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wave effects on cell membrane
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Shock waves generated by laser pulses have been gaining attention for biological and medical
applications in which shock-induced cell membrane deformation influences cell permeation.
However, the mechanisms through which the deformation of cell membranes affects per-
meability remain mostly unknown because of the difficulty of observing in real time the
transient and dynamic behaviors of the shock waves and the cells. Here we present an all-
optical measurement method that can quantitatively capture the pressure distribution of the
propagating shock wave and simultaneously monitor the dynamic behavior of cell mem-
branes. Using this method, we find that the profile of the shock wave dictates the cell
membrane permeation. The results suggest a possible mechanism of membrane permeation
where sharp pressure gradients create pores on the membrane. Our measurement will foster
further understanding of the interaction of shock waves with cells, while the proposed
mechanism advances biological and medical applications of shock waves.
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attracting interest in both clinical and scientific studies!~3.

The applications involve a broad range of techniques, such
as damage induction on cancer cells®?, delivery of DNA vaccines
or anticancer chemotherapeutics into diseased cells®’, treatment
of tissues>8, and transformation of filamentous fungi®-!! and
bacterial>~1>. The cell membrane, which works as a barrier and
also as a gate between the interior of a cell and outside envir-
onment, plays an important role in mediating such physiological
effects. Membranes are sensitive to mechanical force and expected
to deform under the mechanical constraints resulting from the
interaction with a shock!®!7. However, because the direct
observation of the interaction in real time has not been achieved,
the determinative mechanisms causing the membrane permea-
tion remain largely unclear.

Better understanding has been impeded by the incompatibility
of conventional medical shock wave devices based on piezo-
electric, electrohydraulic, or electromagnetic methods® or of
hydrophone measurement of underwater shock profiles!8 with
direct real-time observation of individual cells as they interact
with and respond to shock. Additionally, in biological studies,
shock waves are commonly generated in petri dishes or vials
containing a number of cells in a culture solution, and the effects
of shock waves are investigated after removing the culture solu-
tion!?, preventing monitoring of the dynamic behavior of indi-
vidual cells. In contrast, shock waves generated by focused
ultrashort laser pulses can be microscopically targeted®19:20 and
synchronized with real-time optical probes.

Here we present an optically-based system that can produce
controlled shock waves on a microscopic scale, acquire the shock
pressure distribution quantitatively, and monitor the dynamic
behavior of cell membranes in response to shock. Our measure-
ments allow changes of cell membranes to be associated with
quantitative characteristics of shock waves.

B iological and medical applications of shock waves have been

Results

Experimental method. Figure 1 shows the experimental setup.
We generated planar shock waves by cylindrically focusing the
pump laser beam into a line, as illustrated in Fig. la. A picose-
cond laser pump pulse (amplified Ti:sapphire system, 300-ps

duration, 800-nm wavelength) was focused into a thin phosphate-
buffered saline (PBS) liquid layer that included carbon nano-
particles, fluorescent dyes, and HeLa cells. Using a cylindrical lens
with a 200-mm focal length and an achromatic doublet with a
30-mm focal length, as shown in Fig. 1b, the focused laser line
had a length of 750 ym and a width of 6 um. The liquid was
confined between 100-pm-thick and 200-pm-thick glass windows
separated by a 10-um polymer spacer, yielding a 10-20-pm thick
liquid layer. Upon laser absorption by the carbon nanoparticles,
two counter-propagating planar shock waves were generated in the
liquid layer and remained mostly confined in the plane due to the
impedance mismatch between the liquid and the glass substrates?!.

To perform quantitative measurement of the shock pressure
distribution with both high spatial and temporal resolution,
interferometric images were acquired with a Mach-Zehnder
interferometer and a variably-delayed probe laser pulse. The
probe pulse, generated by another amplified Ti:sapphire system
(150-fs pulse duration, 400-nm wavelength), was synchronized
with the pump pulse and delivered to the liquid layer colinearly
with the pump pulse, as shown in Fig. 1b. The time delay between
the pump and the probe pulses was adjusted using a delay
generator controlling the timing of the two laser systems. Because
the jitter of the synchronization was 20 ns, the time difference
between the pump and probe pulses was measured by photo-
detectors in every experiment. By comparing the interferograms
obtained before and after the generation of shock waves, the
change in refractive index induced by the density change in the
liquid following the shock front was directly extracted. Note that
a short probe pulse duration was necessary to avoid blurring of
the shock image, but precise timing between the pump and probe
pulses was not needed.

To visualize the dynamic behavior of the cell membrane, we
distributed outside the cells fluorescent dyes having no cell
membrane permeability under normal conditions. The mem-
brane was observed as the interface between fluorescent and dark
regions. Transport of dye molecules from outside to inside the
cells resulting from shock-induced membrane permeability was
observed as the appearance and increase of fluorescence inside
the cell. In this study, fluorescein isothiocyanate (FITC) dextran
of average molecular weight 3000-5000 Da was used; the
molecules can permeate into cells when the size of the pores on
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Fig. 1 Optical apparatus for analyzing cell membrane interactions with and responses to shock. a Sample assembly. Cells are placed in a thin liquid layer
that contains fluorescent dyes. A cylindrically focused pump pulse (red beam) irradiates a line in the plane of the liquid layer. Two counter-propagating
shock waves are launched and remain confined in the plane. b Optical setup. A cylindrical-lens configuration shapes the pump pulse into a line focus.

Interferometric imaging is performed using a Mach-Zehnder configuration and a variably-delayed probe pulse (blue beams). The probe beam is split into
two arms and recombined using two beam splitters (BS). The sample plane is imaged onto a charge-coupled device (CCD) using a two-lens telescope. A
continuous-wave (CW) argon-ion-laser beam (azure) is delivered to the sample plane through a dichroic mirror (DM) to induce dye fluorescence (green)
which is imaged onto another CCD. For each laser and fluorescence, 4 is the wavelength. 7 is the pulse duration of each laser. The focal length of lens is

indicated such as f300 where 300 is measured in millimeters.
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Fig. 2 Interferograms and analyzed shock waveforms. a-c Interferometric images showing shock wave propagation at three different time delays t.
Arrows indicate the propagation direction of the shock fronts. Bubbles are formed at the laser focused area and appear as a black line on the images. Each
image was recorded from a different sample region. Scale bars, 50 um. d-f Spatial distributions of pressure extracted from a-c, respectively. g Comparison
of shock waveforms at different time delays as a function of the distance from the laser-focused line. h Full width at half maximum (FWHM) of each shock
waveform as a function of the position of shock front with respect to the laser-focused line. The error bars indicate the standard deviation.

cells becomes larger than that of FITC dextran. The fluorescent
molecules were excited by a continuous-wave argon-ion-laser
beam with a wavelength of 488 nm. Light was emitted with a
wavelength of 518 nm and separated from the excitation light
using a dichroic mirror. This in situ monitoring was conducted in
real time with a high-sensitivity charge-coupled device (CCD)
camera.

Interferometric analysis. Interferograms of shock waves propa-
gating in the liquid (in the absence of cells) were recorded to
characterize the shock waves generated in our setup. Figure 2a-c
shows images recorded with increasing probe pulse delays at a
pump pulse energy of 200 + 50 pJ. The shock fronts are obser-
vable as distortions in the interferogram fringes. To quantitatively
analyze the pressure profile of the shock, the interferometric
images were converted to 2D phase images through a 2D Fourier
transform method with a Hann function for spectrum apodiza-
tion22. After phase unwrapping, 2D phase images were obtained
before and after laser excitation and subtracted to obtain the
optical phase change profile (see Supplementary Fig. 1 and Sup-
plementary Note 1). The extracted phase change Agp was con-
verted to the change in refractive index An based on the relation

Ap)
= — 1
n=_7 (1)

where A is the wavelength of the probe pulse and [ is the thickness
of the liquid layer. The thickness of the liquid layer ranged from
10 to 20 um. Although the polymer spacer between the glass
substrates was 10-pm thick, distortion of the substrates caused the
variation of the liquid layer thickness. Therefore, the thickness
within the imaging field of view was measured before each
experiment with an uncertainty of 1.4 um. The change in the
refractive index An was then translated into density change Ap:

An 2)

0.322
using an empirically determined formula for water?3, valid under

Ap = -[gem ]
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shock conditions for densities ranging from 1.00 to 1.21 gcm ™3,

Shock pressures associated with the measured density changes
were calculated using the Tait equation of state of water?4. The
uncertainty of the pressures is related to the uncertainty of the
density changes, which mainly originated from the uncertainty of
the liquid thickness I.

The calculated pressure distributions with various time delays
corresponding to the three images in Fig. 2a-c are shown
respectively in Fig. 2d-f. x =0 pm corresponds to the position at
the laser-focused line. The pressure drop near x=0pm was
caused by temperature increase (see Supplementary Fig. 2 and
Supplementary Note 2 for details). The shock waveforms along
the horizontal line defined by the multiple arrows in Fig. 2a—c are
plotted in Fig. 2g. The peak pressures at 25, 47, and 80 ns were
52.8+8.2, 463148, and 47.7+3.5MPa, corresponding to
density changes of 23.3 +3.3 mgcm™—3, 20.6 + 2.0 mg cm~—3, and
21.1 + 1.5 mgcm—3, respectively. The full widths at half max-
imum (FWHM) of the shock waveforms were 13.2+0.2 um,
16.2+0.8 um, and 21.3 + 1.2 um, respectively. The shock wave
propagated with a speed of 1458 + 15 m s~1, which corresponded
to the acoustic speed in water (<1450 m s—1) (see Supplementary
Fig. 3a and Supplementary Note 3 for details).

The FWHM of each shock waveform at different propagation
distance is plotted in Fig. 2h. It expanded as the shock wave
propagated. According to the linear fitting shown as the red line,
the initial FWHM at the laser-focused line was estimated to be
9.1 um, and it expanded with the slope of 0.16. The peak
pressures of shock waves at different propagation distances had
large variations (see Supplementary Fig. 3b and Supplementary
Note 3 for details) because of the fluctuations of the thickness of
the liquid layer and the pump pulse energy. Despite the large
variations in the peak pressures, the FWHM consistently
indicated the clear (and well-known??) lengthening of the tail
of the shock wave with propagation.

Fluorescence analysis. To monitor the dynamic behavior of cell
membrane simultaneously with interferometric imaging of the
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Fig. 3 Interferometric and fluorescence analysis. a Interferometric
image showing a propagating shock wave and three cells with a time
delay of 84 ns. An arrow indicates the propagation direction of the

shock front. Scale bar, 50 um. b Extracted spatial distribution of pressure.
c-e Fluorescence images showing the permeation behavior of the
fluorescent molecules into the cells. Images were recorded € 10's, d 150 s,
and e 300 s after the pump pulse was delivered (time indicated by t). Scale
bars, 50 um. f Normalized brightness inside the cells with increasing time
after delivering the pump pulse obtained by fluorescence imaging.

shock, fluorescence imaging was used. Images were recorded for
300 s or longer with a frame rate of 0.5 Hz in a single experiment.
An interferogram recorded 84 ns after the pump pulse irradiated
the liquid layer, where cells are present, is shown in Fig. 3a. The
pressure distribution extracted from the interferogram is shown
in Fig. 3b. The pressure distribution indicates that the shock wave
propagated with no visible disturbance after encountering the cell;
the impedance mismatch between the water and the cell being
small, the shock was not reflected or attenuated significantly by
the cell2®. The difference between the pressure distributions (peak
pressure and pressure at the tail) shown in Figs. 2d-f and 3b
arises from the fluctuations of the thickness of the liquid layer and
the pump pulse energy independent from the presence of the
cells. As shown in Fig. 3c-e, we captured the permeation behavior
of the fluorescent molecules into the cells after cell-shock inter-
action, from which membrane disruption can be inferred argu-
ably at scales below the optical resolution. The laser-focused line
observed in Fig. 3a evolved after 10 s into large bubbles (Fig. 3c
and Supplementary Fig. 4) that collapsed prior to 150 s (Fig. 3d).
Bubbles normally collapse much faster in conventional experi-
ments when they are not constrained?’; however, because the
bubbles were sandwiched between glass walls in our setup, the

capillary forces prevented them from collapsing on a much
shorter time scale. As time increased, the brightness inside cells
#1 and #2, labeled in Fig. 3, increased. The increase in the
brightness indicates that pores were generated in the cell mem-
branes, and that fluorescent molecules permeated the cell mem-
branes when the pore size increased sufficiently. Pores can be
generated due to a non-uniform pressure distribution on the
membrane?8. Blebs, the cellular protrusions, were observed
around all three cells after the shock wave passed as shown in
Fig. 3d, e. Blebbing occurs due to local rupture of
membrane-cytoskeleton attachments in regions of high pressure
in cells?. Therefore, the results may indicate that the pressure is
unequally distributed and locally increased on the membrane
during the passage of the shock wave. The brightness changes
inside the cells were plotted in Fig. 3f by averaging the brightness
inside each cell and normalizing it by comparing the brightness
inside and outside the cell. In cells #1 and #2, the brightness
started to increase 94 s and 158 s after the shock, respectively, and
saturated at ~300s. Permeation was not observed in cell #3
throughout the observation.

Discussion

Despite the slight difference between the locations of cells #1 and
#2, the time-dependences of their brightness changes differed
substantially. The difference may stem from either variability
between the cells or in the shock properties. To identify the
origin, we measured the brightness changes of 53 cells located at
different distances away from laser-focused lines in order to
investigate the time dependence of permeation behavior at dif-
ferent distances from the shock excitation region.

The results shown in Fig. 4a clearly indicate that the closer the
cells were located to the laser-focused line, the faster the bright-
ness of the cells increased. Because Fig. 2h showed that FWHM of
the shock waveform increased with the propagation of the shock
wave, the FWHM may affect the brightness change. To verify this
hypothesis, the cells were divided into two groups; one with
permeation of the fluorescent molecules at 300 s after the shock
delivery and the other without permeation. As shown in Fig. 4b,
the two groups were compared after calculating the FWHM at
the position of each cell (see Supplementary Fig. 5 and
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Fig. 4 Effect of a shock wave on cell permeation. a Normalized brightness
inside each cell located at different distance away from the laser-focused
line and at increasing time after the pump pulse was delivered.

b Comparison of full width at half maximum (FWHM) of shock waveform
at the position of each cell belonging to one of two groups: with permeation
(n=19 cells, red circles) and without permeation (n=16 cells, blue
diamonds) of fluorescent molecules at 300 s after the pump pulse was
delivered. The box plot shows the middle value of the data set (central line),
the 25th percentile (bottom of the box), and the 75th percentile (top of the
box) with a set of whiskers determined by the 1.5 interquartile ranges. Data
were compared by conducting a two-tailed t-test using all data points and
by calculating the probability value (p value).
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Supplementary Note 4 for details). The results of a f-test
demonstrated that there was a significant difference between the
two groups regarding the FWHM. When the propagation dis-
tance is under 70 um, the FWHM is typically smaller than the
diameter of the cells (~20 um). Therefore, this suggests that at
short distance the shock wave is narrow enough to create both
low- and high-pressure regions within a cell during the passage of
the wave. This non-uniform pressure distribution creates pores
on the membrane, resulting in fluorescent molecule penetration
into the cell through the pores. On the other hand, when the
propagation distance of the shock wave becomes larger, the
FWHM typically exceeds the diameter of the cells. In this situa-
tion, the cell cytoplasm is more homogeneously compressed and
released rather than being affected by the gradient of the pressure
field in the cell during the passage of the shock wave, therefore
limiting pore formation in the cell membrane and preserving the
membrane impermeability to the fluorescent molecules. This
explains why permeation was not observed in cell #3 in Fig. 3f.
Although microjets and secondary shock waves can be generated
when the bubbles collapse3031, the cells were located away from
the laser-focused line, and therefore, the bubble collapse is
expected to little effect on the cells. In addition, we anticipate
capillary effects to slow down bubble collapse (or prevent it
entirely), consequently reducing the emission of secondary shock
wave.

Because most conventional methods could not analyze the
influence of shock pressure distribution on individual cells, the
key parameter causing membrane permeation has not been
clarified. Although previous studies32-34 suggested the contribu-
tion of peak pressure, rise time or impulse, direct evaluation
through quantitative analysis of the shock profile has not been
achieved. Conversely, our method allows such analyses which
demonstrate the crucial effect of FWHM. We anticipate that
future studies considering different shock parameters, as well as
cell conditions, will advance the understanding of the mechan-
isms leading to membrane permeation. Regarding shock para-
meters, modulating the spatial and temporal profiles of the laser
pulse will permit control of not only the FWHM but also the peak
pressure, rise time, fall time, impulse and number of shocks.
Because our system allows the generation of shock waves and
quantitative analyses of shock parameters and cell permeability at
the same time, the shock parameters can be further optimized
through direct observations. The optimization will contribute to
the more effective use of shock waves in the biotechnological and
clinical applications.

In summary, we have presented an all-optical measurement
system that can produce a planer shock wave whose spatial
profile, propagation through cells, and effects on cell membrane
behavior can be monitored. Our results demonstrate the influence
of the profile of the shock wave on membrane permeation, where
shocks that are shorter temporally and spatially are more likely to
make cells permeable to fluorescent dye. The results suggest a
possible mechanism of membrane permeation due to sharp
pressure gradients, i.e. non-uniform pressure distribution in the
cell that deforms cell membranes and causes pore formation. Our
all-optical measurement will foster further understanding of the
interaction of shock waves with cells, while the proposed
mechanism may guide the formulation of optimal conditions for
biological and medical applications of shock waves.

Methods

Sample preparation. The liquid sample was made by mixing a 0.4 wt% carbon
nanoparticles, a 2 wt% of FITC dextran of average molecular weight 3000-5000 Da
(FD4, Sigma-Aldrich®), and cells in PBS (Sigma-Aldrich®). The carbon con-
centration was yielded by diluting black ink (Winsor & Newton Ink®) 50x in PBS.
The liquid was enclosed between a 100 um-thick and a 200 um-thick, 1 inch-

diameter, glass substrates (Schott D263®). A photoresist (SU-8 2015, MicroChem®)
was coated and developed on the 200-um-thick substrate to form a ring-patterned
spacer. The spacer had an outer diameter of 22 mm, an inner diameter of 19 mm,
and a thickness of 10 pm to ensure separation between the substrates.

Cell preparation. HeLa cells were maintained in DMEM supplemented with 10%
(v/v) fetal bovine serum and 1% (v/v) Pen Strep at 37 °C and 5% CO, in a T-75
flask. When the cells reached ~80% confluence, the growth media was aspirated.
Trypsin-EDTA 0.25% (2 mL) was added to the cells and incubated for 15 min at
37°C and 5% CO,. To quench the trypsin, DMEM supplemented with 10% (v/v)
fetal bovine serum and 1% (v/v) Pen Strep (8 mL) was added to the flask. In all,
7.5 mL of the dissociated cells in media were transferred to a 15 mL falcon tube and
spun at 500 rcf for 3 min. The supernatant was removed and the pellet was
resuspended in 250 pL of PBS.

Sample characterization. The thickness of the liquid layer was calculated
according to the Beer-Lambert law. The thickness I can be expressed as

1 I-1
=——1 B,
: a %810 (Io *IB>' ®

where «; is the absorption coefficient of the liquid, I and I, are the brightness
detected by a CCD after the probe pulses transmitted through the liquid sample
and a pure water in the glass substrates, respectively, and Iy is the brightness of the
background without the probe pulses. a; =93 cm~! was measured for the wave-
length of 400 nm using a UV-VIS spectrometer. The effect of the reflection by the
glass surfaces on the accuracy of the thickness measurement was canceled by using
the same glass substrates for the brightness measurements of the liquid sample and
the pure water. For canceling the variation of the probe pulse energies and the
noise from the CCD, the exposure time of the CCD was set to 20 ms, so that the
variation and the noise were averaged by the 20 probe pulses with a repetition rate
of 1 kHz. The thickness was calculated by the brightness of each pixel on the CCD
and averaged. A standard deviation of the thickness was measured to be 1.4 um. It
was calculated by comparing the 20 different images taken by moving the sample a
few micrometers in a plane before the experiments.

Normalization of brightness. For the normalization, the average of the brightness
of 100 pixels inside each cell was divided by a reference brightness, which was
the average of the brightness of 100 pixels outside the cell. The reference area was
10 um away from each cell. The brightness inside the cells was above zero before
the generation of the shock, because the fluorescence from the fluorescent mole-
cules existing between the cells and the glass substrate was detected.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this work are available from the corresponding
author upon reasonable request.

Code availability
The codes used for the data collection and analysis are available from the corresponding
author upon reasonable request.

Received: 10 March 2020; Accepted: 17 June 2020;
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