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The impact of pressure waves on cells may provide several possible applications in biology and medicine
including the direct killing of tumors, drug delivery or gene transfection. In this study we characterize the
physical properties of mechanical pressure waves generated by a nanosecond laser pulse in a setup with
well-defined cell culture conditions. To systematically characterize the system on the relevant length and
time scales (micrometers and nanoseconds) we use photon Doppler velocimetry (PDV) and obtain velocity
profiles of the cell culture vessel at the passage of the pressure wave. These profiles serve as input for
numerical pressure wave simulations that help to further quantify the pressure conditions on the cellular
length scale. On the biological level we demonstrate killing of glioblastoma cells and quantify experimentally
the pressure threshold for cell destruction.

part from diagnostic ultrasound there are two different major treatment methods in clinical practice that

make use of the effect of pressure waves: Extracorporeal shock wave lithotripsy (ESWL) for the treatment

of urinary stone disease” and high intensity focused ultrasound (HIFU) as a tumor treatment’. Both
techniques are noninvasive without the need for open surgery because pressure pulses are generated outside the
body and focused at the location of the treatment where the full destructive effect occurs>. Since its first
application to a patient in the 1980s, ESWL is the only noninvasive method to remove urinary calculi such as
kidney stones and has become the most well established treatment in this field"**. With ESWL, a transducer
generates high-amplitude pressure waves outside the body which are focused to the stone position where a
shockwave is formed™'®. The stone comminution is caused by a combination of mechanical interactions such
as pressure, tensile and shear forces, as well as spallation and cavitation™'".

Compared to stone disintegration by ESWL, tumor ablation by HIFU is still a rather new treatment method but
is likely to become increasingly important in the future®'***. Focused ultrasound waves are generated outside the
body and pass the skin and the upper tissue layers without harming them®. With the help of real-time magnetic
resonance imaging (MRI) the tumor tissue is brought into the focal region'*, where the temperature is increased
above 60°C, thus leading to cell death by coagulative necrosis’. In addition to this immediate destructive effect due
to heating of cells, ultrasound and shock waves can also transiently permeabilize living cells, which allows for
applications in drug delivery and gene transfection*'>""".

A different method for generating single pressure waves (in contrast to HIFU and ESWL) is based on the
irradiation of an absorbing material with a pulsed laser'®*". With this technique, well-defined single pressure
pulses are induced that propagate through the absorber material. Several studies have reported damage and
permeabilization of mammalian cells, which were exposed to laser generated pressure waves®*~*%. It has also been
demonstrated that laser induced pressure waves can be used for transdermal insulin delivery without causing any
pain’. One major advantage of using a laser for the generation of pressure waves is the very high reproducibility of
the pressure conditions and the spatial precision of wave generation in contrast to transducer pressure waves>. In
the former case, the pressure profile exhibits no negative pressure contributions, whereas in the latter case the
negative part of the pressure profile leads to cavitation effects, which are very hard to control experimentally®***.
In addition, it has been shown, that pressure waves interacting with cells within time intervals of nanoseconds do
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not lead to any significant increase of temperature***. Thus, in con-
trast to HIFU, any destructive effect, observed as a consequence of
the exposure of cells to a laser-generated pressure pulse with high
gradient, is of purely mechanical nature. This makes laser induced
pressure waves an ideal technique to study pressure effects on cells in
cell culture.

In the study presented here, we systematically analyze a simple,
versatile setup to investigate the effects of laser induced pressure
waves on living cells. We use a combined experimental and theor-
etical approach to characterize the dynamic pressure conditions that
the cells are exposed to. In many applications needle hydrophones
are used to characterize dynamic pressure conditions in a fluid envir-
onment*>?**3¢ However, the dimensions of the sensitive element of
a hydrophone (diameter of approx. 500 pm) are considerably larger
than the typical dimensions of biological cells (with diameters of
approx. 15-150 um).

To overcome this difficulty we use an optical high-speed veloci-
metry method to measure the velocity profile of the surface on which
the cells are adherently grown®. These profiles serve as basic input
for molecular dynamics simulations of the pressure wave propaga-
tion through the bottom of the multi-well plate, by which we can
determine the pressure conditions on the relevant length and time
scales, i.e. on the scale of micrometers and nanoseconds.

In order to demonstrate that our experimental setup is suitable for
studying biological effects of pressure waves on cells, we present here
an experimental study of the behavior of U87 glioblastoma cells,
exposed to laser-induced mechanical pressure waves. U87 is a well-
established cancer cell line which has been the subject of many bio-
logical studies®®*. The U87 cell line is not only a well-characterized
cell culture model system*’, but has also been frequently used to
predict biological effects under in-vivo conditions*'***. In our study
presented here, we demonstrate the destruction of U87 glioblastoma
cells by laser-induced mechanical pressure waves and determine the
corresponding pressure threshold for this biological effect to occur.

Results

To guarantee reproducible growth conditions for the cultivation of
cells we use common microtiter plates as culture vessels where the
pressure waves are generated. In these standard culture vessels the
cells can be grown adherently prior to the experiments in a well-
defined way. To optimize the conversion of laser energy into pressure
waves, we use an absorber material at the outside of the bottom of the
plate that is tightly connected for better transmission of the wave'® .
To achieve this, we coat the microtiter plate with black acrylic varnish
that effectively absorbs the light of a Nd:YAG solid state laser (wave-
length: 4 = 1064 nm). We additionally use a polymerization adhes-
ive to bond a plate of transparent polymethylmethacrylate (PMMA)
to the bottom facing the incoming laser beam. This confinement of
the absorbing area further increases the peak pressure and thus gen-
erates even stronger pressure pulses. Upon illumination of the
absorbing material and creation of the pressure wave, the absorber
is burned. Thus, in every well, a pressure wave can only be generated
once. For multiple measurements, we have to move to the next well
(or use another plate).

To analyze the pressure waves generated by the laser we use a
needle hydrophone, a measuring device that is commonly used for
pressure wave characterization®>***>***, Our experimental setup is
shown schematically in Fig. 1. The hydrophone position z within the
well can be varied with a motorized translation stage. We use the
output of the Q-switch unit of the laser to trigger the measurement of
the pressure profile with the hydrophone. Figure 2a shows examples
of these pressure profiles recorded at different hydrophone positions.
It can be seen that the pressure rises to the peak pressure are very
steep (within 10-20 ns) and that the pressure waves decay with time
constants of T = 150 ns. Each pressure wave is followed by a smaller
wave with an approximate delay of #; = 1350 ns. The thickness of the
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Figure 1| Experimental setup for pressure wave characterization in
water. The bottom of the microtiter plate is coated with an absorbing black
varnish. In addition, the black surface can be covered with a transparent
PMMA plate. To generate the laser-induced pressure waves, the microtiter
plate is placed on a stage with a hole. A mirror guides the light of the laser
(Laserg) onto the bottom of one well. A removable lens allows us to focus
the beam. To guarantee that the entire well bottom is illuminated with the
laser, we use 96 well plates when the focusing lens is in the beam path and
48 well plates when we do not focus the laser. The beam diameter of Laserg
is approximately 9 mm and the diameter of a well in a 96 well plate is

6 mm. We use a needle hydrophone to record pressure profiles inside the
water filled well. The position of the hydrophone z can be adjusted with a
motorized actuator.

well plate bottom is x = 1.5 mm. Thus, this second pressure wave
originates from reflections within the well bottom, assuming a speed
of sound for polystyrene of cps = 2x/tp = 2200 m/s. Interestingly, the
pressure peak is not followed by a tensile (negative) pressure wave.

By varying the position of the hydrophone, we determined the
velocity of the pressure wave by plotting the hydrophone position
vs. the time of arrival of the pressure maximum at the hydrophone tip
(Supplementary Fig. S1). We found that the velocity is constant at a
value close to the speed of sound in water Cp;,o = 1500 m/s.

The setup contains a removable lens that focuses the laser beam on
the absorbing surface (Fig. 1). To guarantee that the entire well area is
exposed to the same pressure conditions, we use 96 well plates (with a
well diameter of d = 6 mm) when the laser beam is focused, and 48
well plates (d = 10 mm) when the beam is unfocused. In order to test
the effect of the focusing and using the PMMA cover, we recorded
pressure pulses at the same positions (z = 2 mm) inside the wells
with varying laser pulse energies. The size of the irradiated area can
easily be determined because the black varnish is burned upon laser
illumination leading to a brown spot. Figure 2b shows the peak
pressure of the signals as function of the laser fluence ¢ = E/A (pulse
energy per unit area) for the different configurations with or without
cover and with or without focusing the beam. From Fig. 2b we can
quantify that the PMMA cover adhesively bond to the absorbing
surface enhances the pressure waves by more than a factor of two
in our setup. The data in Fig. 2b) show deviations for small laser
fluences and peak pressures. However, this is not important for our
results with cells, because we always perform cell experiments at peak
pressures beyond 80 MPa. From Fig. 2b one can see how to use the
laser pulse energy to set the peak pressure of the pressure wave to a
desired value.
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Figure 2 | Characterization of the pressure conditions with a hydrophone. We used the trigger output of the laser to start recording hydrophone
data at time ¢ = 0. The position of the hydrophone in each well was adjusted with a motorized stage actuator (see Fig. 1). Each well was used for only one
laser shot. (a) The pressure profiles shown were recorded at position z = 250 um (blue), z = 2500 um (red) and z = 5000 pm (black), where z is the
distance between the bottom of the well and the hydrophone tip. The pressure waves were induced in a 48 well microtiter plate with PMMA cover
without focusing the laser. (b) At a fixed hydrophone position z = 2000 um we extracted the maximum pressure p,,,, of the pressure wave for different
laser pulse energies. In this plot we show the peak pressure as function of the laser fluence ¢ = E/A (pulse energy per unit area). The red and black dots were
recorded in 96 and 48 well plates not covered with PMMA, respectively. The magenta and blue dots show peak pressures in 96 and 48 well plates

with PMMA cover, respectively.

Characterizing the pressure waves with a hydrophone has two
major disadvantages. (i) The sensitive area of the hydrophone (dia-
meter of approx. 500 um) that measures the pressure is large com-
pared to a cell. As mentioned above, we make sure that the full area of
the well bottom is exposed to the same pressure conditions. However,
the pressure condition could change in the direction of wave pro-
pagation. In particular, it was shown that pressure waves in similar
setups decay within few micrometers*>***. Thus, pressure informa-
tion at a better spatial resolution would be desirable. (ii) In order not
to break the sensitive sensor in the tip, the hydrophone cannot touch
a surface. However, as we observe the impact of pressure waves on an
adherently grown monolayer of cells (see below) we are particularly
interested in the pressure conditions in direct vicinity of the well
bottom.

For the characterization of the pressure wave close to the well
bottom, we take advantage of the fact that the reflection of a pressure
wave at a free surface is accompanied by an acceleration of the
surface. The acceleration results from fundamental physical conser-
vation laws and from the boundary condition of zero pressure at the
surface. An approximate analytic expression for the relation between
surface velocity v, and pressure p is given in Zel'dovic et al.**:

1
P=5VsPolo (1)

2
where p, is the density of the fluid and ¢, is the speed of sound. Thus,
measurement of the surface velocity profile yields information of the
pressure of the reflected wave.

For the characterization of the velocity profile, the technique of
photon Doppler velocimetry (PDV) was used. A schematic drawing
of the setup of the PDV is shown in Fig. 3 and a detailed description
of the PDV measurements as well as the calculation of the pressure
from the measured velocity profiles are presented in the Methods
section.

Figure 4a shows the velocity profile of the well bottom surface at
the maximum laser pulse energy of E = 0.87 J. The velocity exhibits a
sharp increase up to v; = 150 m/s followed by a smooth decay.
Similar to the pressure profiles recorded with the hydrophone
(Fig. 2a), the first velocity peak is followed by a second peak after
1300 ns. As discussed above, this second acceleration of the surface is
due to reflections of the pressure wave in the well bottom. To further
quantify the influence of the Laser pulse energy on the resulting

pressure wave, we recorded surface velocity profiles at different ener-
gies ranging from E = 0.87 J to E = 0.37 J. The maximum velocity
changes with laser energy while the decay time constant seems to be
independent of pulse energy (Fig. 4b).

The velocity profiles from Fig. 4b were used as input for numerical
simulations of the movement of the pressure wave through the water
in the well. A discussion of the numerical method is given in the
Methods section. Briefly, the velocity of the well bottom rises sharply
to a value v, and then decreases with an exponential decay function
with time constant t. We extracted v, and 7 from fits to the PDV data
(Supplementary Fig. S2). Next, we calculated the peak pressure at
different positions in the well. Here, we made sure that the choice of
the spatial discretization does not affect the results (Supplementary
Fig. S3). In Fig. 5a—e we show the numerically calculated peak pres-
sure as a function of position for different laser pulse energies (red
lines). These numerical results are in good agreement with the mea-
sured hydrophone data (black dots). Thus, the simulation results
seem correct for large distances to the cells. This indicates that we
also may extract realistic pressure conditions from simulations in
direct vicinity of the well bottoms (where a measurement is
impossible).

Having characterized the physical properties of the pressure waves
that we generate in our proposed setup, we tested their effect on
living cells. In particular, we determined the threshold of pressure
that results in irreversible damage of the cells. As shown above, the
pressure conditions are well reproducible and the Q-switch delay
unit of the laser can be used to set the peak pressure.

To test which peak pressure is needed to kill U87 brain cancer cells
we used two different techniques to determine the cell concentration:
The Coulter principle and the trypan blue staining method*. Since
we are interested in the destructive effect of the pressure waves, we
carried out experiments in 96 well plates with PMMA cover. In this
setup, we get the highest peak pressures (Fig. 2) that can be tuned
with the laser pulse energy. Each experiment was carried out in the
following way: The cells were grown in the prepared microtiter plates
for 2-3 days. We then exposed several wells to single laser pulses.
Subsequently, we determined the number of living cells found in the
cell layer (i.e. not in the supernatant) of a treated well nj;, and the
number of living cells found in the cell layer of the untreated well

untr : : tr untr :
. . Figure 6a shows the ratio nj, / ny, for different laser pulse
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Figure 3 | Experimental setup for determination of the velocity profile of the well bottom. The pressure waves are generated upon illumination of the
microtiter plate by Laserg (see Fig. 1). For the velocity measurements we used a high-speed velocimetry system based on the heterodyne method described
in ref. 37. With this technique the velocity of a moving surface is calculated from the Doppler-shifted frequency fp, of light that is reflected by the surface.
We use two lasers with a frequency fp = 193.414 GHz. The illumination laser (Laser;) is guided to a probe with an optical fiber and focused unto the
microtiter plate that was covered with a reflecting chrome/silver coating. The reflected light (with the Doppler shifted frequency fpis collected by the same
probe and transported to the detector. At the detector, the Doppler shifted light and the light of the reference laser (Laser,) are mixed to record the beat
frequency fp of the resulting signal I(#). To determine the velocity profile of the well bottom that results from arrival of the pressure wave, we started to

record I(t) at the moment of pulse generation with Laserg.

energies. Thus, Fig. 6a shows that with the maximum pulse energy of
E = 0.87 J, less than 20% of the cells survive this treatment.

To further clarify the impact of the pressure wave on the treated
sample, we also analyzed the supernatant in the wells and determined
the number of living and dead cells with the hemocytometer. In the
treated sample, nf,,; denotes the number of dead (trypan positive)
cells in the cell layer, and m!}, ; and m]},, denote number of dead and
living cells in the supernatant, respectively. The total number of cells in
the treated sample is thus given by nf}, = (njl,, + n5,., +mj,. +mf,..).
Correspondingly, the total number of cells in the untreated sample is
ni™ = (njit” -+ nlw + mig +mi ), where nljey is the number of
dead cells in the cell layer, and n4; and nj" denote the number of
dead and living cells in the supernatant.

It turned out that for all samples most of the dead cells are found in
the supernatant rather than in the cell layer, i.e. m,, ;>>n, ;. The red

dots in Fig. 6b show m, 4 /nim" for varying Laser pulse energy. It is
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obvious that for the highest pulse energy E = 0.87 ] the number of
dead cells in the supernatant (m}, ) cannot fully explain the low
number of cells found in the cell layer nj,, (see Fig. 6a). We therefore
also calculated the total number of cells found in the treated sample
divided by the total number of cells found in the untreated sample

ne /ni™ (black dots in Fig. 6b). Interestingly, for the highest pule

tot tot

energy we find nf /nin"~0.5, thus 50% of the cells seem to be
completely destroyed (and are not found as trypan positive cells in
the hemocytometer). As a measure for the pressure threshold upon
which cell destruction occurs we thus define the pressure level at
which at least 50% of the cells have been destroyed by the treatment.

In summary, from the data in Fig. 6 we see that for the strongest
pressure pulses (i) only a few (=20%) cells of the cell layer survive, (ii)
most of the dead cells are found in the supernatant, and (iii) a large
fraction of cells seem to be completely destroyed. To double check the
last point, we analyzed the volume distributions measured by a
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Figure 4 | Velocity profiles measured with the PDV method. We used the setup shown in Fig. 3 to determine the velocity profiles of the well bottom due
to the pressure wave propagating through it. Shown are results in 96 well plates with PMMA cover. We recorded 15 single velocity profiles, shifted the
maximum to the position ¢ = 0 and averaged. (a) Averaged profile for the maximum pulse energy E = 0.87 J; error bars are standard deviations. (b)
Averaged velocity profiles for different laser pulse energies ranging from E = 0.83 J to E = 0.87 J.
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Figure 5 | Peak pressures inside the well calculated from numerical simulations and comparison to hydrophone signals. We used the velocity profiles of
the well bottom (see Fig. 4a—e) as input to simulate the pressure conditions inside a well at different laser pulse energies. At constant time intervals the peak
pressure and the position of the pressure wave were calculated in numerical simulations (red lines). The black dots show the peak pressure at different
positions inside the well as extracted from hydrophone data (see Fig. 2). Each data point represents the average of five independent

measurements at different plates; error bars display standard deviations.

Coulter Counter of a sample treated at the maximum laser pulse
energy (Fig. 7). For comparison, the green and the black lines show
the volume distributions of the cell layer and the supernatant of an
untreated reference sample, respectively. As expected there are hardly
any particles found in the untreated supernatant (black curve). The
volume distribution of the untreated cell layer (green curve) also has
the expected form with a mean volume of 1.75 pl. This volume
corresponds to an approximate cell diameter of 15 um, which is in
agreement with the microscopy images (Supplementary Fig. S4).

In the treated sample, the volume distribution of the cell layer
(blue line in Fig. 7) has the same form as the untreated cell layer

but with a smaller total number of cells. The supernatant of the
treated sample (red line in Fig. 7) on the other hand shows a large
peak of small particles (debris). Thus, these volume distributions
confirm that the cells were destroyed and detached from the surface
by the pressure wave.

Discussion

In this work we have introduced a simple method to expose living
cells to pressure waves under well-reproducible physical conditions.
Since the cells grow in standard culture vessels (here we used micro-
titer plates) also the growth conditions are well defined. We have
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microtiter plate for several days (for details see Methods Section). In 15 wells the cells were treated with pressure waves while the cells in 19 wells of the
same plate served as the untreated reference. Subsequently, the concentration of cells was determined with a hemocytometer by trypan blue exclusion. (a)
Number of cells found in the cell layer of the treated sample divided by the number of cells found in the untreated reference, nj;,, /ni". With the

live

hemocytometer we also determined the numbers of dead cells in the cell layer, nfj,., and n/jey, as well as the number of living (mj},,, mj') and dead

untr

(mf;eud, My d) cells in the supernatant. (b) Total number of cells found in the treated sample divided by the total number of cells found in the untreated

tr untr __ tr tr tr tr untr untr untr
Sample’ ntot/ntot - (nlive + M ead + Mije + ndeud) / (nlive +untr+ Myiye + N dead

untr untr untr untr

) (black dots) and the relative number of dead cells found in the

supernatant, mf, / (nh.ve + Mg + M, + Mg d) (red dots). All data shown were recorded in 96 Well plates with PMMA cover. Data points are averages

of four independent measurements, error bars are standard deviation.

systematically characterized the physical properties of the pressure
waves with experimental and theoretical methods. As a first result
with respect to a biological effect, we determined the peak pressure
needed to destroy U87 brain cancer cells. Based on a 50% survival
rate in Figure 6a) the threshold pulse energy of our laser to destroy
the cells lies at 0.65 J, which, along with the data presented in
Figure 2b) corresponds to a peak pressure of 80 MPa.

For the analysis of cell damage, we used two different standard
methods to determine cell concentrations, trypan blue exclusion and
the Coulter principle*. While the trypan blue exclusion method
allows for determining the concentration of dead and living cells

2 —
550 |-
500 |-
450 [

Untreated cell layer ]
Untreated supernatant .
Treated cell layer

F Treated supernatant
400 -

350 |- ]
300 [ ]
250 [ ]
200 [ ]
150 | ]
100 [
50 |

i
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Volume (pl)

Figure 7 | Volume distributions of cell layer and supernatant. We use a
Counter to determine the volume distributions of particles in the treated
sample (blue and red line) and in the untreated reference (green and black
line). Each curve is an average of five measurements at the same sample.
The error bars (shown as lines with fill areas) are standard deviation. The
pressure wave was generated at the full laser pulse energy of E= 0.87 Jina
96 well plate with PMMA cover.

separately, the Coulter counter measures the volume distribution
of particles, where cell debris can be seen. In other words, combining
both techniques one can distinguish living, dead and completely
destroyed cells. In this way we were able to show that the strongest
pressure waves detached the cells form the substrate and destroyed
up to 50% of them completely (Fig. 6 and Fig. 7). A similar behavior is
seen when cells are exposed to collapsing cavitation bubbles>***. In
our experiments however, this effect is not due to cavitation because
there is no negative (tensile) pressure in the pressure profiles (Fig. 2).
Several studies reported damage of different cell types treated by
laser-induced pressure waves generated in similar setups®°. In
our study we quantify that less than 20% of U87 brain cancer cells
survive exposure to pressure waves with p,,,, = 130 MPa (Fig. 5 and
Fig. 6). The peak pressure can be tuned by the pulse energy per unit
area of the laser (Fig. 2). The maximum peak pressure generated in
our setup without focusing the beam (using 48 Well plates) is p,,or =
90 MPa. We have shown that the cells survive this exposure by
determining that nff,, /nji"" =0.9440.12. As seen in Fig. 6a, also
when the beam is focused (but the pulse energy is reduced accord-
ingly) all cells survive. We note the values for p,,,, are determined
from the simulation in direct vicinity of the growth surface and not
by a hydrophone.

The use of a hydrophone for determining the pressure conditions
in a fluid has the major drawback that it cannot touch the surface
where the cells actually grow. The minimum distance to the well
bottom is z = 250 um in order to protect the sensitive hydrophone
tip. To determine the conditions that the cells are exposed to on the
microscopic level, we use the optical PDV method”. Our experi-
mental results demonstrate that PDV is well suited for the investiga-
tion of highly transient processes associated with the reflection of the
pressure wave and that it allows for the measurement of the velocity
profiles of the well bottom with a temporal resolution on the order of
nanoseconds. By covering the transparent polystyrene of the micro-
titer plates with a chrome/silver coating the surface is diffusely
reflecting and thus allows for detection of the PDV signal.

The measured velocity profiles of the surface can be used as input
for a numerical molecular dynamics simulation of the pressure wave
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propagation through the water, also in very close vicinity of the well
bottom. The calculated peak pressures of the propagating pressure
wave in the computer simulation at different positions in the well are
in agreement with corresponding hydrophone signals (Fig. 5). As
mentioned above, on the timescale of nanoseconds, cells do not
increase their temperature while a pressure wave passes, thus the
observed killing of cells is a pure mechanical effect and not due to
heating of cells as in HIFU applications.

The pressure wave propagates at a constant velocity that is close to
the speed of sound in water. Thus, strictly speaking, it is not a shock
wave (which would move faster than the speed of sound in the
respective medium). As reported in the literature the laser creates a
shock wave when it is absorbed'®'. However a shock wave decays
very fast (after a few um) in water and tissue***>**’. As shown in this
study (Supplementary Fig. S1 and Supplementary Fig. S2), the shock
wave has already decayed to an ordinary pressure wave when it enters
the interior of the well and interacts with the cells. Thus, the effects
that are seen here are no shock wave effects. As seen in Fig. 5 the peak
pressure decreases while the pressure wave traverses the fluid.
However, at a comparably large distance of z = 5000 um the peak
pressure is still over p,,,,. = 70 MPa. This comparably weak decayisa
prerequisite for a possible long-term application in organisms. For
example, similar to HIFU** and ESWL"? applications, it should be
possible to create the pressure wave outside the body with subsequent
focusing of the wave and thus have the strongest effect in the focus
region inside the body. In the future, in-vivo experiments together
with simulations based on real tissue properties could show if such an
application is possible. Knowing that the pressure conditions at a
particular position in the body are the same as in this study, our cell
culture experiments could predict the in vivo effect. In a study in
Ref* it was shown that injury in mouse breast sarcoma cells after
being exposed to 5 repeated pressure pulses was better related with
the rise time of the generated pressure waves than with the peak
pressure. However, the results of this study were obtained under very
different conditions than in our experiments. We only use very
reproducible single pressure pulses to investigate cell damage as
our studies have shown that using repetitive shots at a target material
changes the resulting pressure waves and thus renders the experi-
ment less controllable. Nevertheless, a systematic study of the influ-
ence of rise times on the damage or killing of cells would be of great
interest, but requires a laser system with variable pulse duration. In
our case, the pulse duration is fixed at ~6 ns.

In conclusion we have shown that it is possible to generate strong
pressure waves in a versatile setup with standardized growth condi-
tions for cells. We have very thoroughly and systematically charac-
terized the physical properties of the pressure waves. We carried out
state-of-the-art PDV experiments to determine the velocity profile of
asurface and used the obtained velocity profile as input for numerical
pressure simulations. These simulations can determine the pressure
conditions in the direction of shock wave propagation on cellular
length scales. For lithotripter induced shock waves, the damage
threshold concerning peak pressure and the number of shocks
needed to induce damage varies significantly for different cell
types”*”****. Thus, in future studies it will be interesting to test the
behavior of different cell types in this setup and systematically com-
pare cell damage effects. In addition, the exact mechanism of cell
damage on the subcellular or even molecular level should be studied.
Here, microscopic and spectroscopic methods will be able to provide
interesting insights. As in our proposed setup, due to the small time-
scale involved, the interaction of the pressure waves with cells is of
purely mechanical nature (in contrast to heating with HIFU applica-
tions), one should also test mechanical properties of the cells for
example with atomic force microscopy (AFM).

As mentioned above, in our setup the cells survive pressure waves
with py,.c = 90 MPa, a comparably large pressure. Here the question
arises what properties of these cells might be altered after pressure

wave exposure. For example, as discussed above, it is possible to
permeabilize living cells with pressure waves giving rise to transfec-
tion applications'®. A permeabilization may also have possible appli-
cations in drug delivery'. For these applications it is essential that the
pressure wave decay is not too strong. Hence, our experimentally
well-reproducible system introduced here may provide a good basis
for the test of biological effects of pressure waves.

Methods

Pressure wave generation. The bottom of each microtiter plate was coated with black
acrylic gloss varnish (C.Kreul GmbH, Hallerndorf, Germany) and left to cure for at
least 48 hours. Subsequently, 5 mm thick transparent PMMA plates are bonded to the
varnish surface with the ACRIFIX 192 polymerization adhesive (Evonik Degussa,
Essen, Germany). The pressure waves were generated by illumination with a single
6 nslaser pulse with a wavelength of 1064 nm (Brilliant B Q-switched Nd:YAG Laser,
Quantel, Erlangen, Germany). The laser pulse energy was varied with the Q-Switch
delay unit. We used a power meter (Thorlabs S370C) to determine the laser power at
constant laser pulse generation at 10 Hz to calculate the pulse energy at the sample
position for varying delay time. To record the stress waves in water we used Miiller-
Platte needle hydrophones (Dr. Miiller Instruments, Oberursel, Germany) mounted
on a motorized translation stage with a bidirectional repeatability of 1.6 um (see
Fig. 1). The hydrophone signals were recorded with a Tektronix TDS 5054 digital
phosphor oscilloscope and transformed to pressure profiles using the sensitivity given
by the producer.

Determination of the velocity profiles. The reflection of the pressure wave at the well
bottom is accompanied by an acceleration of the surface. As discussed above, the
pressure of the reflected wave can be derived from the surface velocity profile. For the
experimental measurement of the velocity profile of the well bottom, we used the
technique of photonic Doppler velocimetry (PDV) described by Strand et al.”’.

PDV is an optical technique that is based on the Doppler shift of the light reflected
from a moving object and allows for a non-invasive measurement of velocities with
high time resolution. For an enhancement of the PDV signal, the well bottom was
covered with reflecting chrome/silver coating or with aluminum foil. Both procedures
yielded the same results.

A drawing of the PDV setup for the measurement of the surface velocity profiles is
shown in Fig. 3. The light of a cw (continuous wave) Erbium fiberlaser (referred to as
illumination laser) with a maximum output power of 2 W is directed onto the surface
of the sample by an optical probe. The wavelength Zr, of the laser can be adjusted
around the center wavelength of Az = 1557 nm, corresponding to a frequency of fxc/
Ar = 200 THz (where c is the speed of light). The optical probe basically consists of a
lens that focuses the light of the laser onto the surface of the sample. A fraction of the
light that is diffusely or specularly reflected by the surface is collected by the same
optical probe used for illumination and is separated from the illumination light by a
circulator. The reflected light with a Doppler shifted frequency fp, is guided to a high
bandwidth optical detector where it is mixed with the light of a second cw laser
(referred to as reference laser) with a maximum output power of 40 mW and with a
frequency that is equal to the frequency of the illumination laser fz. Both lasers exhibit
a small bandwidth of less than 1 kHz which is essential for a precise velocity
measurement.

The frequency of the Doppler shifted light that is reflected from the moving surface
is given by

fo= e @)

At the detector, heterodyne mixing of the electromagnetic fields of the Doppler
shifted light and the light of the reference laser results in the formation of a beat signal
with a frequency f that is equal to the frequency difference of the superimposed light
fields:

folt)=2fp 20 ®3)

The beat signal is recorded with a high bandwidth digital oscilloscope.

For the calculation of the velocity profile, the temporal evolution of the beat
frequency has to be determined. To this end, a short time Fourier transform (STFT)
algorithm similar to that described by Strand et al.*” was applied to extract the beat
frequency from the measured signal. The application of the STFT implies that the
achievable velocity resolution depends on the width of the STFT window function
and thus on the time resolution. For a Gaussian window function, the relation
between the standard deviation of the window function o, and the standard deviation
of the velocity g, is:

)VR
0,0,> o (4)
For the presented measurements a STFT window size of 6, = 32.8 ns was chosen
resulting in a velocity resolution of g, = 1.9 m/s.

Numerical simulations. Numerical simulations of propagating pressure waves in
water were performed using the standard velocity-Verlet algorithm®>*® implemented
in the open source molecular dynamics (MD) code LAMMPS”, which was used to
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carry out the simulations. The pressure wave was modeled by assigning the velocity
profiles (see Fig. 4b and detailed discussion above) as initial conditions for water
particles that constitute the propagating pressure front. The water particles were
modeled using a coarse-grained (CG) approach by mapping 4 H,O molecules onto a
single (CG) water particle according to the method described by Steinhauser et al.****.
All CG water particles were coupled to a DPDE®**" (Dissipative Particle Dynamics at
constant Energy) local thermostat, which couples the particles’ velocities to an
internal energy reservoir e, DPDE is a coarse-graining simulating technique for MD,
which is implemented in LAMMPS and has recently been applied to biological
systems®**>*>*_ It mimics the complex particle dynamics of a fully detailed system
(e.g. a fluid) by assigning an internal energy variable e; to each particle i and a heat
capacity Cy, such that the temperature of the i-th particle is given by T; = e;/Cy. With
this CG approach it is possible to measure the resulting pressure in the fluid at
different positions on a lenght scale comparable to the size of a typical eukariotic cell
which is not possible in experimental measurements using a needle hydrophone, due
to the limitations discussed in detail above. The CG particles that constitute the
pressure front are assigned the initial velocity profile v, and then start to transfer their
momentum, i.e. their kinetic energy to neighboring particles, thus propagating the
pressure front through the fluid. A velocity-Verlet time integration scheme with a
timestep At = 4.89 fs and a reference density of 1000 kg/m® and co = 1498 m/s were
used. Equation (1) finally allows for calculating the resulting pressure by averaging
over the particle velocities at corresponding positions. The results are displayed in
Fig. 5 (red lines) and show very good agreement with experimental hydrophone
measurements.

Cell culture and analysis. U87 was graciously provided by A. Weyerbrock,
Department General Neurosurgery, University Medical Center Freiburg, Germany.
U87 were grown in DMEM (Gibco) supplemented with 10% fetal calf serum (FCS)
and 1% antibiotics and antimycotics (Gibco).

For the pressure wave experiments, the microtiter plates were prepared as
explained above. The cells were cultivated in these plates for 2 to 3 days before the
experiments. Tests with non-prepared (transparent) microtiter plates showed that the
cells were approx. 80% confluent after this period. When using 96 Well plates, 15 wells
were exposed to one single laser pulse each. 19 Wells on the same plate served as the
untreated reference. In experiments with 48 well plates, 6 wells were treated and 16
served as untreated reference. The cell layers were trypsinated with TrypLE (Gibco)
and pooled before cell counting without centrifugation. For the cell counting with the
hemocytometer, we used a 1: 1 mixture of sample liquid with Trypan Blue. The
supernatants were analyzed in the same way.
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