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Cytoplasmic Molecular Delivery with Shock Waves:
Importance of Impulse

Tetsuya Kodama, Michael R. Hamblin, and Apostolos G. Doukas

Wellman Laboratories of Photomedicine, Massachusetts General Hospital, and Department of Dermatology,
Harvard Medical School, Boston, MA

ABSTRACT Cell permeabilization using shock waves may be a way of introducing macromolecules and small polar
molecules into the cytoplasm, and may have applications in gene therapy and anticancer drug delivery. The pressure profile
of a shock wave indicates its energy content, and shock-wave propagation in tissue is associated with cellular displacement,
leading to the development of cell deformation. In the present study, three different shock-wave sources were investigated;
argon fluoride excimer laser, ruby laser, and shock tube. The duration of the pressure pulse of the shock tube was 100 times
longer than the lasers. The uptake of two fluorophores, calcein (molecular weight: 622) and fluorescein isothiocyanate-dextran
(molecular weight: 71,600), into HL-60 human promyelocytic leukemia cells was investigated. The intracellular fluorescence
was measured by a spectrofluorometer, and the cells were examined by confocal fluorescence microscopy. A single shock
wave generated by the shock tube delivered both fluorophores into approximately 50% of the cells (p < 0.01), whereas shock
waves from the lasers did not. The cell survival fraction was >0.95. Confocal microscopy showed that, in the case of calcein,
there was a uniform fluorescence throughout the cell, whereas, in the case of FITC-dextran, the fluorescence was sometimes
in the nucleus and at other times not. We conclude that the impulse of the shock wave (i.e., the pressure integrated over time),
rather than the peak pressure, was a dominant factor for causing fluorophore uptake into living cells, and that shock waves
might have changed the permeability of the nuclear membrane and transferred molecules directly into the nucleus.

INTRODUCTION

There are many situations in medicine and biology when it Cells take up small polar molecules either by specific
is desired to introduce a macromolecule into the cytoplasntransmembrane transporters (Cass et al., 1998), or by fluid-
of mammalian cells (Hapala, 1997). One important appli-phase endocytosis (Connelly et al., 1993). The first process
cation is gene therapy, where it is necessary to deliver &as a high degree of structure specificity, whereas the sec-
gene or a synthetic oligonucleotide into the cell. Geneond has a low capacity. There are applications where a
therapy has attracted attention as a possible solution taethod of increasing the cellular uptake of small polar
many major diseases such as cancer (Fueyo et al., 199@10lecules would be desirable, e.g., potentiating the effects
Gutierrez et al., 1992), cardiovascular disease (Finkel andf cisplatin (Weiss et al., 1994) and bleomycin (Kambe et
Epstein, 1995), and inherited metabolic disorders. Achieval., 1996) in cancer therapy.

ing the efficient delivery of a macromolecule to the cyto- Many methods have been devised to produce the transient
plasm and thence to the nucleus is inherently difficult,permeabilization of cells without concomitant cytotoxicity.
because the natural mechanism used by cells to take uphese include the use of detergents such as digitonin that
macromolecules is endocytosis. All three variants of endo@lter membrane lipid structure (Schafer et al., 1987), bacte-
cytosis (receptor-mediated, adsorptive, and f|uid_pha3e|)ia| toxins such as Streptolysin O (Spiller et al., 1998),
lead to the endosomal-lysosomal pathway, and exposure ¥f'us-mediated fusogenic liposomes (Kaneda, 1999), the
the macromolecule to many degradative enzymes such &§€ of pulsed electric fields (electroporation) (Ho apd Mit-
nucleases, proteases, etc. (Mukherjee et al., 1997). Oth&: 1996), the use of ultrasound (sonoporation) (Liu et al.,
important applications of intracellular macromolecular de-1998; Miller et al., 1999). Another method that may be
livery include the use of ribosome-inactivating proteins in&Pplicable is the use of shock waves generated by extracor-

cancer therapy (Barbieri et al., 1993) and the elucidation oPOréa! lithotripters (Delius and Adams, 1999; Gambihler et
cellular metabolic pathways by the introduction of active &l 1994) or lasers (Lle.e and Doukas, 1999_)' T'he increase of
biomolecules (Cockcroft, 1998). membrane permeablllty dug to the a'ppllcatlon of shock
waves generated by a lithotripter was first demonstrated by
inducing L1210 mouse leukemia cells to take up propidium
iodide (Gambihler and Delius, 1992a) and fluorescein iso-
Received for publication 10 December 1999 and in final form 7 July 2000 thjocyanate dextran (FITC-D, molecular weights up to
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U, X dt, whereu, is the induced speed, which is inversely Laser generation of shock waves
proportional to the density of the particle. A rough estimate

f ti disol t obtained with inal hock An argon fluoride (ArF) excimer laser (wavelength 193 nm, pulse duration
Of issue displacement obtained with a single sNOCK Wavg, \iqth at half maximum 14 ns) (Excimer laser LPX 300cc, Lambda

generatled by a clinical Iithotrip.ter is.calculated to be 1-20physics Inc., Acton, MA) and a Q-switched ruby laser (wavelength 694.3
um, using pressure data obtained in water (Coleman angh, pulse width 28 ns) (model RD-1200, Spectrum Medical Technologies
Saunders, 1989). This value is similar to that (7-lif) Inc., Natick, MA) were used. The laser fluence was 2.5 and 5.5 Fdar
measured in rabbit liver resulting from a shock wave prc)_the excimer laser, and 17.3, 28.8, and 40.3 J&fur the ruby laser. Figure
d d by det Hi f losi . llet (Kod A shows the experimental arrangement. The laser beam was delivered to

uced Dy detonation oran explosive m'crOPe e ( odama e e polystyrene plate sealing the bottom of the test tube as a focused
al., 1998). Transmembrane mplecular .deh\./ery depends OB.mm-diameter spot by way of a lens and a prism.
the shock wave pressure profile, but little is known about
the relationship between the pressure profile and the deliv-
ery mechanism.

In the present paper, three different shock wave sources, I

excimer laser, ruby laser, and shock tube were used t(ga'ce'” or
. . . . . ITC-dextran
investigate the relationship between the pressure profile and
the uptake of fluorophores into HL-60 human promyelo-
cytic leukemia cells.

Needle hydrophone

Polystyrene tube
| ysty|

Shock wave

|~ Reflected wave

MATERIALS AND METHODS 000000 | Cells

Cell preparation

Human promyelocytic leukemia cells (HL-60) were obtained from the Polystyrene plate
American Type Culture Collection (ATCC) (Rockville, MD), and were

cultured in suspension in RPMI-1640 medium (Life Technologies Inc.,

Grand Island, NY) with 20% fetal bovine serum (Life Technologies Inc.) Excimer laser beam
in 750-ml flasks (Fisher Scientific Co., Pittsburgh, PA) in a cell culture or

incubator (Model 2720, Queue, Parkersburg, WV) at 37°C under an Ruby laser beam

atmosphere of 5% CQin air. Total cell counts and the viability were

counted in a hemocytometer (Hausser Scientific, Horsham, PA) with the Prism

trypan blue dye exclusion method (Tennant, 1964) before and after theB I
shock wave experiments. Only cells in the exponential growth phase, with Driver gas, He
=95% viability, were used. In the experiments using the excimer and ruby E -
lasers, polystyrene tubes constructed from 55-mm lengths cut from 1 ml 5 High-pressure chamber
serological pipettes 3 mm in diameter (Becton Dickinson, Franklin Lakes, -
NJ) sealed at one end with a polystyrene plate (thickness 2.2 mm) were
used as test tubes. For the shock tube experiments, flat-top snap-cap 1 Diaphragm
micro-centrifuge tubes (Fisher Scientific Co., 7.5 mm outer diameter, 30.5 .
mm length, 0.5 ml) were used. The centrifuge tube was covered with a Driven gas, Kr
triple layer of Parafilm (Parafilm “M”, American National Can, Chicago, £ 25.4mm
IL). Both test tubes were filled with a mixture of the fluorophore solution 0% ID
(200 uM) and 2.0x 1C° cells in serum-containing medium. A cell pellet g E -
was gently formed by centrifugation (5 min at 233g). Because endo- 2
cytosis is a temperature-dependent process (Basrai et al., 1990), the test [ /Low-pressure channel
tubes were kept in an ice bath at 0.5°C except during a brief period of time
during the application of shock waves to reduce the potential of uptake of .
the fluorophore due to endocytosis. Diaphragm
Air

' /
Fluorophores || Reduction nozzle
Calcein (622 Da) (Sigma, St. Louis, MO; absorption 496 nm, emission 514
nm) and fluorescein isothiocyanate-dextran (FITC-D, 71600 Da) (Sigma, Polyester plate
absorption 494 nm, emission 514 nm) were used for evaluation of the Media Centrifuge tube

uptake of molecules by the cells. Solutions of the fluorophore at a con-
centration of 20QuM were prepared in phosphate-buffered saline without

Mg?* and C&* (PBS). Propidium iodide (PI) (Molecular Probes, Eugene, Cells

OR; absorption 535 nm, emission 617 nm) was added to the cells to give

a final concentration of 2p.g/ml 5 minutes before confocal microscopy to FIGURE 1 Schematic diagram of experimental setd). aser-gener-

distinguish between living and damaged cells before capturing the confocated shock wave permeabilization of celB) Shock tube-induced perme-
images. abilization of cells.
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Shock tube Confocal fluorescence microscopy

The double diaphragm shock tube (Hall, 1958) was obtained from Pharm&onfocal fluorescence microscopy was performed on a confocal micro-
Wave (Boston, MA). It consisted of a high-pressure chamber (107 mmscope (model DMRBE, Leica Microsystems, GmbH, Heidelberg, Ger-
long), a low-pressure channel (260 mm long, 25.4 mm inner diameter), anany) equipped with an 18-mW argon laser (model 2211-65ML,
reduction nozzle having a half-angle of 11.7° (Fid@3)1 The high-pressure  Uniphase, San Jose, CA). A AQoil-immersion objective lens (PL APO,
chamber was separated from the low-pressure channel with two adjaceheica Microsystems) with a numerical aperture of 1.25 was used. Calcein,
diaphragms (thickness 0.127 mm, Part No. 44535, Precision Brand Prod=ITC-D, and PI fluorescence were excited with the 488-nm line of the
uct, Inc., Downers Grove, IL), and the low-pressure channel was separateafgon laser. The laser excitation beam was directed to the specimen
from the reduction nozzle with one diaphragm (thickness 3.18 mm, Parthrough a 488-nm dichroic beam splitter. Emitted fluorescence was col-
No. 44550, Precision Brand Products, Inc.). A 0.5-ml microcentrifuge tubelected through a 525-550-nm bandpass emission filter for the green chan-
without the cap was covered with a plate made of terephthalate (diametarel and a 590-nm long pass filter for the red channel. Computer-generated
25.4 mm, thickness 7.8 mm), and both were fitted to the reduction nozzlémages of 1xm optical sections were taken at the geometric center of the
by screwing on the end fitting. Both the high-pressure chamber and theell as determined by repeated optical sectioning. The percentage of
low-pressure channel were placed under a vacuum (4 kPa), and the form#éluorescent cells for each sample was calculated by examining 3—6 fields
was filled with helium as the driver gas, whereas the later was filled witheach containing 10-100 cells. Both weakly and strongly fluorescent cells
krypton as the driven gas. The pressure in the high-pressure chaPgber, were counted as positive. Means of 3-5 samples were calculated to give
was 1.2 MPa or 2.8 MPa. The pressure in the low-pressure ch&#nelas final percentage of fluorescent cells.

fixed to 0.1 MPa. When the diaphragm placed between the high-pressure

chamber and the low-pressure channel was ruptured by the pressure dif-

ference, the shock wave and the following high-velocity flow propagatedStatistical analysis

from the diaphragm into the low-pressure channel. Based on an assumption

of one-dimensional isentropic flows (Liepman and Roshko, 1957), theAll measurements are given as measstandard deviation (SD). Values are
shock pressureRs, and the shock Mach numbelg, in the low-pressure  the means of 3—-10 separate experiments with an average of five samples
chamber wer®s = 1.2 MPa andg = 3.1 for P, = 2.8 MPa; andPs = per experiment. Differences between all samples were assessed by one-way
0.69 MPa andVig = 2.4 forP, = 1.2 MPa. The traveling shock wave then factorial ANOVA. A value ofp < 0.05 was considered to be statistically
ruptured the second diaphragm, and converged into the microcentrifuggignificant.

tube. The shock wave intensity in the microcentrifuge tube was increased

by a factor of~20 compared to the calculated pressure in the low-pressure

channel. RESULTS
Pressure profiles

Pressure measurements Figure 2 shows three pressure waveforms measured in wa-
A PVDE die hvdrooh dol 80-05.4.0. Imotec Messtech ,kter, that were generated with the excimer laser, ruby laser,
needle hydrophone (model 80-0.5-4.0, Imotec Messtechnik,y,y gho ol tybe. The fluences of the excimer and ruby laser
Warendorf, Germany) with a 0.5-mm-diameter sensitive element, which . 5 .
gave an output of 0.0136V Pa %, positioned inside the test tube, was used P€ams were 5.5 J cn and 40.3 J cm*, respectively. For
to monitor the overpressure of the shock wave by changing the stand-offhe shock tubeP, = 2.8 MPa andP, = 0.1 MPa. The
distance between the polystyrene plate and the hydrophone for the expestandoff distance between the hydrophone and polystyrene
iment with laser beams. The sensitivity was constant up to 10 MHz, the ris?ﬂate was 0.5 mm for the excimer and ruby lasers. When the
time was about 100 ns and it had registrations within the limits set out in
IEC Standard 61846 (IEC, 1998). For the shock tube experiment, thepmys_tyrene plate was gxposed to the laser beam under a
hydrophone was placed on the bottom of the centrifuge tube. Measure@ond'_t'on of stress confinement, stress waves were gener-
data were stored and displayed on a digitizing oscilloscope (9360, 60@ted in the polystyrene (Frenz et al., 1996; Bushnell and
MHz, 1 MQ [15 pF], LeCroy Co., New York, NY). McCloskey, 1968). The stress waves became bipolar when
the polystyrene surface exposed by the laser beam was in
contact with air because of the acoustic mismatch between
Fluorescence measurement polystyrene and air (Fig. ). The bipolar stress waves
_ propagated in polystyrene and were transmitted into water.
Measurements were performed in a spectrofluorometer (FluoroMAX t of the st flected back at the interf
Spex Industries Inc., Edison, NJ). Fluorescence emission was scanned froﬁl part ot the siress wave was r_e ected bac a_ e m_er ace
490 to 600 nm at 20°C, after excitation at 496 nm (calcein) or 494 an_f the water, was reﬂ?Cted again at the other side facing the
(FITC-D) with 1-nm-wide slits. The accuracy of the excitation wavelength air, and was transmitted to the water. The second peak
was 0.5 nm. All cell samples were washed with PBS (5 mK)3to  pressure observed 1.86 after the first peak pressure was
remove excess extracellular fluorophore and centrifuged (5 min at233 the result of the above reflection process (Figa)ZThe

0). After three washes, the recovery rate of the cells was between 98% and .
59%. The cell pellet was then resuspended in 3 ml PBS, counted with thnﬁ]ICkness of the polystyrene was 2.2 mm. Therefore, the

hemocytometer, and transferred to a 10-mm square polystyrene cuvet¥ave velocity in the polystyrene was calculated to be 2366
(Fisher Scientific Co.). Each experiment consisted of 5 samples receivingn s *, which was close to 2350 mi'$ reported in a data-
fluorophore and shock wave and 5 control samples receiving fluorophorgygse (Lide, 1999). The cells were mainly affected by the
but no shock wave. For each experiment, the mean fluorescence of thﬁrst shock wave, because the intensity of the second shock

treated samples was divided by the mean fluorescence of control samples ligibl d with that of the first
to give a normalized fluorescence uptake. The mean of 3-10 values o\fvave was negliginle compared wi at o € Trst.

normalized fluorescence uptakes was calculated for each shock wave FOr the ruby laser (Fig. B), the positive and negative
source (ArF, ruby, and shock tube) and fluorophore (calcein and FITC-D)waves, and the reflected waves were recorded. The compo-
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nent of the negative phase of the ruby laser was less thdonnger than those of pulses of the excimer and ruby lasers by
that produced by the excimer laser because the fluence eaf factor of 100 (Fig. Z).

the laser beam was larger than that of the excimer laser by Table 1 shows pressure parameters generated by three
a factor of 7.3, resulting in greater ablation of the polysty-shock-wave sources. The values of peak presfRire®_,

rene. The reflections of the transmitted shock wave at théhe rise time of the first positive half-cycle, the durations
inside wall were clearly observed in the case of the rubyof the first positive and first negative half-cycles,andt_,
laser, compared with the excimer laser. This was due to ththe impulse|, integrated fort, respectively, are given in
different pressure waveform resulting from less uniformTable 1. The rise time for the shock tube was not determined
energy distribution over the laser focus area. The pulsdecause the rise profile of the waveform was nonlinear due
duration of the shock wave generated by the shock tube wae the reflected waves generated in the shock tube. The

TABLE 1 Shock wave parameters

P, P t, t t [

_ N _
Condition (MPa) (MPa) (ns) (ns) (ns) (Pas)
ArF laser 2.5J cm? 8.3+ 0.0 0.96+ 0.1 37.8+ 0.8 178.8+ 16 217.7+ 3.0 0.7x 0.1
5.5Jcm? 12.4+ 0.0 1.2+0.1 38.5+ 0.7 196.3+ 2.9 211.8+ 2.3 1.1+ 0.0
Ruby laser 17.3 J cnf 20.1+21 0.4+ 0.0 42.1+ 2.6 178.0= 4.7 11.8+= 23 2502
28.8Jcm? 241+x1.2 0.45 39.0+ 0.7 195.5+ 4.3 445 3.1+0.1
40.3J cm? 319+ 0.0 0.78x 0.0 34.8+ 0.2 202.7+ 1.9 49.3+ 3.3 4.0x0.1
Shock tube P=1.2, 34+11 0.91+ 0.32 — 23700+ 4000 35770+ 19350 54.1+ 8.9
P, = 0.1 MPa
P, = 2.8, 11.6x+ 1.6 2.16+ 0.22 — 32100+ 7100 10700+ 4100 141.8+ 24.4
P, = 0.1 MPa

Positive and negative peak pressuies,andP_, rise timet, and positive and negative half cycle durationsandt_, impulse,l integrated fott ., over

a range of energy densities of the excimer and ruby laser beams, and the gas pressure ratio of the shock tube. The rise time was defined as tle time require
for pressure to increase from 10% to 90% of the maximum positive value. The rise time for the shock tube was undetermined because the riseccharacteristi
of the waveform was nonlinear due to the reflected waves generated in the shock tube. Shock-wave parameters were measured by a PVDF needle
hydrophone. Values are the mean of 3 measurements ant2be
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maximum pressure measured was 31.9 MPa, which wag = 0.01), whereas, for calcein, both the pressures 3.4
obtained by the ruby laser at a fluence of 40.3 Jém 1.1 and 11.6+ 1.6 MPa) caused significant increases in
Using one-dimensional momentum equations (Balhausnean normalized fluorescence uptake (153.23,p <
and Holt, 1974), the shock Mach numbdfg, the induced 0.05 and 4.28+ 1.84,p < 0.01, respectively). None of the
particle speedy),, and the densityp, of the water behind the shock waves produced by the laser pulses produced any
shock wave with a pressure of 31.9 MPa, were determinedignificant increases in mean normalized fluorescence up-
to be 1.03, 19.8 ms, and 1011.4 kg m° respectively, take. The cell viability, as measured by the survival fraction,
where the sound speed in water is 1482 h ghe atmo- was not significantly affected by any shock waves except
spheric pressure was 101.3 kPa, and the water temperatuteat from the shock tube at 116 1.6 MPa in the presence
was 20°C, giving a value for density of 998.2 kg  of FITC-D where there was a small but significant reduction
Because the shock wave velocity was very close to théo 0.97+ 0.02 compared to contrgh = 0.03. It was clear
acoustic limit Mg = 1.03) and the density increase was that the uptake of the fluorescence in surviving cells was
only 1%, both the cells and surrounding liquid were treatedndependent of the peak pressure value.
as an incompressible fluid in the present paper. To confirm that the fluorophores actually entered the
cytoplasm, confocal microscopy was used to provide thin
optical sections through living cells. Figure 3 shows differ-
ential-interference-contras,(c, €, g, i) and fluorescence(
Table 2 shows the mean normalized fluorescence uptake, f, h, j) images of representative living HL-60 cells ex-
the percentage of permeabilized cells, and the survival fragposed to a single shock wave; calcei b, c, d) and
tion of the cells exposed to a single shock wave in theFITC-D (g f, g, h, i, j). The pressure was 116 1.6 MPa,
presence of FITC-D or calcein. The values in the columngenerated by the shock tube. Propidium iodide was used in
headed Pressure are the positive pressure values generasedne preparations to confirm that the cells that took up
by each shock wave source; the intensity of the negativluorophores were still alive and excluded PI. Control sam-
pressure was small or negligible compared to the positivgles showed only a weak fluorescence due to a small uptake
pressure (see Table 1). Only shock waves delivered by thef the fluorophore (Fig. 3 andf). The samples treated with
shock tube caused a significant increase in mean normalizezhock wave in the presence of calcein showed intense
fluorescence uptake for both fluorophores. In the case ofluorescence uniformly distributed throughout the whole
FITC-D this was significant for a pressure of 11:61.6  cell (Fig. 3d). Not all cells showed fluorescence; the pro-
MPa (mean normalized fluorescence uptak8.95+ 2.32,  portion of fluorescent cells was 47 18.7% (9 fields of

Uptake of fluorophore in surviving cells

TABLE 2 Results of cell permeabilization experiments

FITC-D (71.6 kDa) Calcein (622 Da)
Mean Normalized Mean Normalized

PressureP Fluorescence % Cells Survival Fluorescence % Cells Survival

(MPa)* Uptakée Permeabilizet Fractior? Uptakée Permeabilizet Fractior?
ArF laser 8.3+ 0.0 0.97+ 0.13 1.01+ 0.00 1.04+ 0.23 1.01+ 0.02
12.4+ 0.0 0.87+ 0.38 1.00+ 0.01 1.04+ 0.25 0.99+ 0.01
Ruby laser 20.1+ 2.1 0.95+ 0.42 1.00+ 0.02 0.99+ 0.14 1.00+ 0.02
241+1.2 0.77+ 0.27 1.00+ 0.01 1.07+ 0.22 1.00+ 0.02
319+ 0.0 0.94+ 0.18 1.00+ 0.02 1.31+ 0.27 1.00+ 0.01
Shock tube 3.4 1.1 1.35+ 0.24 n.d. 1.0G+ 0.00 1.53+0.23 n.d. 1.00+ 0.01

(p < 0.05)

11.6*+ 1.6 3.95* 2.32 43.7+ 10.7 0.97+ 0.02 4.28+ 1.84 47.1+ 18.7 0.98+ 0.02
(p = 0.01) © = 0.03) P < 0.01) © > 0.05)

n.d. = not determined.

*Positive pressure measured by a PVDF needle hydrophone. Mean of 3—4 determirzgions

"Mean normalized fluorescence uptake. Each experiment consisted of five samples receiving fluorophore and shock wave and five control samples recei
fluorophore but no shock wave. For each experiment, the mean fluorescence of the treated samples was divided by the mean fluorescence ofentrol sampl
to give a normalized fluorescence uptake. The mean of 3-10 values of normalized fluorescence uptakes was calculated for each shock-wave source and
fluorophore. Values are-SD.

*The percentage of fluorescent cells for each sample was calculated by examining 3—6 fields each containing 10—100 cells. Both weakly and strongly
fluorescent cells were counted as positive. Means of 3-5 samples were calculated to give final percentage fluorescent cells,~v@Des are

SSurvival fraction measured by trypan blue dye-exclusion method and counting in a hemocytometer before and after the shock-wave experiments. Each
experiment consisted of five samples receiving fluorophore and shock wave and five control samples receiving fluorophore but no shock wave. For each
experiment, the mean percentage of trypan blue-excluding cells in the treated samples was divided by the mean percentage of trypan blueliexcluding ce
in the control samples to give a survival fraction. The mean of 3-10 survival fractions was calculated for each shock wave source and fluoroghore. Valu
are =SD.
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(c) - (e) @ '
(b) (i)

FIGURE 3 Differential-interference-contrast, (c, €, g, i) and fluorescenceb( d, f, h, j) confocal images of representative living HL-60 cells exposed

to a single shock wave in the presence of 200; calcein (622 Da) 4, b, c, d) and FITC-dextran (71.6 kDakg(f, g, h, i, j). Fluorescence was excited

with the 488-nm line of the argon laser and collected through a 525-550-nm bandpass emission filter. The sections were taken at the geometric center of
the cell. The shock wave pressure was 1t.6.6 MPa ( = 4), generated by the shock tube. The samples were washed three times with PBS. Scale bar
indicates 10um.

cells) for calcein. For cells treated with a shock wave in thezation. No fluorophore was taken up when either the exci-
presence of FITC-D, there were three types of fluorescencmer or the ruby laser was used to generate the shock wave
images obtained. The nonfluorescent cells (Fif) ®m-  (see Table 2). The intensity of the intracellular fluorescence
prised 56.3+ 10.7% of the total (17 fields of cells) (Table increased with increasing impulse. The results suggest that
2). The remaining fluorescent cells could have one of two

appearances. The first shown in Figh $as the nucleus

dark compared to the evenly stained cytoplasm, whereas the

second shown in Fig. Bshows the nucleus to be interme- 10 . ; .
diately stained, whereas the nucleoli are less bright but still¢
have some fluorescence. The procedure for imaging cons
sisted of eight confocal sections separated y, so it is
unlikely that these images were the result of the confocal
microscope missing a dark nucleus. Observed with differ- .
ential-interference-contrast, fluorescence-retaining cells exz 1} Gt N i S :
posed to the shock wave were indistinguishable from theg
unshocked cells (Fig. 3, ¢, e, g, andi). S

orescence upta

[
Shock tube

©
Each shock wave source generated a different shocl§
waveform, so it is uncertain precisely which shock wave ¢ ArF Ruby
. (o] H
o --e--Calcein (622Da)
parameters were important for uptake of the fluorophore.2 FITC-dextran (71.6kDa)

Because the fluorophore uptake did not depend on the peak g.1

pressures of the shock waves, we investigated uptake as a 0.1 ! 10 100 1000
function of the impulsd. The impulse is denoted by Impulse (Pass)
t FIGURE 4 Relationship between the mean normalized fluorescence up-
I = p(t)dt, (1)  take and the impulse of the shock wave for each shock-wave source. The
o fluorophores were calcein (622 Da) and FITC-D (71.6 kDa). Each exper-

iment consisted of five samples receiving fluorophore and shock wave and

wherep(t) is the shock wave pressure, andis the positive five control samples receiving fluorophore but no shock wave. For each

phase duration of a half—cycle of the shock wave (see Table 1?.xperiment, the mean fluorescence of the treated samples was divided by

he mean fluorescence of control samples to give a normalized fluores-

Figure 4 shows the relationship between the mean NOMCence uptake. The mean of 3—10 values of normalized fluorescence uptakes

malized fluorescence uptake and the impulse. The uptake Qfas calculated for each shock-wave source and fluorophore. Error bars
the fluorophore occurred only after shock tube permeabiliindicate SD.
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there is a threshold value of the impulse for causing uptake 100 , , , ,

of fluorophore. 1=141.8
S 10t 54.1

DISCUSSION z
(3]

We have shown that shock waves are capable of delivering & 1t

large molecules into the cytoplasm of cells without causing &

significant cytotoxicity. It was found that the uptake of the %L 01

fluorophore by the cells was closely related to the impulse ¢ '

of the shock wave (see Fig. 4). We shall attempt to define &

the physical significance of the factors involved. Consider &  0.01}

the one-dimensional wave propagation in the liquid includ-

ing and surrounding the cells. Because the modulus of 0.001

compressibility of the liquid due to the shock wave pressure 0 02 0.4 0.6 08 1
in the present case is negligible (see Results section, Pres-
sure profiles), we can assume that the liquid and cells
tOgether is an incompreSSible fluid. Suppose that all the CeIII?—’IGURE 5 Relationship between the cellular volume fraction and rela-
are the same size and are uniformly distributed in the liquidsve displacement for different impulse valuésgiven in Table 1 is the
When an impulsive wave propagates into the liquid, theratio of the density of the cell phase to that of the liquid phase.
sudden relative displacement, and the difference in the
kinetic energy density values, between the cell and liquid
phases are given by (see Eq. A18 and Eq. A19)

Cellular volume fractiona

hydrophilic and characterized by good water solubility.
Therefore, the molecules move in the direction of the shock
Pe wave, with the same speed and distance as those of the
, B= o liquid molecules when shock waves move into the liquid. At
(2) «=067, the displacements for the excimer= 0.7, 1.1
Pas) and ruby laserd = 2.5, 3.1, 4.0 P&) were calculated
1 to be less than &m. Whereas, for the shock tuble 54.1,
(1 + B)O‘ - 1] ’ () 1418 P&s), the displacement was calculated to be about 20
pwm atl = 54 Pas, and about 3@um atl = 141 Pas (see
wherel is defined in Eq. 1p,, is the average density of the Fig. 5), which is greater than the diameter of the cells. The
liquid including cellsp; is the density of the liquid phasg,  uptake of calcein occurred bt= 54 Pas, and the uptake of
is the density of the cell phasg,is the ratio ofp. to p;, «  both calcein and FITC-D occurred at= 141 Pas (see
is the cellular volume fraction (the fraction of the total Table 2).

d =
[

[a(B— 1) + 1]{(1 + ;)a -~ 1]

1 2
o= |- 2pzg B~ 1+ 1]
m~m*+

volume occupied by cells) varying from 0 totl, is defined Stokes radius is the effective radius of a molecule that
in Table 1, andJ,, is the wave velocity of the liquid with depends on the molecular weight and molecular configura-
cells which is defined by Eq. Al17. tion and has been used as a determinant of transport through

Figure 5 shows that the relationship between the cellulabiological matrices (Bohrer et al., 1979). Stokes radii for the
volume fraction and relative displacement for different im- calcein and FITC-D were estimated to be 0.68 nm, and 6.2
pulse values given in Table 1, wheBehas been chosen to nm using reported data, respectively (Curry et al., 1983; Fox
have a value of 1.1. This value was close to the value of theand Wayland, 1979; Gambihler et al., 1994; Nugent and
ratio of the density of normal erythrocytes to the density ofJain, 1984). Thus, the uptake of fluorophore depends on the
water found to be 1.09 (Schwartz et al., 1998). The relativémpulse and possibly also on the molecular weight. The
displacement has a minimum value around= 0.5, and uptake dependency on the applied physical force was ob-
increases as approaches 0 and also@spproaches 1. The served in electroporation (Mir et al., 1988), and the molec-
curves increase with increasing impulse. The nonsymmetrular size dependency was reported in the permeabilization
of the curves with respect to theaxis aroundx = 0.5is  of cells to large molecules using a lithotripter (Gambihler et
due top > 1. al., 1994), and also in electroporation of cells (Glogauer and

In the experiment, HL-60 cells were centrifuged to form McCulloch, 1992). From Fig. 5, the relative displacement
a cell pellet at the bottom of the tube. Assume HL-60 cellsincreases whewr reaches 0 or 1. Thus, we can expect that
have a constant spherical shape having a circular crosshe uptake of fluorophore may occur if cells are widely
section with a diameter of 1@m, then the cellular volume separatedd — 0) or packed togethew(— 1). Whena —
fraction of the pellet is calculated to be = 0.67. In 0, there are too few cells to allow efficient permeabilization.
addition, the density of each fluorophore is assumed to b&herefore, the tightly packed state is likely to give the most
equal to that of liquid, because each compound is highlyeffective permeabilization.
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Figure 6 shows the difference in the kinetic energy den-increasing pulse duration, resulting in viscous stress occur-
sity between the cell and liquid phases for different impulsering in the moving fluid, and shear stress between the cell
values, wherex = 0.67 andg is varied from 1 to 1.3. The and liquid phases. The subsequent cell deformation at dif-
difference in the kinetic energy density between the rubyferent times and positions due to varying shear stresses may
laser and both the excimer and shock tube was largeaccount for the numerical distribution of fluorescent cells
whereas the difference between the values of kinetic energgbtained in the experiment. If the impulse increases, the
density for the excimer laser and shock tube was muclpercentage of fluorescent cells may increase. Because it was
smaller. The difference in the energy density for each shockeported that there was a relationship between the electric
source, however, was not found to be an important factor fofield intensity and number of fluorescent cells in electroper-
the cell uptake. That is, a waveform with a long pulsemeabilization (Mir et al., 1988), there may be values of the
duration may have the potential to increase the efficiency oshock wave impulse that will increase the percentage of
cytoplasmic molecular delivery even though it has a lowerfluorescent cells.
pressure value. Variations i do not have a significant Eucaryotic cells contain a rich array of intracellular or-
effect on the kinetic energy density difference values. ganelles with different densities and containing varying

In geometrically similar flows, the viscous force againstamounts of internal membranes. The cytoskeleton provides
a body whose characteristic lendthin a flow with char-  the mechanism to maintain the shape and control the basic
acteristic velocityU is proportional touUL where . = movement of cells. The behavior of a cell can be thought of
coefficient of viscosity. Thus, the viscous force against cellsas that of a viscoelastic material (Fung, 1993). Because
increases in proportion to the difference in the velocityintracellular organelles may have different densities, the
between the cell and liquid phases, which is proportional tashock wave will cause the less dense organelles to move
the increase in relative displacement between the phasgseferentially, thus adding to the deformation experienced
(see Fig. 5). Therefore, the shear force at the cell surfacby the cell. The cell membrane was found to be the most
may change the permeability of the cell membrane. sensitive to the shock wave propagation among the cell

This mathematical model has the following limitations; components (Steinbach et al., 1992). Because each cell line
the inertia termy( - grad) and the viscosity termeAv were  may show differences in intracellular densities and fluidities
omitted because the duration of the impulse pressure wasf membranes, the value of the shock wave-induced surface
assumed to be infinitesimal, therefore, the local derivativeviscosity may be different for each cell line, leading to
av/ot becomes dominant. In addition, the shape of cell waslifferent membrane permeability.
assumed to remain constant and the flow field was assumed Our confocal fluorescence micrographs showed that the
to be one-dimensional. Furthermore, the pressure field ismall molecule calcein is readily taken up by the nucleus of
the test tube was not uniform due to the three-dimensionaHL-60 cells after its introduction into the cytoplasm by
shape of the test tube and subsequent wave reflections (sgkock waves. This is in agreement with data using the dye
Fig. 2). The omitted terms will have finite values with |ucifer yellow (457 Da, Stokes radius 0.59 nm) where

Mir et al. (1988) showed that electropermeabilization pro-
duced very similar images with uniform nuclear fluores-
10° . . . cence. Paine et al. (1975) have calculated that molecules
with a radius less than 4.5 nm have no barrier to intranuclear
transport. Our fluorescence micrographs with FITC-D
showed that some of the permeabilized cells appear to have
fluorophore in the nucleus while others do not. Many work-
ers have investigated the permeability of the nuclear mem-
brane, and have studied the size dependence of molecular
transport through the nuclear pore complexes. Peters (Pe-
4 ] ters, 1984) found that FITC-D of molecular weight 20,000
(Stokes radius 3.3 nm) but not 70,000 (Stokes radius 5.5
nm) penetrated the nucleus. Schindler and Jiang (1986)
found that 64-kDa dextran had a significant nuclear uptake.
It has been proposed that the effective diameter of the
nuclear pore can vary among cell types and, in the same cell
Impulse (Pass) type, between different stages of the cell cycle (Paine et al.,
FIGURE 6 Difference between the kinetic energy density values of thelgé?r)].er workers have studied the permeabilization of cells

cell and liquid phases at = 0.67 for different impulse values. The impulse . . .
for the excimer laser, ruby laser, and shock tube is given in Taheid. In vitro by shock waves. Gambihler et al. (1994) have used

the ratio of the density of the cell phase to that of the liquid phase, which@N €xtracorporeal shock wave lithotripter to p(_ermeabilize
is assumed to vary from 1 to 1.3. cells to macromolecular FITC-D (molecular weights up to
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2,000,000) using 250 shots with a pressure of 50 MPaorevious in vitro results using lithotripter-generated shock
(Coleman and Saunders, 1989). They showed (Gambihler @taves, the L3, varied between 250 and 400 shot$at =
al., 1994) the increase in the uptake of FITC-dextran of 35.24-50 MPa (Gambihler and Delius, 1992b; Miller and
kDa by a factor of 4 with 250 lithotripter-induced shock Thomas, 1995). In addition, there was no significant differ-
waves. The viability was about 50%. Miller et al. (1998) ence in the LR, between normal and malignant cells
showed that, using FITC-dextran of 580 kDa, the percent ofBrummer et al., 1990). Because the pressure profiles of
the fluorescent cells was about 50% and the survival fraclithotripter-generated shock waves are different from those
tion was about 0.2 after 1000 shock waves. In the presenh the present case, and the effect of cavitation bubbles has
paper, we used a single shock wave, which showed thalso been implicated in the mechanism of lithotripter-in-
increase in the uptake by a factor of 4, the percent of theluced cell damage (Kodama and Takayama, 1998; Coleman
fluorescence cells was-50% and the survival fraction is and Saunders, 1993; Delius, 1994), the present data and the
close to 1. Recently, it was reported (Delius and Adamslithotripsy results cannot be directly compared.
1999) that the use of this procedure could permeabilize When these pressure waves propagate in human tissue,
cancer cells to ribosome-inactivating protein toxins, and itside effects such as vascular damage and perirenal and
was found that the cytotoxicity in vitro increased up to intrarenal hematomas are induced (Delius, 1994; Brummer
40,000 fold. They also showed an in vivo tumor response iret al., 1990). In vivo reports have shown that hemorrhage
murine fibrosarcomas after i.p. injection of toxin and local occurs when shock waves are delivered to organs in the
application of shock waves to the subcutaneous tumors. Ounouse. This has been observed in murine kidney (3-10
laboratory has previously used laser-generated shock wavééPa, 5-200 shots) (Mayer et al., 1990; Raeman et al.,
to permeabilize cells in vitro (Lee et al., 1996; 1997; McAu- 1994), in murine intestine (1-4 MPa, 100-200 shots) (Da-
liffe et al., 1997). It was shown (Lee et al., 1997) thatlecki et al., 1995; Miller and Thomas, 1995), and in murine
erythrocytes were permeabilized by single shock waveskin (0.6—1.6 MPa, 100 shots) (Miller and Thomas, 1995).
from an ArF excimer laser. The explanation for the differ- Structural and histological damage was observed in rabbit
ence between these results and the present failure of lasdiver after one shot obtained by detonating an explosive
generated shock waves (including ArF excimer laser) tamicropellet £25 MPa) (Kodama et al., 1998). When rat
permeabilize HL60 cells, probably lies in marked differ- liver was exposed to a single shock wave generated with the
ences between the membranes of the two cell types, akhock tube used in the present paper, both hemorrhage and
though the pressure profile generated by the ArF lasestructural damage were observed (data not shown).
(McAuliffe et al., 1997; Doukas et al., 1993, 1995) also Damage in vivo may be caused by shock-wave treatment
showed differences from the present measured profileconsisting of lower pressure or fewer shocks, than that
Erythrocytes are known to have higher membrane fluidityrequired to kill cells in vitro. That is, cells in vitro move
(Feinstein et al., 1975; Van Blitterswijk et al., 1984), to be with the surrounding liquid in the direction of the shock
susceptible to the formation of plasma membrane porewave because the ratio of the density of the cell to that of
after osmotic lysis (Lieber and Steck, 1982a, 1982b), and tdiquid is close to one. The movement of the cell pellet in a
have aquaporins or “water-channels” in the membranepolyethylene pipette exposed to a single shock wave was
which have been implicated in the shock wave-inducedecorded with stroboscopic illumination (Brummer et al.,
permeability (Lee et al., 1997). In a previous paper (McAu-1989). Cells in vivo are fixed to neighboring cells, extra-
liffe et al., 1997), we investigated the relationship betweercellular matrix, and basement membranes, and therefore
the number of laser-induced shock waves and the uptake ghow nonlinear, anisotropic and inhomogeneous behavior
thymidine molecules. The uptake by two single shockmacroscopically. The tensile strength of human tissues can
waves was double that of a single shock wave. Howeveryary widely, for example, from 0.057 MPa for renal paren-
there was no significant difference between 2, 3, and 5 shoclchyma, to 1.1-1.6 MPa for aorta, and 3.4 MPa for human
wave exposures (the laser pulses were generated at 1 Hzprnea (Kitamura and Nangumo, 1978). Macroscopic tissue
Further studies will be necessary to understand the mechaamage with shock waves may tend to occur with decreas-
nism of shock wave-induced uptake of drugs, focusing oring tensile strength of the tissue.
the shock-wave impulse, the subsequent shear force againstShock waves can be focused deep within human bodies,
the cells, the change in membrane permeability of differingusing a reflector or acoustic lens with a large aperture to
cell types, the applied number of shock waves, and the moleceduce the energy density along the shock wave path and to
ular size, ionic charge, and hydrophobicity of the drugs. decrease pressure attenuation caused by viscous dissipation,
In the present paper, the survival fraction of the cellswhich becomes significant for high frequencies. This pro-
exposed to a single shock wave of 8.3-31.9 MPa wasedure may have applications for localized delivery of plas-
>0.95. Extracorporeal lithotripter-generated shock wavesnid DNA or oligonucleotides for gene therapy, and, in
(measured in water) consist of a positive pressure compazancer therapy, by delivering molecules such as ribosome-
nent of 9-114 MPa and a negative pressure component @factivating protein toxins into tumors. However, it will be
2.8-9.9 MPa (Coleman and Saunders, 1989). From thaecessary to ensure that the shock-wave parameters needed
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for effective cell permeabilization do not cause unacceptwhere &is the area element, ary denotes the velocity in the direction
able tissue damage in vivo. of the unit inward normal.

APPENDIX The relative motion between cells and fluid due

to an impulsive pressure
In this section, expressions are derived for the relative displacement and the ] ] o )
kinetic energy density difference between the cell and liquid phases due t§SSume one-dimensional flow, and that the cells and the liquid are incom-
an impulsive pressure. The cells are assumed to be uniformly distributed iﬁ:’etssmle. Let the average density of the liquid including the celjs,hso
the liquid. a

pm = ap; + (1 — a)py, (A9)

wherea is the cellular volume fractiom, is the density of the cell phase,
and p; is the density of the liquid phase.

Consider the one-dimensional motion, which is induced witimme-
diately. Letv,, andvs, be the immediate velocities of the single-phases of

The flow induced with an impulse pressure

Let the fluid be barotropic, so that the relation between the pregsanel
the densityp is given as

dp the cell and the liquid, respectively, which are produced by the impulsive
fp _ P(p), (Al) pressurer. From Eq. A7,
PNeo = piVio = —grado (A10)

whereP is the pressure function. Euler's equation of motion is given as g, ose that the ratio of the volume of the cell phase to that of the liquid

D v phase is given by to 1 — «, and each immediate velocity induced with

vV 0 )
= . o is Vv, andy;, so that
Dt = at + (v-gradv (A2)

pV. = —agrado, pv; = —(1— a)grado. (A11)
= K — gradP,
Using Egs. A10 and Al1,
whereK is the sum of external and viscous forces.
When Eq. A2 is integrated over tintefromt = 0 to a short timer, and Ve = aVg, Vi = (1 — a)Vy. (A12)
finding the limit whenr — 0, the integral is
The impulsive relative velocityw, between the cell and the liquid phases

V=V, =G — gradll, (A3) s given as
wherev, andv are the velocities immediately before and immediately after W=V, — V;
the change in the motion, and the impulsi®&,and the impulsive pressure
function, I1, are defined as (Imai, 1985) <1 . a) T
= ——|gradlim | pdt
T T Ps Pc 0Jo
. . T
G=Ilim| Kdt, II=Ilim| Pdt (A4)
™0 Yo 0 Yo <1 -« oz) 1 - (A13)
Pt Pec Axp ,

The impulsive pressure functidi approaches infinity whem — 0, and,
consequentlys can be neglected. Assume that the fluid is initially at rest

- ) ) ~~~"where At is the finite-time interval and is the finite-time-averaged
so thatv, = 0. The flow induced immediately after wave propagation is

ven as pressure.
9 Let the wave velocity of the impulsive pressure into the liquid with the
_ _ cells beU,,, so thatU,, = AX/At. Hence, Eq. A13 is written, using Eq. A9
v=gradd, & I1. (A5) as

In the case of the incompressible fluidl,= p/p. The impulsive pressure,

o, is defined as — E) _ [( 1) _ ]
w= o D+111+5|a—1], Al4
o =D+ 1]l{1+ 5 (A14)
o= lim J’ pdt, II= olp. (A6)  where,B = pdpy.
The difference in the kinetic energy density, between the cell and the
070 liquid phases is given as
Hence, 1 f)z 1
V= grad®, o= —pd. A7) " TapE [a(B— 1) + 1][(1+B>a— 1]. (A15)
The kinetic energy is given as, In the present papep is defined as
1 _1 I
K=51|[ov,dS o= —pd, (A8) p=—| p{d=_—, (A16)
2 t, t,
S 0
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wherel is the impulse antl, is the duration of positive pressure half-cycle Connelly, M. C., B. L. Robbins, and A. Fridland. 1993. Mechanism of
given in Table 1. uptake of the phosphonate analog (S)-1-(3-hydroxy-2-phosphonylme-
Assuming that the pressure and density of the liquid including the cells thoxypropyl)cytosine (HPMPC) in Vero cellBiochem. Pharmacol.

are given by the Tait equation, then the wave velocity can be written as 46:1053-1057.
Curry, F. E., V. H. Huxley, and R. H. Adamson. 1983. Permeability of

I’l(f) + B) single capillaries to intermediate-sized colored solufen. J. Physiol.
U% = - (A17) Heart Circ. Physiol.245:H495—-H505.
Pm Dalecki, D., C. H. Raeman, S. Z. Child, and E. L. Carstensen. 1995.
o Thresholds for intestinal hemorrhage in mice exposed to a piezoelectric
For water at 20°C, the constaBtis given a value of 3.04% 10° Pa, and lithotripter. Ultrasound Med. Biol21:1239-1246.

the indexn has the value 7.15 (Col_e, 1948). T_he abs_olutg relative d|5pk.icebelius, A., and G. Adams. 1999. Shock wave permeabilization with
ment,d(= w X t.), and absolute differences in the kinetic energy density, = o0 inactivating proteins: a new approach to tumor the/@py-
e, between the cell and the liquid phases are given as cer Res59:5227-5232.

| 1 Delius, M. 1994. Medical applications and bioeffects of extracorporeal
[0‘(3 _ 1) + 1][(1 + )a _ 1]‘ (A18) shock wavesShock Wavgsl:55—72. . .
PmUm B Doukas, A. G., D. J. McAuliffe, and T. J. Flotte. 1993. Biological effects
of laser-induced shock waves: structural and functional cell damage in
]’ vitro. Ultrasound Med. Biol19:137-146.

d=

Doukas, A. G., D. J. McAuliffe, S. Lee, V. Venugopalan, and T. J. Flotte.
1995. Physical factors involved in stress-wave-induced cell injury: the
(A19) effect of stress gradientltrasound Med. Biol21:961-967.
Feinstein, M. B., S. M. Fernandez, and R. I. Sha’afi. 1975. Fluidity of
natural membranes and phosphatidylserine and ganglioside dispersions.
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