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ABSTRACT

Damage tu cells and tissues exposed to shock waves (S\Vs) is thought
to be secondary to cavitation phenomena involving the collapse of gas
bubbles in a Huid. Using HT-29 cells and DHDK12PROb tumors, we
tried to enhance S\V-related damage by the simultaneous administration
of gas microbubbles. Bubbles resulted from a mixture of air and gelatin
(HT-29 cells) or from a carbonated NaCl solution (tumors). HT-29 cells
in suspension received either SVV(50, 250, or 1000 SWs) alone or in
association with bubbles. Trypan blue-negative cells decreased as the
number of SYVsincreased. Exposure to SWs and bubbles resulted in not
only an increased but also a delayed mortality as compared to SWs only.
One thousand SWs with bubbles induced a complete inhibition of cell
growth, with cytoplasmic vacuolae, ruptured membranes, and abnormal
nuclear shape and chromatin. Exponential and confluent cells exhibited
a similar mortality and growth. DHDK12PROb tumors received either
SWs only (50, 100, 250, 500, or 1000 SWs) or SWs with bubbles in
vitro. Thymidine incorporation was significantly lower after exposure to
SWs with bubbles as compared with controls and SWs only; it was nil
by 1000 SWs with bubbles. Histopathological features of tumors exposed
to SWs with bubbles included erosion and hemorrhage, disorganized
structure, pyknotic nuclei, and cytoplasmic vacuolae. We conclude that
cavitation, as produced by a combination of SWs and gas microbubbles,
can achieve bioeffects which are relevant to cancer therapy.

INTRODUCTION

Advanced colorectal carcinoma is a major cause of death in
Western countries, for which clinicians have no satisfactory
therapeutic instrument in hand at the present time. Subse
quently, the search for new therapeutic methods for this disease,
and especially hepatic and peritoneal mÃ©tastases,raises growing
interest. Cavitation is defined as the volume oscillations of gas
microbubbles suspended in a liquid under the influence of an
acoustic pressure field (1,2). When the latter varies rapidly, the
equilibrium between the pressure in the bubbles and the pressure
in the liquid surrounding them may not have time to occur, and
some bubbles will collapse; if a bubble overlies an interface, this
collapse will result in an erosion of that interface (3, 4). Cavi
tation may occur using either high-intensity ultrasound or elec-
trohydraulic SWs,2 as in clinical practice for the destruction of

renal and biliary calculi (3, 5, 6). Several in vitro models have
demonstrated that cavitation can induce cell damage, whether
produced by high-intensity ultrasound (7-15) or by an electro-
hydraulic lithotripter (16). However, the biological effects of
ultrasound or SWs on organized tissues tend to be suppressed
( 17), and previous studies on tumor models showed only modest
effects, such as temporary growth delays (18-20). Assuming
that the deleterious effects of acoustical fields are mainly due
to cavitation, we demonstrated in a preliminary study that an
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artificial enhancement of cavitation and related tissue lesions
could be achieved by the simultaneous administration of SWs
and intravascular gas microbubbles in the normal rabbit liver
(21). Our aim was to observe whether such a method could also
hinder cancer cell proliferation.

In this article, we compare the cytotoxic effects of electro-
hydraulic SWs alone or combined with gas microbubbles in two
in vitro models: a human colon carcinoma cell line and perito
neal nodules from a rat colon carcinomatosis.

MATERIALS AND METHODS

Animals. Male and female BD IX rats aged 8 to 16 wk (CNRS,
OrlÃ©ans-LaSource,France) were housed in a temperature- and light-
controlled room and fed ad libitum.

Cell Lines. HT-29 cells, from a human nondifferentiated colon
carcinoma cell line (gift of Professor Zweibaum, INSERM U178,
Villejuif, France), were cultured in standard DMEM (Vietech, St.
Laurent de Mure, France) supplemented with 8% fetal calf serum and
antibiotics [penicillin (100 units/ml) and streptomycin (50 Mg/ml)) and
grown between passages 179 and 193 in 25-cm2 flasks (Falcon, Plym

outh, England) under 8% CO2 conditions.
DHDK12 is a dimethylhydrazine-induced rat colon adenocarcinoma

cell line, syngeneic with BD IX rats. One of its clones, PROb, is highly
tumorigenic and has a metastatic propensity (22). Cells were cultured
under the same conditions as were HT-29 cells.

Shock Wave Generator. SWs were triggered at a rate of 2 Hz by an
electrohydraulic lithotripter (Sonolith 3000; Technomed International,
Paris, France) as previously described (23). They were focused on the
center of an assay tube containing either cells in suspension or tumor
nodules; SW-porous polypropylene assay tubes (Ultra-lokR; Nalgene,
Rochester, NY) were fixed onto a specially designed setup (Fig. 1)
which was immersed in degassed water serving as the coupling medium.
The water temperature was monitored and remained between 35 and
35.5Â°C.

Gas Microbubbles. Two distinct methods were used to obtain gas
microbubbles. (a) For experiments on HT-29 cells, an emulsion of
microbubbles was obtained by the injection of air from a laminar flow
hood into a hermetic, sterile reservoir containing a solution of modified
gelatin (Plasmion) agitated by a rotating blade; the emulsion was infused
into the assay tube through a perfusion line and a 12-gauge needle (see
Fig. la), (b) In the case of DHDK12PROb tumor nodules, the same
methodology yielded no satisfactory result. Due to their respective
weight and density and to the design of the setup, tumor nodules and
gas bubbles were rarely able to come into contact. Subsequently, in
order to achieve a homogeneous bubble suspension, we used a gas-
saturated NaCl solution, as carbonated water supplemented with so
dium chloride at the rate of 9 g/liter, with a pH of 5.2 (Fig. 16).

Treatment of Suspended HT-29 Cells. In the first experiment, expo
nentially growing cells (i.e., the cells were harvested between the third
and sixth days of culture) were treated by 50 or 250 SWs either with
or without gas microbubbles; in the second experiment, confluent cells
(i.e., harvested between the seventh and 14th days of culture) were
treated by 50 or 250 SWs either with or without microbubbles. In
consideration of the results obtained, we decided to study an additional
group composed of mixed confluent and exponentially growing cells
treated by 1000 SWs with or without bubbles. The cells were detached
by 2.5/1000 trypsin-0.2/1000 EDTA. then centrifuged at 10 xgfor 10
min, and resuspended in DMEM; 4 x IO6cells at a concentration of
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Fig. 1. Experimental setup for the administration of shock waves and gas
microbubbles onto HT-29 cells in suspension (a) and DHDK12PROb peritoneal
mÃ©tastases(Â¿>)./. shock wave elcctrohydraulic generator: 2. bath of degassed
water: 3. targeting of shock waves on the assay tube: 4. device for the production
of microbubbles: 5. air inlet: 6. perfusion line: 7. assay tube containing HT-29
cells in suspension: 8. piston: 9. air inlet: 10. focal area of the assay tube containing
tumor nodules in iheir microbubble-saturated medium.

106/ml were introduced into the assay tube. The SWs were administered

continuously, and gas microbubbles were infused simultaneously by
sessions of 15 s every 50 SWs. Between two infusion sessions, the
microbubbles were gently agitated in the tube by acting upon the needle.
Controls (no SWs, no bubbles) were prepared in the same way and
placed in the water bath far from the generator, during the whole
treatment period: 3 samples were also infused with gas microbubbles
but did not receive SWs in order to ensure the absence of toxicity due
to the bubble emulsion. All the samples were kept in an isothermic box
during transportation from the cell culture room to the water bath.

Assessment of HT-29 Cell Viability and Survival. Immediately after
treatment, the cell suspension was centrifuged (1000 x g for 10 min),
and viability was assessed by trypan blue exclusion. Then. 3 x IO5cells
were seeded into 6-well culture plates (Falcon, Plymouth, England) and
subcultured in standard culture conditions (see above) for 12 consecu
tive days, with cell counts on the second, sixth, and 12th days of growth.

Production of DHDK12PROb Peritoneal MÃ©tastases.After detach
ment by 2.5/1000 trypsin-0.2/1000 EDTA. DHDK12PROb cells were
centrifuged and resuspended in DMEM: IO6cells were injected i.p. in

BD IX rats; the animals were then housed as described above for 14 to
21 days, in order to obtain peritoneal mÃ©tastases(diameter. 1 to 3 mm)
distributed on the large omentum.

In Vitro Treatment of DHDK12PROb Peritoneal MÃ©tastases.In this
part of the study, tumor samples were assigned to one of the following
groups (treatment by 50. 100, 250. 500, and 1000 SWs with or without
gas microbubbles). Each animal served for a complete series (one sample
from each group) in order to reduce intergroup variability: this experi
ment required the use of five animals. Under general anesthesia with
i.p. pentobarbital (45 mg/kg), rats were laparotomized; the large omen
tum was exteriorized; and tumor nodules were excised with caution to
avoid ischemia of the remaining tissue, cleared of the epiploic fat, and
weighed. Samples of about 30 mg of tumor were immediately trans
ferred into DMEM maintained at 37Â°C.Each sample for treatment had

a control of equivalent weight to ensure viability of the tissue. Between
two tumor samplings. NaCl solution was dropped into the peritoneal
cavity, and the abdominal wall was closed by a stitch. The mean time
of anesthesia was 2.75 h. and no animal died during anesthesia. Tumor
nodules were placed in the assay tube with 2 ml of treatment medium

(with or without bubbles). In cases of treatment by SWs with bubbles,
the medium was changed every 100 SWs. The medium was systemati
cally kept apart for protein assay.

Assessment of Cell Proliferation within DHDK12PROb Tumors. Im
mediately after treatment, samples were kept in DMEM, weighed, and
incubated in DMEM with 15 Â¿Â¡Ciof [mei/ijV-'Hjthymidine (specific

activity, 70 to 85 Ci/mmol; Amersham, England) for 3 h under 8%
CO2-37Â°Cconditions. Tumor nodules were then washed 3 times in

7.5% phosphate-buffered saline and dissolved in N sodium hydroxide
overnight, prior to counting 'H radioactivity on a Packard 1600A beta

spectrometer (Packard, Downers Grove. IL). Four preliminary experi
ments were designed to validate this protocol: (a) a linear correlation
between tumor weight and thymidine incorporation was assessed by
incubating control samples of increasing weight in [3H]-

thymidine (data available, not included); (h) a 94.7 Â±0.6% reduction
in thymidine incorporation was observed after incubation of control
samples with mitomycin C (40 mg/ml); (c) nonspecific radioactivity
was determined by incubating control samples in ['H]thymidine after 4
h in 0Â°CDMEM to block DNA replication: and (d) the absence of a

significant impairment in thymidine incorporation after incubation of
control samples in the treatment medium with bubbles was checked.

Determination of Protein Release in the Treatment Medium. Total
proteins in the treatment medium were measured with Bradford's

reagent (Bio-Rad protein assay; Bio-Rad, Munich, Germany) and a
Philips PL) 8630 spectrophotometer (Philips, Eindhoven, The
Netherlands).

Morphological Studies of Cells and Tumors. HT-29 cells were studied
by transmission electron microscopy. DHDK12PROb peritoneal mÃ©
tastases were studied on light microscopy after staining with hematox-

ylin and eosin.
Statistics. To compare the viability of HT-29 cells treated with gas

microbubbles to controls and to cells treated without bubbles, the x2
test was used. To compare growth curves of HT-29 cells. Student's t

test was used for each day of cell count (Days 2, 6, and 12). To compare
thymidine incorporation and protein release between samples treated
with or without bubbles. Student's t test was used. Significance was set

at P < 0.05.

RESULTS

Viability of HT-29 Cells. As compared to controls, cell via
bility was significantly decreased in all cases except for cells
treated by 50 SWs without bubbles. The decrease was larger
when cells were treated by 250 instead of 50 SWs. The fact that
cells had been sampled during the exponential phase of growth
did not interfere significantly with the viability results (Fig. 2).
The decrease was significant for 50 SWs (exponential) with
bubbles and 1000 SWs with bubbles as compared to SWs only
(Fig. 3).

Survival of HT-29 Cells. Growth curves of trypan blue-nega
tive cells after treatment by SWs alone (50, 250, or 1000 SWs)

ptu UJT r- NB NB

5 Jl J l 's

Fig. 2. Viability of HT-29 cells, as assessed by trypan blue exclusion. Controls
(â€¢):exponentially growing cells after treatment by shock waves (â€¢)or shock
waves with gas microbubbles (D): confluent cells after treatment by shock waves
(0) or shock waves with gas microbubbles (D), n = 3 in each group. Columns,
mean: bars. SD. NS, not significant.
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Fig. 3. Viability of HT-29 cells, as assessed by Irypan blue exclusion. Controls
(â€¢);after treatment by 1000 shock waves (â€¢)or 1000 shock waves with gas
microbubbles (D), n = 3 in each group. Columns, mean: bars. SD.

Â«) 10 -,

b) 10
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Fig. 4. Growth of HT-29 cells exposed to 50 shock waves with or without gas
microbubbles (a) and 250 shock waves with or without bubbles (A). Controls (x);
exponentially growing cells. S\V (A) and S\V plus bubbles (â€¢):confluent cells.
S\V (A) and SVVplus bubbles (D). Wells Â«ereseeded with 0.3 million cells. Cells
were counted on Days 2. 6. and 12. Points, mean of 3 samples; bun. SD.

Fig. 6. Electron micrographs of HT-29 control cells in suspension (a) and HT-
29 cells in suspension exposed to 250 shock waves with gas microbubbles (b).
(Original magnification, x 8000.) In the treated cell, chromatin is distributed in
compact lumps along perinuclear cisternae (while arrowhead), the nuclear shape
is irregular, and numerous coalescent vacuoles are present within the cytoplasma.
The plasma membrane is irregular in shape with locali/ed ruptures (dark
arrowhead).

.001

Fig. 5. Growth of HT-29 cells exposed to 1000 shock waves (A) or 1000 shock
waves with gas microbubbles (â€¢);controls (x). Wells were seeded with 0.3 million
cells: cells were counted on Days 2. 6. and 12. Points, mean of 3 samples: bars.
SD.

were not significantly altered as compared to controls. On the
contrary, in all cases of cells treated in the presence of bubbles,
the cell populations in wells were stagnant or decreased during
the first 48 h, with cell counts being significantly lower on Days
2, 6, and 12 as compared with both controls and SW-alone
samples. This effect was clearly visible for 50 and 250 SWs and
seemed more prominent, although not significantly, with con
fluent cells (Fig. 4). The horizontal part of the growth curves
of cells treated with bubbles presented a lowered plateau. We
noted that growth was more central and less homogeneous in
wells than in the other groups. After treatment by 1000 SWs
with bubbles, the cell lethality was prolonged beyond the third
day of culture, and the remaining population was not sufficient
to induce any measurable growth (Fig. 5).

Cell Morphology. Electron microscopy revealed three major
features in cells treated by SWs with microbubbles as compared
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with controls (Fig. 6): (a) irregularity of nuclear shape; (b)
preferential location of chromatin in compact lumps along
perinuclear cisternae; and (c) presence of numerous cytoplasmic
vacuolae which, along with ruptured cytoplasmic membranes,
suggested cell suffering.

Thyntidine Incorporation in DHDK12PROb Peritoneal MÃ©
tastases. Thymidine incorporation decreased moderately with
the increase in the number of SWs. When combined with gas
microbubbles, the radioactivity (as compared to SWs only) was
significantly lowered for all SW regimens, approaching the zero
value with 250 and 500 SWs. No incorporation could be de
tected after exposure to 1000 SWs with bubbles (Fig. 7).

Protein Release in the Treatment Medium. Proteins assayed
in the supernatant after the treatment increased with the num
ber of SWs. When combined with gas microbubbles, proteins
were significantly higher in amount in 250-, 500-, and 1000-
SW regimens, suggesting an increased release of intracyto-

plasmic material as a consequence of cell lysis (Fig. 8).
Morphology of DHDK12PROb Peritoneal MÃ©tastases.Mor

phological features of tumor nodules treated by SWs with gas
microbubbles included, in contrast to controls, (a) peripheral
images of erosion and hemorrhage along with a dissociation of
the trabecular structure, (b) pyknotic nuclei and growing scar
city of the images of mitoses, and (c) presence of intracyto-
plasmic and pericellular vacuolae (Fig. 9).
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Fig. 7. Incorporation of |3H]thymidine into DHDK12PROb peritoneal mÃ©tas

tases exposed to shock waves only (Q) or shock waves with gas microbubbles (*).
according to the number of shock waves. 0. mean of all controls, sampled all
along the treatment period. Points, mean of 5 samples; bars. SD. Nonspecific
radioactivity was determined from the incubation of controls at O'C for 4 h and

subtracted from the total radioactivity.
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Fig. 8. Proteins released in the supernatant after exposure of DHDK12PROb
peritoneal mÃ©tastasesto shock waves only (D) or shock waves with gas microbub
bles (*). according to the number of shock waves. Points, mean of 5 samples:
bars. SD.

DISCUSSION

Previous in vitro studies have shown that acoustical cavitation
can induce cancer cell lysis, produced either by high-intensity
ultrasound or by electrohydraulic shock waves (7-16, 18-20,
24). Toxic bioeffects have also been demonstrated on multicel-
lular spheroids of HeLa and EMT/Ro cells in suspension
exposed to SWs (25). The effects of SWs on solid tumors have
also been investigated. Russo et al. (18, 19) and Oosterhof et
al. (26) evidenced temporary delays in tumor growth of urolog
ica! tumors following exposure to SWs in vivo, but no significant
tumoral damage was found. Weiss et al. (20) have obtained
temporary growth controls or regressions of SSK12 tumors
exposed to various SW regimens in vivo. The prevailing opinion
is that the main factor involved in these bioeffects is acoustical
cavitation. Since a prerequisite for the generation of cavitation
is the presence in the medium of preformed bubbles or bubble
nuclei (27), we sought to enhance bioeffects by an infusion of
microbubbles in the path of the SW generator. A preliminary
study has demonstrated the feasibility of a method combining
extracorporeal SWs and an intraarterial infusion of gas micro-
bubbles into the liver parenchyma of rabbits (21), resulting in a
dramatic enhancement of lesions in the normal liver as com
pared with conventional SWs. Thus, our aim was to test the
hypothesis that cancer-relevant improvements in cellular and
tissular toxic effects of SWs could be achieved simply by calling
on the same principle. The methods used for the generation of
bubbles have been tested for non-self-toxicity against cells and
tumor nodules.

The present study has demonstrated an effect on both viabil
ity and growth of HT-29 cells as well as a relationship between
these effects and the amount of SWs administered. Under 50-
and 250-SW regimens, trypan blue exclusion was not different
after exposure of cells to combined SWs and bubbles as com
pared to SWs only, but the presence of bubbles apparently
induced a delayed mortality. Indeed, the reduced cell population
as measured after 48 h of subculture was not observed in any
of the samples except those treated with bubbles. This fact has
a clear incidence on further growth and results in significant
growth delays. Actually, the cells surviving the first 2 days of
culture have as fast a kinetics of growth as do controls and cells
treated without bubbles, suggesting that either these cells are
more resistant to physical stresses or, more probably, that they
were not hit by the shock wave. The focal spot size of the
generator is smaller than the volume of the assay tube, and it
is probable that a large proportion of the cells did not enter the
focal path during treatment, especially during short sessions of
50 or 250 SWs. However, both the lowered plateau of growth
curves and the aspect of cell growth in wells for cells treated
with bubbles suggest impaired anchorage and adhesiveness of
even surviving cells, but no conclusive statement can be inferred.

The differential study of the two main stages of cell growth
was inspired by the fact that exponential cells are often more
sensitive to chemotherapy than are confluent cells (28). In this
study, we did not find any significant differences of that kind.
Since the method is a physical one. it is not likely to interfere
directly with DNA synthesis, thus explaining our findings.

Experiments with 1000 SWs were performed secondarily,
and we thought that further distinction between exponential
and confluent cells was unjustified. This dose of SWs, when
combined with gas bubbles, resulted in a complete inhibition of
cell growth. The surviving population was too small to give rise
to exponential growth, which shows that lethality in cell culture
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Fig. 9. DHDKI2PR()h peritoneal melaslases. a. control with trabeeular architecture with central necrosis and peripheral /ones of adipose tissue: b. after 100(1
S\Vs plus gas mierohuhbles with peripheral images of indentation, tears and hemorrhage, and large central necrosis: <â€¢.control with tumoral homogeneous trabeculae
and large cell nuclei with numerous images of mitosis: d. after 1000 S\Vs plus gas microbubbles in which tumoral trabcculae arc disorgani/ed and present lacunae.
cell nuclei are dense and small, and no mitosis is visible. H & E: a and h. x 4: c and d. x 40 (original magnifications).

may be relevant to an anticancerous effect, provided sufficient
doses are administered.

From the results of the exposure of peritoneal mÃ©tastasesto
SWs with or without bubbles, we can assert that: (a) cell
proliferation is only moderately impaired by a conventional
shock wave exposure; and (b) this impairment is dramatically
increased by a combination of gas microbubbles with SWs and
can be such that no proliferation at all is detected. As much in
this model as in HT-29 cells, it can be assumed that the
combination of SWs and gas microbubbles has a potential
antineoplastic effect.

Ultrastructural modifications in cells and multicellular sphe
roids exposed to conventional SWs have been observed, such
as folding and disruption of the plasma membrane, cytoplasmic
clarification, and vacuolization (16, 19. 25). However, few
histopathological or ultrastructural lesions are seen in tumors
exposed to SWs only (19). In this study, we have evidenced
both cellular and tissular morphological changes which were
provoked by the combination of SWs and gas microbubbles.
Ultrastructural features included modifications of the plasma
membrane, cytoplasma. and nucleus, thus indicating cell degen
eration. Tissular changes affected the shape and structure of
the tumors as well as cell viability.

In summary, cellular and tissular bioeffects achieved by a
combination of electrohydraulic shock waves and gas micro-
bubbles are potentially relevant to anticancer therapy. The in

vivo effectiveness and tumor specificity of this technique remain
to be explored.
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