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Cells within the body are subject to various forces; however, the details concern-

ing the way in which cells respond to mechanical stimuli are not well understood. We demon-
strate that laser-induced shockwaves (LIS) combined with biosensors based on fluorescence
resonance energy transfer (FRET) is a promising new approach to study biological processes in
single live cells. As “proof-of-concept,” using a FRET biosensor, we show that in response to LIS,
cells release intracellular calcium. With the parameters used, cells retain their morphology and
remain viable. LIS combined with FRET permits observation of the cells immediate response to
a sudden shear force. Microsc. Res. Tech. 00:000-000, 2015. © 2015 Wiley Periodicals, Inc.

INTRODUCTION

We describe the use of fluorescence resonance
energy transfer (FRET) to monitor the intracellular
change in calcium following exposure to laser-induced
shockwaves (LIS). The advantage of utilizing FRET
biosensors is that they can be genetically modified to
specifically target regions and/or organelles within the
cell. Furthermore, high background signals from
unbound dye in the extracellular space are greatly
reduced, if not eliminated entirely (Palmer and Tsien,
2006). LIS has been studied extensively for a range of
functions (Lokhandwalla et al., 2001; Reichel et al.,
1987; Tao et al., 1987; Vogel et al., 1986). These shock-
waves (SWs) are initiated due to the sudden build up
of energy at the focus of a pulsed laser beam. The sub-
sequent microplasma—cavitation, followed by expan-
sion and contraction of a short-lived microbubble, can
exert large mechanical forces in the surrounding
environment. Such SWs induce a sudden shear
stress against cells in the vicinity of the microbubble
(Compton et al., 2014; Rau et al., 2006). Other studies
have investigated the spatio-temporal dynamics of
shockwaves (Vogel et al., 1989). In the present study,
we focus on the biological application rather than tem-
poral dynamics of LIS.

The combination of LIS and FRET facilitates the
study of the subsequent biological process with high
temporal and spatial resolution. As “proof-of-concept,”
we demonstrate the ability to follow calcium dynamics
by FRET following LIS. Previous studies have shown
that shear stress is capable of causing an increase of
intracellular calcium. However, in these studies, shear
stress was applied to all of the cells in a substrate (Liu
et al., 2011; Ravin et al., 2012). LIS permits selection
of the initiation point of the shockwave, the individual
cells to be affected by the resulting shear stress, and
the magnitude of the shear stress as a function of the
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distance of the cell from the shockwave initiation
point.

MATERIALS AND METHODS
Laser Setup

The optical setup is described in Figure 1A. The
ablation laser is a Coherent Flare 532 nm 100 Hz repe-
tition rate system with a 2 ns pulse width and 450 pJ
pulse energy (Spectra-Physics, Mountain View, CA). A
mechanical shutter (Vincent Associates, Rochester,
NY) with a 10-15 ms duty cycle is gated to allow 1-2
pulses to enter the microscope. A dual-axis fast scan-
ning mirror (FSM-200-01, Newport Corp, Fountain
Valley, CA) is used to steer the laser beam in the sam-
ple plane.

Cell Culture

Bovine arterial endothelial cells (BAEC) were cul-
tured using Advanced DMEM (Invitrogen, Carlsbad,
CA) supplemented with 20% fetal bovine serum and
1% Glutamax. Transient transfections with D3CPV
calcium biosensor plasmid were done utilizing Lipo-
fectamine 2000M (Invitrogen, Carlsbad). Upon calcium
binding, the D3CPV changed conformation bringing
together the blue-fluorescence donor (ECFP) and
yellow-fluorescence acceptor (YPet), leading to a
decrease in ECFP (blue) fluorescence and an increase
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Fig. 1. Laser setup. (A) Coherent Flare 532 nm 100 Hz pulse repe-
tition rate, 2 ns pulse width laser is attenuated by a Glan-Taylor lin-
ear polarizer to allow the user to control the laser power entering the
microscope. The beam is then directed to a shutter that can gate the
laser to allow 1-2 pulses through. A fast scanning mirror is used to
steer the laser beam which is focused through a Zeiss 40x 1.3 NA
objective. (B) Montage showing effect of shockwave at 55 ps intervals.
At t =55 ps the plasma formation is observed. T = 111 ps shows bead
displacement near the initiation site. A time averaged position of the

in YPet FRET (yellow) fluorescence (Ouyang et al.,
2008). The result was a decrease in the ECFP/YPet
FRET ratio.

One day after transfection cells were seeded on No.
1.5 glass-bottom imaging dishes (Cell E&G, Houston)
coated with 200 pl of 40 ng/mL fibronectin in molecular
grade water and allowed to dry before cell seeding.
Thirty minutes prior to SW, cells were switched to
Hanks buffered saline solution (HBSS) with or without
calcium and magnesium (Invitrogen, Carlsbad, CA).
Cells were placed on a microscope heating stage
(Warner Instruments, Hamden, CT) at 37°C. Fluores-
cence measurements were taken in the center of each
cell and normalized by dividing post-shockwave ratios
by the average of the pre-shockwave ratios.

Propidium Iodide Exclusion

Cells were incubated with 1 pg/mL of propidium
iodide (PI) in HBSS and subjected to SW at varying
distances to discriminate dying and necrotic cells from
live cells. Cells were followed by time-lapse phase con-
trast imaging in order to assess changes in morphology
indicative of delayed SW damage.

Imaging Acquisition and Analysis

Images were acquired on a Zeiss Axiovert 200M
microscope (Carl Zeiss, Thornwood, NY) equipped with
a 440DF20 excitation filter, a 455DRLP dichroic mir-
ror, and two emission filters (480DF30 for CFP and
535DF25 for YFP). Images were taken every 20 sec-
onds to establish pre-shockwave FRET signals. Post-
shockwave images were taken at an interval of 3
seconds for one minute to capture immediate calcium
changes. This was followed by an interval of 10 sec-
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beads shows that net displacement occurs more closely to the plasma
initiation site. Displaced beads appear as ovals or lines due to move-
ment. A least squares fit of the averaged position of particles is pre-
sented. The y-axis is velocity in meters per second and on the x-axis
is distance in microns from the initiation site. The particles closer to
the initiation site are accelerated rapidly but as the distance from the
initiation site increases the velocity drops off quickly. [Color figure
can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

onds until cells had been observed for a total of 300
seconds post-LIS. FRET analysis was carried out using
the MatLab application, FluoCell (Lu et al., 2011; Lu
et al., 2008).

RESULTS
Shockwave Conditions for Cellular Experiments

In order to establish an indication of the effective
laser pulse power (and irradiance) in the focal spot, a
calibration was performed with 5um beads in HBSS.
The lowest power causing displacement of a bead
through the medium is 114-160 uW (2.95-4.01 X 102
W/em®) at the beam focal point. This is consistent with
the method used previously (Rau et al., 2006)

A montage of images demonstrates the instantane-
ous effect of the cavitation bubble that leads to the
shockwave. As the distance from LIS increases the
shear forces which are a function of the fluid velocity
drops off (Fig. 1B). The time-averaged shear stress is
greater than 0.1 Pa over a period of 55 ps. However,
this is not reflective of the peak shear stress that is
likely to be at least 200 times greater. As laser power is
increased, the fluid velocity and shear stress increases.
Over the range of powers tested, the shear stress was
found to increase almost linearly with power.

Cell viability following plasma generation in the
irradiance range used (2.95-8.7 X 10'* W/cm?) was
assessed by determination of PI exclusion (none
entered the cells at the irradiances and distance from
the laser spot used), and phase contrast imaging of the
cell morphology for up to 10 minutes following shock
wave exposure (Figs. 2A-2C). Cells retained the same
morphology as pre-shockwave; there was no cytoplas-
mic blebbing indicative of the cell lifting off the
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Fig. 2. (A) A magnified phase image of a cell prior to shockwave,
scale bar = 10 pm. Thus, the position of the laser is not visible but
occurred 70 um from the cell edge closest to the laser focus spot. (B)
Six seconds post-shockwave induced with 2.95-4.01 X 102 W/cm?.
The cell appears to have retained its shape and morphology. An arrow
depicts the direction from the laser focus spot. (C) At 10 minutes, the

substrate, no vacuoles formed in the cytoplasm, and
the nucleus did not change (i.e., become dark or
pycnotic).

When cells were exposed to higher laser powers
ranging from 400 pW to 4 mW in the focused spot
(10.8-108 X 10'2 W/cm?) immediate cell death and/or
shifting of the cell on the glass surface were observed
(data not shown). This occurred when the cells were at
a distance of 50-100 pm from the laser focal point
(N =14). Both of these effects are undesirable for
FRET as the quantification of intracellular calcium
becomes difficult within the same location of the cell if
the cell has moved, changed shape or, in fact, died.
Consequently, FRET experiments were conducted in
the laser irradiance range of 2.95-4.01 X 102 W/cm?2.
Figure 2D is an image of cells prior to shockwave. Ten
seconds after the shockwave induced with a focal point
power of 1.6 mW (43.5 X 10'2 W/ecm?, the cells have
detached from the substrate (Fig. 2E, scale bar = 10
um). The perimeters of the cells have been outlined to
indicate their location prior to shockwave (Fig. 2E,
scale bar =10 um). At this, irradiance even cells
whose edge is 70 um from the shockwave are affected
(refer bottom left Figs. 2D and 2E). In comparison, a
cell, the same distance from a SW induced at the lower
irradiance, does mnot display any morphological
changes (Fig. 2A-2C).

LIS and FRET: Intracellular Calcium Release

BAEC cells expressing the calcium FRET biosensor,
D3CPV, were exposed to LIS at irradiances of 2.95-
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(E) 10 sec post shockwave
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cell appears unchanged compared to A and B. All cytoplasmic mem-
brane extensions are unchanged in A, B, and C. (D) Preshockwave
image of a group of cells. (E) 10 seconds after a shockwave produced
by an irradiance of 43.5 X 102 W/em? Cells are detached and/or
rounded-up. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

4.01 X 10" W/em? as described above. Cells in HBSS
with and without calcium released calcium into the
cytoplasmic space causing FRET ratios to decrease 3
seconds after the shockwave. Ratio and calcium levels
are inversely related. Figure 3A is a graph of the nor-
malized FRET ratios. Laser shockwave induction was
set to T =0 seconds. An inset shows a magnified view
of the FRET ratios up to 30 seconds post-laser (Fig. 3A,
N =5 per condition). FRET in the calcium-free HBSS
demonstrated that the observed changes in intracellu-
lar calcium originated from internally bound (seques-
tered) calcium. The calcium concentration of these
cells returned to pre-shockwave levels at approxi-
mately 80 seconds post-shockwave and continued to
decrease beyond pre-shockwave levels (Fig. 3A, red
graph).

Figure 3B is a montage of ratiometric images to
illustrate the calcium changes with respect to the
whole cell. The pixel colors correspond to the fluores-
cence ratio. Approximately, 36 seconds after SW expo-
sure, the FRET ratio has returned to near initial
values in the majority of the cell.

In the presence of HBSS with calcium (Fig. 3A, black
graph), intracellular calcium increases immediately
after the shockwave and starts to decrease after
approximately 30 seconds.

DISCUSSION

We demonstrate the combination of LIS and FRET
as a new method to study cell signaling. The impact of
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Fig. 3. (A) Normalized FRET ratio plotted as CFP/YPet versus
time course of cells in HBSS with (black line) or without calcium (red
line). Shockwave was induced at 0 seconds. The FRET ratio depicted
is the average taken from the center of the cell. The ratio decreases
upon cytoplasmic calcium increase. An inset depicts the FRET ratio
from 0 seconds to 30 seconds post-shockwave. (B) D3CPV is freely dif-
fusing and therefore the same trends depicted graphically in 3A occur
when ratios are measured in other parts of the cell. Ratiometric
images show the ratio of 0.35 before (0 seconds), and 0.15 after (3 sec-
onds) shockwave induction. An arrow demonstrates the direction
from the shockwave initiation site. Thirty-five seconds post-shock-
wave calcium levels are almost the same as preshockwave. This cell
has been cropped and magnified to show the respective FRET
changes. Thus, laser focus spot point is not shown.

the shockwave can be controlled by varying the posi-
tion from the target cell and/or by varying the laser
irradiance in the focal spot.

In this proof-of-concept study, intracellular cal-
cium is released in response to a mechanical stimu-
lus—the shockwave. We identify parameters for
shockwave induction that preserve cellular morphol-
ogy and function. Cells exposed to a shockwave gen-
erated by 2.95-4.01 X 10'? W/cm? do not exhibit
visible morphological deformation (compare Figs. 2A
to C) and appear structurally unaffected in the FRET
images (Fig. 3B). With the laser power and distance
parameters used, cells remain viable via time-lapse
microscopy and PI exclusion. Therefore, we are able
to attribute the internal release of calcium to the
shockwave.

Cells in calcium-free medium are able to return to
low preshockwave levels and continue to exhibit a
decrease in cytoplasmic calcium. This suggests that
the mechanical shock wave stimulated the release of
calcium from organelles (likely mitochondria and/or
other cytoplasmic structures) into the intracellular
cytosol. It is also likely that the SW, triggered activa-
tion of calcium pumps on the plasma membrane,
resulting in a net calcium efflux from the cell. Cells in
HBSS with calcium, also attempt to bring calcium lev-
els down. However, the calcium levels remain higher
than preshockwave levels suggesting some calcium
influx.

In future studies, genetically modified D3CPV can
be developed for the purpose of identifying the origin
of the calcium by fusing it to a specific protein or by
the addition of a localization sequence to the biosensor.
Combining FRET and LIS will permit (a) investigation
of the signaling molecules responsible for triggering
the calcium release, and (b) identification of the precise
sources of the released intracellular calcium.

The relationship between cytoplasmic calcium
release and laser parameters also requires further
investigation. Previous studies showed that the level
of cytoplasmic calcium increase depends on the
amount of shear stress applied (Liu et al., 2011). It is
likely that irradiances higher than 4.0 X 10'? W/cm?
will cause greater cytoplasmic calcium increases, or
that cells further than 100 um from the initiation site
will show less change in cytoplasmic calcium.

In this initial FRET study, only the irradiance range
of 2.95-4.0 X 10" W/cm?® was used. A benefit of utiliz-
ing LIS is that the distance of the cell from the shock-
wave can be controlled. Thus, major structural
alterations to the cytoskeleton and to focal adhesion
sights are minimized. Future experiments that couple
LIS and FRET biosensors specific for cytoskeleton and
molecular motors will permit precise spatial and tem-
poral analysis of shockwave pressure-effects on cytos-
keletal dynamics.

In conclusion, the spatial and molecular specificity
of FRET biosensors in combination with LIS should be
a powerful tool for elucidating the mechanisms of
shockwave effects on cells and their organelles and
should have significant applications in other areas of
cell signaling. In addition, LIS and FRET could be
applied to models involving damage and repair of neu-
rons resulting from traumatic pressure-induced injury.
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