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ABSTRACT Time-resolved imaging, fluorescence microscopy, and hydrodynamic modeling were used to examine cell lysis
and molecular delivery produced by picosecond and nanosecond pulsed laser microbeam irradiation in adherent cell cultures.
Pulsed laser microbeam radiation at A = 532 nm was delivered to confluent monolayers of PiK, cells via a 40x, 0.8 NA micro-
scope objective. Using laser microbeam pulse durations of 180—1100 ps and pulse energies of 0.5-10.5 uJ, we examined the
resulting plasma formation and cavitation bubble dynamics that lead to laser-induced cell lysis, necrosis, and molecular delivery.
The cavitation bubble dynamics are imaged at times of 0.5 ns to 50 us after the pulsed laser microbeam irradiation, and fluo-
rescence assays assess the resulting cell viability and molecular delivery of 3 kDa dextran molecules. Reductions in both the
threshold laser microbeam pulse energy for plasma formation and the cavitation bubble energy are observed with decreasing
pulse duration. These energy reductions provide for increased precision of laser-based cellular manipulation including cell lysis,
cell necrosis, and molecular delivery. Hydrodynamic analysis reveals critical values for the shear-stress impulse generated by
the cavitation bubble dynamics governs the location and spatial extent of cell necrosis and molecular delivery independent of
pulse duration and pulse energy. Specifically, cellular exposure to a shear-stress impulse J=>0.1 Pa s ensures cell lysis or
necrosis, whereas exposures in the range of 0.035</<0.1 Pa s preserve cell viability while also enabling molecular delivery
of 3 kDa dextran. Exposure to shear-stress impulses of J <0.035 Pa s leaves the cells unaffected. Hydrodynamic analysis of
these data, combined with data from studies of 6 ns microbeam irradiation, demonstrates the primacy of shear-stress impulse
in determining cellular outcome resulting from pulsed laser microbeam irradiation spanning a nearly two-orders-of-magnitude
range of pulse energy and pulse duration. These results provide a mechanistic foundation and design strategy applicable to
a broad range of laser-based cellular manipulation procedures.

INTRODUCTION

Pulsed laser microbeam irradiation is a powerful tool in cell
biology and biotechnology due to its ability to deposit en-
ergy with high spatial precision. Laser microbeam irradia-
tion was first utilized in cell and developmental biology to
reveal fundamental biological processes, as demonstrated
by its ability to produce gene inactivation (1), targeted cell
death (2), plasma membrane disruption (3), centrosome
ablation (4), and microtubule damage (5), as well as to study
forces in mitotic spindle separation (6) and morphogenesis
(7). During the last decade, laser microbeams have been
used increasingly in biotechnology for the dissection, isola-
tion, separation, and/or measurement of cellular or tissue
constituents. Methods used in this regard include laser-tis-
sue microdissection and pressure catapulting for the capture
of single cells and microscopic tissue samples (8,9), isola-
tion of single adherent cells by means of micropallet arrays
(10,11), and targeted cell lysis and measurement of enzyme
activity within single cells using laser micropipet systems
(12,13). Laser microbeam irradiation has also been utilized
to deliver membrane-impermeable molecules into cells
through transient permeabilization, or optoporation, of the
cell membrane (14-24). Efficient molecular delivery into
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living cells is essential in many fields, ranging from basic
biological research to applied drug discovery and gene ther-
apy (14,19,25).

Despite this broad use of pulsed laser microbeams over
several decades, detailed investigations that attempt to link
the characteristics of the physical processes initiated by
laser microirradiation and the resulting cellular effect have
been pursued only relatively recently (26-30). We have pre-
viously characterized the physical interaction and subse-
quent biological response of adherent cells irradiated with
6 ns, A = 532 nm pulsed laser microbeam irradiation as a
function of laser pulse energy (27,29,31). We have also
demonstrated that laser-induced plasma formation is the
initiating event for cellular modifications including pulsed
laser microbeam cell lysis and optoporation. For nano-
second pulses, plasma formation has been observed to occur
in aqueous media when the focal volume irradiance reaches
10%-10"° W/mm?. The high temperature and pressure asso-
ciated with the plasma causes it to expand rapidly, thereby
compressing the surrounding medium and leading to shock
wave emission on a nanosecond timescale and cavitation
bubble formation, expansion and collapse on a microsecond
timescale (32,33).

Although laser-induced plasma formation initiates a
broad spectrum of cellular modifications, many studies sug-
gest that the resulting cavitation bubble hydrodynamics
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determine the resulting cellular outcome (21,29,34-37). Our
time-resolved imaging studies demonstrated that the cavita-
tion bubble expansion is the primary agent for cell lysis
when using 6 ns pulsed laser microbeams focused at a loca-
tion 10 um above the cell monolayer, and that the fluid shear
associated with this expansion is the key physical process
that determines the spatial extent of cellular injury
(27,29). Postirradiation assessment of the cellular response
using fluorescence assays revealed regions of 1), immediate
cell lysis, 2), subsequent cell necrosis, and 3), molecular de-
livery via optoporation in cell monolayers cultured at a den-
sity of 1000 cells/mm?. Hydrodynamic analysis of the
cavitation bubble dynamics revealed that the spatial extent
of each of these regions is linked to the maximum transient
shear stress, 7w max, produced by the fluid displaced by the
cavitation bubble expansion. Specifically, cells exposed to
Tw,max Values in the range 8—18 kPa were viable and success-
fully optoporated with 3 kDa dextran molecules (31). How-
ever, cellular exposure to maximum shear stresses either
above or below this range lead to cell lysis/necrosis or
continued cell viability without modification, respectively.
Interestingly, we found that regardless of pulse energy,
6 ns pulse laser microbeams delivered at a 0.8 NA always
resulted in the generation of permeabilized cells and
lysed/necrotic cells at a fixed ratio of ~1.3 and with a spatial
precision no better than ~70 um.

Given this result, we seek to examine how pulsed laser
microbeam irradiation parameters could be modified to alter
the cavitation bubble dynamics and thereby enhance one
mechanism of cellular modification (e.g., optoporation)
over another (e.g., cell lysis/necrosis). Moreover, we wish
to examine whether the correspondence between the
maximum shear stresses generated by the cavitation bubble
dynamics and resulting zones of laser injury/optoporation
can be applied more generally. One approach to alter the
cellular exposure to laser-generated shear stress to change
the resulting cellular effect was explored by the Ohl group
by varying the dimensionless stand-off distance of the cavi-
tation bubble relative to the cell surface (21) v = s/Rmax.
where s is the separation distance between the location of
bubble formation and the surface on which the cells are
cultured and R, is the maximum bubble radius. In that
study, laser pulses 7 ns in duration at a wavelength of A =
1064 nm created the most extensive zones of cell detach-
ment for v ~ 0.65, whereas maximum zones of molecular
delivery were achieved for y — 0. Ohl and co-workers
also attempted to correlate these findings to the shear
stresses generated by the cavitation bubble dynamics.
Nevertheless, the cellular damage zones were exceedingly
large (~1 mm) owing to the large energies (~16 mJ) and
low NA used to produce the optical breakdown.

Here, we examine an alternate strategy of varying the
laser microbeam pulse duration to modify the hydrody-
namic exposure and resultant cellular effects. This approach
is valuable, since shortening the pulse duration reduces the
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threshold energy required for optical breakdown and alters
the conversion efficiency from laser pulse energy to shock
wave and cavitation bubble energies (38). Thus, adjustments
in the pulse duration and pulse energy can improve the
spatial precision of laser-based micromanipulation methods
and provide a valuable approach to vary the ratio of
necrotic/lysed cells to optoporated cells. Experimental
studies have shown that the pulse energy required for
plasma formation can be reduced 50-fold when the laser
pulse duration is reduced from 5 ns to 50 ps (38,39). There-
fore, as compared to the nanosecond pulse durations avail-
able from conventional Q-switched lasers, the use of
picosecond pulses promises to provide cell lysis with greater
precision and enable more subtle cellular perturbations
including microsurgery and optoinjection.

MATERIALS AND METHODS
Microbeam irradiation and time-resolved imaging

A frequency-doubled Nd:YAG laser (EKSPLA SL332) emitting A =
532 nm pulses with an adjustable duration of 180-1100 ps was used for
laser microbeam irradiation of confluent cell cultures. As shown in Fig. 1
a, the linearly polarized laser output was directed through a A/2 plate fol-
lowed by a polarization-sensitive beam splitter that establishes low- and
high-energy beam lines. The low-energy beam line was directed through
a linear polarizer to allow adjustment of the laser pulse energy, and then
through a spatial filter and iris to select the central portion of the beam.
The beam was then directed into the epifluorescence port of an inverted mi-
croscope (Axiovert S100, Zeiss, Thornwood, NY), and reflected upward
into the rear-entrance aperture of the objective by a dichroic mirror
(532rdc, Chroma Technology, Bellows Falls, VT) placed in the microscope
filter cube. The laser pulse energy entering the rear-entrance aperture of the
objective was measured by removing the objective from the microscope
turret and allowing the unobstructed beam to illuminate an energy detector
(J5-09, Coherent, Santa Clara, CA) set on the microscope stage. Pulse-to-
pulse energy variation was found to be +5%. A bright-field objective
(Zeiss Achroplan 40x, 0.8 NA) was used for cell irradiation. The focal
plane of the pulsed laser microbeam was positioned at a separation distance
of 10 um above the cell monolayer.

Ilumination for time-resolved imaging was provided by delivering a
short light pulse at the desired time delay after the arrival of the Nd:YAG
laser pulse at the sample. As depicted in Fig. 1, the high-energy beam
line was focused into a glass cuvette containing a fluorescent dye (LDS
698, Exciton, Dayton, OH). The delivery of the Ax = 532 nm laser pulse
resulted in fluorescence emission at A.,, = 698 =20 nm with a full-width-
at-half-maximum (FWHM) duration of 15 ns. The fluorescence emission
was coupled into a 600-um-core-diameter multimode optical fiber (UMT
600, 0.39 NA, Thorlabs, Newton, NJ), and the fiber output was directed
into the microscope condenser to illuminate the sample for time-resolved
imaging. Optical fibers of different length were used to provide the desired
time delays between arrival of the image illumination and the pulsed laser
microbeam irradiation of the sample. The maximum delay time for the fiber
optic delay line was 2 us. At longer time delays, illumination was provided
by an ultrashort-duration flash lamp (Nanolite KL-L, High-Speed Photo
Systems, Wedel, GERMANY) that was electronically triggered from the
camera. The flash lamp emission had a broad spectral output (4 = 400—
700 nm) with a FWHM duration of 40 ns.

Images were acquired using a gated intensified CCD camera (PI-MAX
512, Roper Scientific, Trenton, NJ) that was triggered by a TTL pulse
from the laser Q-switch. The camera operation and image acquisition
were performed using WinView32 imaging software (Princeton
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flash lamp emission. A long-pass filter (Edmund Optics LP 570, Barrington,
NJ) was used to prevent scattered laser radiation from reaching the camera.
This system allowed us to irradiate and image the sample at time delays of
0.5-50 us required to capture the dynamics of the full process.

Hydrodynamic modeling of laser-induced
cavitation bubble dynamics

Fig. 1 b provides a schematic for the model problem we use to analyze the
hydrodynamic effects of the pulsed-laser-microbeam-generated cavitation
bubbles. We utilize the Gilmore model to determine the cavitation bubble
dynamics resulting from picosecond laser microbeam irradiation and
compute the spatiotemporal evolution of the fluid velocity and shear stress
at locations outside the cavitation bubble (40). The Gilmore equation that
describes the time-resolved bubble dynamics is given by (32,40)

where Rg, Rg, and kB are the time-resolved bubble wall radius, velocity,
and acceleration, respectively; C is the speed of sound in the liquid at the
bubble wall; and H is the enthalpy difference between the fluid at the bubble
wall and the fluid far away from the bubble. From the numerical solution to
Eq. 1, we determine the time-resolved bubble wall velocity, Vg (¢) = Rg,
and apply conservation of mass to determine the external fluid velocity,
Ve (r,t)

s 0p(r,1)
y ps(t)REVe — fRB(t) Trz dr 5
w(r,t) = . @

where pg = p(r = Rgp) and p,, = p(r— ).
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Using Eq. 2 to define Vo, (r, ), we apply conservation of momentum to
obtain for the wall shear stress, T (r, t), generated by the cavitation bubble
expansion (29), the expression

v tavw(r,t’) dr
Tw(r,t) = ,0\/:/7—, (3)
o Vi—+t
7'(0 t t—t

where p and v are the density and kinematic viscosity of the fluid medium
(29). This equation provides the temporal and spatial dependence of the
cellular exposure to wall shear stress upon bubble expansion. The time-
resolved shear stress can be integrated to obtain a total shear impulse,
J(r), produced by the cavitation bubble dynamics at any given radial
location:

10) = [ nutroyar @
where Tg is the bubble oscillation time.

Fluorescence imaging

A Quantix CCD camera (Photometrics, Roper Scientific) was used to cap-
ture the fluorescence and phase-contrast images, with 20, 0.45 NA Phase
2 (Zeiss A Plan) and 10, 0.3 NA Phase 1 (Zeiss Plan-NEOFLUAR) objec-
tives. Camera operation and image acquisition were performed using V++
imaging software (Digital Optics, Auckland, NZ). The irradiation sites were
imaged in both phase-contrast and epifluorescence after completion of the
cell assays. A minimum of 10 sites for each pair of pulse duration and pulse
energy was examined using fluorescence assays.

PtK, cell culture

Potorous rat kidney epithelial (PtK;) cells were grown in polystyrene cul-
ture dishes with glass bottoms (P35G-0-14-C, MatTek, Ashland, MA) in
advanced minimum essential medium (Invitrogen, Carlsbad, CA) supple-
mented with 1% fetal calf serum, L-glutamine, amphomycin, and genta-
micin sulfate. The culture medium was prepared free of phenol red to
ensure its transparency to A = 532 nm radiation. Cells were cultured in a
humidified incubator at 37°C and 5% CO, level. Culture dishes with cells
at 100% confluency were used in each experiment. These cells did not
exhibit contact inhibition, and the surface density (cells/mm?) was
measured and controlled. The results provided are for cell monolayers
cultured at a surface density of 1000 cells/mm?. The cell surface density
was determined by counting the number of cells in a 0.5 mm x 0.5 mm
square region centered at the site of cell lysis. The site-to-site variation in
cell surface density was kept below 10%.

Cell viability and molecular delivery assay

Cell viability was assessed using calcein AM (Invitrogen), a membrane-
permeant dye that passes readily through the cell membrane of viable cells
and is hydrolyzed by esterases to form fluorescent calcein that remains in-
side the cell. Dead cells were identified by propidium iodide (PI) (Invitro-
gen), a DNA-intercalating agent that stains the nuclei of dead cells. Cell
culture dishes were incubated 30 min after laser irradiation and loaded
with 2 uM calcein AM and 5 pg/mL PI by incubation for 20 min. To remove
the remaining dyes, cells were washed carefully with cell culture medium
before imaging.

Molecular delivery was assessed by placing cells in a 500 uM solution of
fluorescein-isothiocyanate (FITC)-conjugated dextran (3 kDa molecular

Biophysical Journal 105(9) 2221-2231

Compton et al.

mass; Sigma, St. Louis, MO) before laser irradiation. After laser irradiation,
the cells were incubated at 37°C, and a 5 ug/mL solution of PI was added to
identify dead cells. The cells were incubated for 20 min and washed with
buffer before imaging. After conducting the fluorescent assays, cells were
promptly imaged for quantitative damage zone measurements 30 min after
laser irradiation. This incubation time of 30 min was kept constant due to
dynamic changes in size of the damage zones due to migration of the viable
cells.

RESULTS

Plasma threshold energy for varying pulse
durations

Before the cell irradiation experiments, we determined the
threshold pulse energy for plasma formation at specific
pulse durations. This was achieved by delivering Nd:YAG
laser pulses via the 40x, 0.8 NA bright-field objective
into a petri dish filled with culture medium. The visual
detection of plasma luminescence in a dark room was taken
as evidence of plasma formation. We determined the inci-
dence of plasma formation using 50 pulses at discrete pulse
energies. This provided a data set for the probability of
plasma formation, p, as a function of pulse energy, E,, for
each pulse duration that was fit to a Gaussian error function
of the form

p(Ey) = 0.5{1 +erf[S(E, — En)]}, Q)

where S is the sharpness of the error function and Ey, is the
threshold pulse energy at which the probability of plasma
formation is 50%. Fig. 2 shows the result of the experiment
using pulse durations of 180, 280, 360, 540, and 1100 ps,
along with data fits to the Gaussian error function. A reduc-
tion in pulse duration from 1100 to 180 ps achieves a five-
fold reduction in plasma threshold pulse energy, Ey,, from
2.13 to 0.45 uJ. For each pulse duration and corresponding
threshold pulse energy, we also calculated the resulting

1.0}

0.5

Probability of Plasma Formation

0.0 L

PN T T T [N T T T N T T TN T T T T N I B M|

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Pulse Energy (pJ)

FIGURE 2 Probability of plasma formation as a function of laser pulse
energy with Gaussian error function fit for pulse durations of 180, 280,
360, 540, and 1100 ps. To see this figure in color, go online.
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threshold irradiance, Iy, assuming the laser beam achieved a
diffraction-limited diameter of 0.405 um. Table S1 in the
Supporting Material provides the values of S, Ey, and Iy,
for each pulse duration examined.

Time-resolved imaging of laser-induced
cavitation bubble dynamics

Time-resolved imaging was used to visualize the dynamics
of the shock wave propagation and cavitation bubble forma-
tion, expansion, and collapse at various time points for pulse
durations of 180, 540, and 1100 ps at pulse energies corre-
sponding to 1x, 2%, 3%, and 5x the threshold energy for
plasma formation, Ey,. Fig. 3 provides a representative
time-resolved image series depicting these dynamics at
2E, for pulse durations of 180 ps and 1100 ps. Specifically,
Fig. 3, a—f, shows cavitation bubble dynamics resulting from
180 ps pulses at £, = 0.9 uJ and Fig. 3, g-I, shows the dy-
namics resulting from 1100 ps pulses at E, = 4.2 ul. Fig. 3,
a and g, capture the shock wave that forms as a result of the
rapid plasma expansion. Pressure amplitude estimates
approach 500 MPa close to the irradiation site (27). The
pressure wave passage did not cause any apparent disruption
within the cell monolayer.

The images in Fig. 3, b—d and h—j, reveal that cavitation
bubble expansion is the primary agent for cell lysis and is
consistent with our studies of 6 ns pulsed laser microbeam
irradiation (29,31). Cellular injury is visible within the cen-
tral region of the bubble and expands as the bubble con-
tinues to grow. For both pulse durations shown, we can
observe the formation of a distinct zone of cellular injury/
lysis within ~500 ns. Beyond this time point, further bubble
expansion does not result in additional visible cellular injury
and the intact cells are clearly seen within and below the
cavitation bubble (Fig. 3, d and j). An interesting feature
is the transient cellular deformation produced by the bubble
expansion, which is evident both outside and inside the bub-
ble (Fig. 3, d and j). Remarkably, these cells appear to with-
stand this severe deformation without detachment or visible
disruption. The use of shorter pulse durations and smaller
pulse energies reduces the maximum size and collapse
time of the cavitation bubble. The bubble collapse did not
produce further cellular injury but does clear any cellular
debris in the cell lysis zone.

2225

We measured the dynamics of the cavitation bubble size
from a sequence of time-resolved images for pulse durations
of 180, 540, and 1100 ps for pulse energies corresponding to
1x, 2x%, 3%, and 5xEy,. Data for the time-resolved bubble
dynamics and comparison with the Gilmore bubble model
predictions for these pulse durations at £}, = 2Ey, is shown
in Fig. 4. A minimum of three images was used to calculate
the average and standard deviation for each data point
shown. The agreement between the model and the experi-
mental measurements across all pulse durations and pulse
energies are excellent.

Table 1 lists the values for the maximum bubble radius,
Riax, collapse time, T, and hemispherical bubble energy,
Eg, for each pulse duration and pulse energy tested. This
bubble energy is computed using:

2
Eg = gﬂ(poo —pv)R., ©6)

where po is the static pressure of the surrounding liquid
(101,325 Pa) and py is the vapor pressure of the liquid
(2640 Pa at 22°C). Table 1 also provides the conversion
efficiency of laser pulse energy transduction to bubble en-
ergy 100 x Eg/E,.

Fluorescence assays and characterization of the
zones of cellular injury

We performed viability and molecular delivery assays after
laser microbeam irradiation to examine how the variation of
laser parameters such as pulse duration and energy can be
used to precisely control the spatial extent of cellular injury
and molecular delivery. Therefore, using standard fluores-
cence microscopy, we measured two zones of cellular
injury: 1), the radius of necrotic cells, Ry, Which specifies
the maximum radius at which cell necrosis is seen and
beyond which cells remain intact and viable, and 2), the
maximum radius of permeabilized cells, Rperm, Which spec-
ifies the spatial extent of cellulars uptake of 3 kDa FITC-
conjugated dextran.

Cell cultures were irradiated with single laser pulses of
180, 540, or 1100 ps duration at energies of £, = 1x, 2x,
3x, or 5xEy,. Viability assays confirmed that nearly all
the adherent cells surrounding the irradiation site remained
viable for all the conditions tested. Fig. 5 provides

FIGURE 3 Time-resolved image series of the
cell lysis process for pulse durations of 180 ps at
0.9 uJ (a—f) and 1100 ps at 4.2 uJ (g-I) pulse en-
ergies that correspond to two times the threshold
for plasma formation. Scale bar, 25 um.
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FIGURE 4 Cavitation bubble dynamics for (a) 180 ps, (b) 540 ps, and (c)
1100 ps laser microbeam pulses at pulse energies corresponding to 2 x Ey,
with curve fits from predictions provided by the Gilmore model. To see
this figure in color, go online.

representative phase-contrast and epifluorescence images of
cells with viability staining after pulsed laser microbeam
irradiation of 180 ps and 1100 ps duration at E, = 2Ey,.
Very few dead cells were observed surrounding the region
of cell injury and the laser irradiation site. The remaining
cells that appeared intact, adherent, and viable were fol-
lowed for 24 h postirradiation to confirm their continued
viability and proliferation.

Once we confirmed the viability of the vast majority of
the adherent cells surrounding the irradiation site, we
assessed the efficacy of laser microbeam irradiation to
deliver molecules into the remaining viable cells. Cell cul-
tures were placed in a solution of 3 kDa FITC-conjugated
dextran and exposed to a single laser pulse. Fig. 6 shows

TABLE 1 Experimental values of E,, Tco1, Bmax, Es, and Eg/E,
at different pulse durations

Measured Measured  Fitted Eg/E,
tp (PS) Ep/Eth Ep (/“LJ) Tcol (,U'S) Rmax (/“Lm) Rmax (/-"m) EB (/.LJ) (%)

180 1 0.45 8 44 = 2 45 002 392
2 0.90 13 71 =2 72 0.07 8.24
3 1.35 16 87 =2 88 0.14  10.1
5 2.25 20 109 = 2 110 027 119
540 1 1.2 13 79 =5 76 0.10 851
2 24 19 107 £ 2 106 025 10.6
3 3.6 23 129 + 4 127 0.4 12.4
5 6.0 28 160 = 1 155 085 142
1100 1 2.1 17 93 =3 94 0.17 783
2 42 23 129 £ 3 132 044 104
3 6.3 27 151 =3 147 0.71 11.2
5 10.5 35 184 £ 2 174 129 121

Results are provided for pulse energies corresponding to 1 X, 2 x, 3 x, and
5 X Ey, at the given pulse durations. Also provided is the R fit to the
Gilmore model. #,,, pulse duration; Ey,, threshold energy; Ep, laser pulse en-
ergy; T.o1, bubble collapse time; R,,,x, maximum cavitation bubble radius;
Eg, bubble energy; E/Eq, ratio of the pulse energy to the threshold energy;
EgR/E,, percentage of laser energy transduced to bubble energy.
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FIGURE 5 (a and b) Phase-contrast images of the irradiation site and
zone of cellular damage, R,... (¢ and d) Fluorescent images with calcein
AM (green) indicating viable cells and PI stained (red) nuclei of dead cells
around the periphery of the irradiation site. Cell viability after irradiation is
demonstrated for pulse durations of 180 ps and 1100 ps at pulse energies
corresponding to two times the threshold energy for plasma formation,
i.e., 0.9 uJ for 180 ps (a and ¢) and 4.2 uJ for 1100 ps (b and d). Scale
bar, 50 um. To see this figure in color, go online.

representative phase-contrast and fluorescence images that
demonstrate molecular uptake of dextran after pulsed laser
microbeam irradiation using 180, 540, and 1100 ps pulse
durations, at £, = 2Ey,.

To determine the spatial extent of cell viability and mo-
lecular delivery, Rpeer and Rperm, respectively, we examined
8-10 irradiation sites for each pair of pulse duration and
pulse energy. In cases where the zone of cell injury/perme-
abilization was slightly elliptical, the radius of a circle of
equivalent area was used to determine Rpeer and Rperm.
Table 2 presents the radial locations that define the zones

FIGURE 6 (a—c) Phase-contrast images showing the irradiation site and
damage zone. (d—f) Fluorescence images showing cells loaded with FITC-
dextran (green). Molecular delivery after irradiation is demonstrated using
laser pulse durations of 180 ps (a and d), 540 ps (b and e), and 1100 ps (¢
and ) at pulse energies corresponding to 2x Ey,, i.e., 0.9 uJ for 180 ps (a and
d), 2.4 uJ for 540 ps (b and e), and 4.2 uJ for 1100 ps (c and f). To see this
figure in color, go online.
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TABLE 2 E,, bubble Ry.x, Rnecrs and Rperm across pulse
durations

o (p5) E/Ew  Ep (u]) Bubble Rogy (4m)  Ruger (M) Rocy (um)
180 1 0.45 44 + 2 35+£5 50 £ 6
2 0.90 71 = 2 46 + 4 64 +9
3 1.35 87 =2 51 £5 82 + 8
5 2.25 109 = 2 69 + 7 103 £ 9
540 1 1.2 79 £5 43 £ 4 72 £ 11
2 2.4 107 £ 2 57 =5 109 = 12
3 3.6 129 = 4 66 £ 5 135 £ 8
5 6.0 160 = 1 87 + 7 159 = 13
1100 1 2.1 93 £3 51 £5 86 + 11
2 4.2 129 £ 3 80 = 6 137 = 14
3 6.3 151 = 3 89 + 6 143 = 12
5 10.5 184 = 2 115 = 8 175 = 9

Values given are for cell cultures with a cell surface density of 1000 cells/
mm? irradiated at pulse energies corresponding to 1x, 2x, 3x, and 5 X Ey,.
Ip, pulse duration; E,, laser pulse energy; Ey,, threshold energy; Rpax,
maximum cavitation bubble radius; E/Ey, ratio of pulse energy to
threshold energy; Ryecr, radius of cell necrosis; Rperm, radius of permeabi-
lized cells.

of cellular necrosis and permeabilization as a function of
pulse duration and pulse energy. Again we found that for
a given pulse duration, the zones of cellular injury increase
with pulse energy.

ANALYSIS AND DISCUSSION

Our objectives in this study are threefold. First, we aim to
establish the physical effects of laser microbeam irradiation
in aqueous media as a function of pulse duration and pulse
energy. Second, we seek to determine relationships between
the selected laser microbeam parameters, the resulting hy-
drodynamics, and the subsequent cellular biological
response. Third, we aim to determine how variations in laser
microbeam pulse duration and energy can be used to modu-
late the relative extent of cell lysis and molecular delivery.

Effect of bubble-induced shear stress on cellular
injury and molecular delivery

We previously established that the hydrodynamic shear
stresses associated with the cavitation bubble produced by
6 ns pulsed laser microbeam irradiation focused immedi-
ately above the cell monolayer (10 um) acts as the primary
agent for cell lysis, deformation, and injury (27,29,31). Hy-
drodynamic analysis from these time-resolved imaging
studies revealed that the maximum wall shear stress governs
the location and spatial extent of cellular necrosis as well as
the extent of molecular delivery, independent of laser pulse
energy. We also investigated cavitation-bubble-induced op-
toporation and identified a well-defined range of maximum
wall shear stress required to achieve molecular delivery to
adherent cells (31). Specifically, we reported that laser-
generated cavitation bubbles producing regions of wall
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shear stresses in excess of 18 = 2 kPa result in cell lysis ne-
crosis, whereas regions exposed to shear stress values in the
range 8—18 kPa results in successful molecular delivery of
3 kDa dextran molecules (31).

To explore whether these criteria are extensible to the re-
sults of this study, we use the Gilmore model to determine
the cellular exposure to hydrodynamic shear stress at the
experimentally determined locations of r = Rpe and
7 = Rperm for all pulse durations and pulse energies tested.
These results are plotted in Fig. 7 a, which reports the
maximum shear stress values experienced by the cells
located at Ryecr and Rperm versus pulse duration. The detailed
shear stress values are provided in Table S2. These results
include the data from our earlier 6 ns study (31) which
were reprocessed using the Gilmore model. Examination
of these data reveal that the maximum shear stress necessary
to achieve either cell permeabilization or cell necrosis
generally decreases with increasing pulse duration. Because

50 T ———r—r—r—r
O O 1xthreshold |
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Shear Stress Impulse [Pa s]
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FIGURE 7 Gilmore model predictions for maximum shear stress, Tmax
(upper), and shear stress impulse, J (lower), that result in cell necrosis
and molecular delivery for pulse durations of 180 ps, 540 ps, 1100 ps,
and 6 ns at energies corresponding to 1x, 2x, 3%, and 5xEy,. The solid
lines shown in a indicate the general decrease in the maximum shear stress
producing cell necrosis (red) and molecular delivery (blue) with increasing
pulse duration. The colored bands in the lower chart indicate the mean =
SD of the shear-stress impulse necessary to produce cell necrosis and mo-
lecular delivery across all pulse energies and durations. To see this figure in
color, go online.
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the duration of the cellular exposure to the bubble-generated
shear stresses generally decreases with decreasing pulse
duration (see Table 1), these data suggest that a time-inte-
grated metric such as the shear stress impulse (Eq. 4) may
provide a more effective criterion (41) to predict cavita-
tion-mediated cell lysis and molecular delivery. To explore
this, in Fig. 7 b, we plot the values of the shear stress im-
pulse experienced by the cells located at Ryee; and Rperm,
provided by the Gilmore model, versus pulse duration; the
detailed values are provided in Table S3. With the exception
of the data points acquired at E, = Ey, for the 180 ps pulse
duration, we see a clear separation between the cellular
exposure to shear stress impulse for cell necrosis versus mo-
lecular delivery. It is important to note that unlike the
maximum shear stress criterion, the values for the shear
stress impulse are remarkably uniform across pulse duration
and pulse energy.

This analysis suggests that independent of laser micro-
beam duration, energy, and resulting cavitation bubble size,
the cellular exposure to shear stress impulse provides a key
metric that can be used to predict cellular outcome whether
it be cell necrosis, molecular delivery, or viability without
molecular delivery. Specifically, if the cellular exposure to
hydrodynamic shear stress impulse isJ = 0.1 Pa s, those cells
are likely to become necrotic. Cells exposed to shear stress
impulse in the range 0.035 <J < 0.1 Pass are likely to remain
viable with successful molecular delivery. Cells exposed to
shear stress impulse values J<0.035 Pa s remain viable
and not amenable to the delivery of cell-impermeant mole-
cules. Although the data points acquired at E, = Ey, for the
180 ps pulse duration appear not to comply with these guide-
lines, one must recognize that the measured damage zones
for this smallest pulse energy begin to approach the size of
asingle cell. As aresult, there is a large variation of shear im-
pulse across the cell surface, and using the maximum radial
location for which necrosis or permeabilization occurs does
not take into consideration that much of the cell body oc-
cupies smaller radial locations where the shear impulse is
larger and capable of producing cellular modification. This
can be seen by examining the data in Table S3, which show
that for both 180 and 540 ps pulse durations at E, = Ey,,
the values of the shear stress impulse at radial locations
Riyeer and Ryery are significantly smaller than the remaining
values in the data set, which were acquired at significantly
larger energies and result in damage zones significantly
larger than the dimensions of a single cell.

More broadly, shear stress impulse may serve as a valu-
able metric to predict the efficacy of molecular delivery in
sonoporation, which employs acoustically generated cavita-
tion bubbles for molecular delivery into suspension or
adherent cells. The mechanisms of sonoporation are com-
plex and depend on both geometrical configuration and
acoustic source considerations. Although studies have
examined the effects of shock-wave-mediated membrane
disruption and direct membrane deformation by inertial bub-
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bles (42-45), more recent studies have implicated the role of
hydrodynamic shear stresses associated with the bubble dy-
namics and jetting on the efficacy of molecular delivery
(34,46-51). However, hydrodynamic analysis of sonopora-
tion is often confounded by the fact that many critical pa-
rameters are not directly controllable; these include the
cavitation bubble size, the location of bubble formation rela-
tive to the cells, and the number of cavitation bubble oscil-
lations for a given acoustic source exposure. More recent
experimental and modeling efforts to examine the interac-
tion between single cell-bubble pairs (52,53) and model
the resulting hydrodynamic interaction and efficacy of mo-
lecular delivery (51,54) promise to improve our understand-
ing. For example, the recent work of Forbes and O’Brien
highlights the potential importance of shear impulse on the
efficacy of sonoporation-mediated molecular delivery (51).

Use of pulse duration to control cellular injury
and molecular delivery

The use of shorter pulse durations enables plasma formation
at smaller pulse energies. The smaller cavitation bubbles
that result produce cellular modification with greater spatial
precision and specificity (see Table 2). Moreover, it is well
known that changes in pulse duration affect the pathways for
dissipation of the plasma energy, which includes plasma
luminescence, vaporization, shock-wave energy, bubble en-
ergy, etc. (38). For this reason, we wanted to explore
whether variation of laser microbeam pulse duration can
be used to modulate the relative amount of cell necrosis or
molecular delivery.

To accomplish this, we estimated the number of necrotic
and optoinjected cells by taking the product of the cell sur-
face density of 1000 cells/mm” and the area of cell injury or
permeabilization using the values for Rpeer and Rperm (Table
2). We then divided the number of permeabilized cells by
the number of necrotic cells and plotted this ratio versus
the normalized pulse energy (Fig. 8). This plot shows
540 ps to be the most favorable pulse duration to maximize
the ratio of permeabilized to necrotic cells across all pulse
durations tested. At this pulse duration, the ratio of permea-
bilized to necrotic cells reaches a maximum of 3.19 for a
pulse energy of 3.6 uJ. It is important to note that although
in our previous study examining 6 ns laser microbeam irra-
diation we found a fixed ratio of permeabilized to necrotic
cells of ~1.3 (31), here we find that variation of the pulse en-
ergy and pulse duration allows for an adjustment of this ratio
over the range 1-3. The detailed values used to calculate
the ratio of permeabilized to necrotic cells are given in
Table S4.

The finding that 540 ps duration pulses at £, = 3Ey, max-
imizes molecular delivery while minimizing cell necrosis
was unexpected. In fact, careful examination of Table S4
and Fig. 8 reveals that the use of similar pulse energies at
different pulse durations (e.g., pulse energies of SEy,, 2E,,
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and Ey, at 180, 540, and 1100 ps pulse durations, respec-
tively) can provide very different results in terms of the
numbers of necrotic and permeabilized cells as well as the
necrotic/permeabilized cell ratios. This is not surprising,
since laser pulse duration has a significant impact on the
portion of the laser energy that is absorbed by the plasma
and how that energy is in turn dissipated via thermal, shock
wave, and cavitation processes (38). These results suggest
that the pressure associated with the shock wave emission,
which generally increase with decreasing pulse duration,
may be a secondary contributor to cell necrosis and perme-
abilization (43,55,56). Specifically, for equivalent pulse en-
ergies, the higher shock wave pressure generated when
using pulse durations of 180 ps, as compared to 540 ps
and 1100 ps, appears to extend the region of necrosis.
This is clearly seen in Table 2 when the values for Ryecr
are compared across pulse duration for pulse energies in
the 2 uJ range. At the same time, the lower shock wave pres-
sures generated using pulse durations of 1100 ps, as
compared to 180 ps and 540 ps, may limit the range of
cell permeabilization. This can also be seen in Table 2
when the values for Ry are compared across pulse dura-
tion for pulse energies in both 2 uJ and 6 uJ ranges.

CONCLUSION

We have examined the effects of pulse duration and energy
on the cellular response to laser microbeam pulses produced
by pulsed laser microbeam irradiation at A = 532 nm in
PtK2 cell monolayers cultured at a density of 1000 cells/
mm?. Time-resolved imaging was used to characterize the
laser microbeam interactions with adherent cell cultures
for pulse durations of 180-1100 ps and energies of 0.45—
10.5 uJ. Examination of pulsed laser microbeam plasma for-
mation over this range reveals a nearly fivefold reduction in

2229

the threshold pulse energy for plasma formation when the
pulse duration is reduced from 1100 to 180 ps. This reduc-
tion in the pulse energy necessary to produce plasma forma-
tion greatly improves the spatial precision and specificity of
the pulsed laser microbeam effects.

The cavitation bubble dynamics resulting from optical
breakdown were successfully predicted using the Gilmore
model, which enabled quantification of the cellular exposure
to hydrodynamic shear stresses and the shear impulse. Fluo-
rescence viability and membrane permeability assays were
used to assess the cellular response and spatial extent of
the resulting regions of cell necrosis and molecular delivery.
Analysis of the experimental data using the Gilmore model
results reveal that the spatial extent of the zones of cell ne-
crosis and successful molecular delivery can be predicted
using computed values of the shear stress impulse as
opposed to the maximum wall shear stress. Specifically,
cellular exposure to cavitation bubble shear stress
impulse values of J<0.035 Pa s do not appear to affect
the PtK2 cell cultures. Shear stress impulse values of
0.035<J<0.1 Pa s preserve cell viability while also
enabling molecular delivery of 3 kDa dextran molecules.
Finally, shear stress impulse values of J>0.1 Pa s were
found to result in cell necrosis. These criteria appear to be
valid for pulse durations spanning 180-6000 ps and pulse
energies spanning 0.45-40 uJ.

The variation of pulse duration also allows for modulation
of the extent of cellular damage versus molecular delivery.
The variation of pulse energy and duration employed in this
study was successful in tuning this ratio over the range 1-3,
with a maximum value of 3.19 achieved for the 540 ps dura-
tion laser microbeams with 3.6 uJ pulse energy. The finding
that 540 ps duration pulses provide optimal conditions for
cell permeabilization suggests a possible secondary role for
shock wave pressure in enhancing cell necrosis at shorter
pulse durations and diminishing cell permeabilization at
longer pulse durations. Nevertheless, hydrodynamic models
can serve as a primary mechanistic foundation for predicting
cellular outcome and producing a design strategy for a broad
range of laser-based manipulation procedures that will be of
great value in cell biology and biotechnology. A natural target
of examination for future studies is laser-microbeam-gener-
ated cavitation processes in 3D viscoelastic tissue matrices
(57) and the development of models to correlate cellular
response with viscoelastic stress exposure.
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