitability. As these applications are explored, the mechanisms for laser induced cell
damage presented in this work should transfer to other types of nanoparticles such as
nanorods.

5. Conclusion

Damaging of cells by transient vapor bubbles generated around nanoparticle accumulations
within Bac-1 cells was investigated. Accumulation of particles inside the lysosomes
significantly reduces the threshold for vapor bubble formation and, therefore, the threshold of
acute cell killing. Independent of the applied particle concentration, acute cell damage upon
single pulse exposure occurred when the induced maximum bubble diameter exceeded about
half the diameter of the cell. The experimental observations also indicate a saturation of the
nanoparticle uptake in macrophages, which resulted in an equal single pulse damage threshold
for nanoparticles of different size when available in similar mass concentration during
incubation. Our study has further shown that repetitive irradiation of accumulated particles in
cells lowers the damage threshold, which for 90 nm particles is a value close to the threshold
of bubble formation in the cell. The resulting window between the threshold for multiple-
pulse acute cell damage and vapor bubble creation appears exceedingly small. Since
nanospheres resonance adsorption occurs at a relatively short wavelength, the substantial
majority of in vivo applications will want to consider the use of nanorods to allow for greater
tissue penetration depth. The mechanisms for nanoparticle-mediated laser induced cell
damage will apply to other types of nanoparticles and serve as useful insight in the
development of these in vivo applications.
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