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Abstract
Hydrodynamic cavitation is a physical phenomenon characterized by vaporization and bubble formation in liquids under low local

pressures, and their implosion following their release to a higher pressure environment. Collapse of the bubbles releases high

energy and may cause damage to exposed surfaces. We recently designed a set-up to exploit the destructive nature of hydro-

dynamic cavitation for biomedical purposes. We have previously shown that hydrodynamic cavitation could kill leukemia cells and

erode kidney stones. In this study, we analyzed the effects of cavitation on prostate cells and benign prostatic hyperplasia (BPH)

tissue. We showed that hydrodynamic cavitation could kill prostate cells in a pressure- and time-dependent manner. Cavitation

did not lead to programmed cell death, i.e. classical apoptosis or autophagy activation. Following the application of cavitation, we

observed no prominent DNA damage and cells did not arrest in the cell cycle. Hence, we concluded that cavitation forces directly

damaged the cells, leading to their pulverization. Upon application to BPH tissues from patients, cavitation could lead to a

significant level of tissue destruction. Therefore similar to ultrasonic cavitation, we propose that hydrodynamic cavitation has

the potential to be exploited and developed as an approach for the ablation of aberrant pathological tissues, including BPH.
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Introduction

Cavitation is a physical phenomenon defined by the gener-

ation of microscopic vapor bubbles in liquid media, followed

by their growth and violent collapse or implosion.1,2

Cavitation leads to the release of a strong bursts of energy

and results in a great rise in temperature (to about 2000–

5000K) and pressure (to about 20–3000 bars) in the immediate

vicinity of the bubbles.3 In industry, cavitation was shown to

be one of the causes of abrasion of engine or machine parts

such as the pistons of car engines or ship propellers. As such, it

was long studied as an undesired and deleterious event, hence

researchers put a significant effort to discover ways to minim-

ize its generation and its effects in industry.
Destructive nature of cavitation was exploited for biomed-

ical purposes. The majority of the papers that were published

in this field concentrated on the biomedical effects of heat and

cavitation produced by ultrasonic waves. The effects of

ultrasound on tissues and cells depend on several parameters

including ultrasound intensity, frequency and focalization.

Short, high-intensity ultrasound pulses produced in a repeti-

tive manner were shown to cause damage in targeted tissues,

and the technique was called ‘‘histotripsy’’. While high-inten-

sity focused ultrasound (HIFU) mainly resulted in thermal

effects, histotripsy-related effects on tissues were mainly attrib-

uted to cavitation. HIFU and histotripsy were successfully

used as tools for the ablation of benign or malignant masses

localized to various tissues including prostate,4–11 breast,12,13

liver,14 kidney,15 pancreas16 and uterus.17,18 Additionally,

ultrasonic cavitation was effective in destroying kidney

stones.19,20

Ultrasound treatment became a pioneering and popular

clinical tool due to the fact that it is a non-invasive and extra-

corporeal treatment methodology. Non-focused ultrasound

methods may result in hyperthermia, i.e. tissue temperatures

ISSN: 1535-3702 Experimental Biology and Medicine 2013; 238: 1242–1250

Copyright � 2013 by the Society for Experimental Biology and Medicine



of 80–100�C, causing coagulation necrosis of the targeted

areas as well as the surrounding tissues. This may lead to vari-

ous degrees of nerve and vessel damage and damage to normal

tissues.21,22 Usage of the HIFU method overcome these limi-

tations and results in highly focused target destruction.

Similarly, the histotripsy method minimizes side effects

through usage of focused intense bursts ultrasound, leading

to precise tissue destruction by cavitation rather than thermal

mechanisms.
Effects of ultrasonic cavitation on benign prostate hyper-

plasia (BPH) were studied extensively.23–25 BPH is a

common health problem caused by overproliferation of

the prostate tissue leading to the narrowing of the urethra

lumen in middle and older aged males. Cases that do not

respond to drug treatment require open or transurethral

surgical resection or laser vaporization. Ultrasound-based

treatments provided promising results for non-invasive

treatments of BPH. HIFU studies were used for the ther-

mal coagulation treatment of the aberrant tissue. On the

other hand, cavitation generated by histotripsy methods

were successfully used to achieve therapeutic level prostate

tissue ablation in canine models of the disease.
Here, we used hydrodynamic bubble cavitation as an alter-

native method of cavitation generation for biomedical pur-

poses. We have previously shown that hydrodynamic

cavitation could kill leukemia cells in suspension culture and

erode calcium oxalate kidney stones.26,27 In this work, we

tested the efficacy of hydrodynamic cavitation in killing pros-

tate cells in culture and its potential to ablate BPH tissues. The

molecular mechanisms of the destructive effects of hydro-

dynamic cavitation were also analyzed in detail. In the light

of our results with cells in culture and surgically excised

human tissue samples, here we demostrate that cavitation pro-

duced by hydrodynamic methods might be used as a promis-

ing experimental tool in the treatment of BPH.

Materials and methods
Experimental set-up for hydrodynamic bubble
cavitation generation

Our experimental set-up was as previously described.26 A

schematic presentation of the experimental set-up is shown

in Figure 1. Briefly, a pressure driven flow through a 0.5 cm

long polyether ether ketone (PEEK) probe with an inner

diameter of 147mm, was used as a flow restrictive orifice

leading to low local pressures and generation of hydro-

dynamic bubble cavitation. Pressure values between 50 and

150 psi were applied to the inlet of the orifice, while the exit

pressure was set to atmospheric pressure. The probes were

cleaned by sonication and all equipments and solutions were

sterilized in 70% ethanol and autoclaved prior to usage.

Phosphate buffered saline (PBS) was used as the physio-

logical solution circulated in the system.

Characterization and measurement of cavitation

During the experiments, it was observed that cavitation

incepted at a pressure of �500 kPa. By increasing the pressure

beyond this point more distinct bubbles were recorded. The

bubble cloud and bubble emergence at the exit of the orifice

was captured by a double frame Phantom V320 high speed

camera along with a light microscobe unit and image process-

ing Phantom software. Based on the captured images by the

high speed camera, the sizes of bubbles targeted to the samples

varied from 60 to 300 mm (Supplementary Figure 1).
Although it is not possible to measure cavitation directly,

cavitation intensity might be expressed through calculation

of the ‘‘cavitation number’’. The cavitation number, �, is a

dimensionless number used for quantifying similar cavitating

conditions and for representing the intensity of cavitation. It

can be quantified by the difference between the local static

pressure head and vapor pressure head divided by the vel-

ocity head. It is defined as:

Figure 1 Schematic representation of the hydrodynamic bubble cavitation set-up. The liquid (1� PBS) flows from the high-pressure container to the downstream

tubing containing a micro filter, a fine control valve tuning flow, pressure gauge and a flow meter documenting both pressure and flow. Emerging bubbles expand at the

end of the micro orifice containing a microprobe, and are targeted to the desired spot on the specimen. A Phantom camera and microscope are connected to a data

acquisition device and are used to document the experiments
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� ¼
p1 � pv

1=2ð Þ�v2th

A reduction in cavitation number will increase the intensity

and the extent of the cavitation. The channel geometry also

affects the formation of cavitation.
Here, the maximum pressure value was imposed by the

maximum available pressure for the present experimental

set-up measured as 9600 kPa and the the flow rate was mea-

sured as 1.9mL/s. Under the conditions of the maximum

applied pressure, the corresponding cavitation number was

deduced as �� 0.014 (Supplementary Figure 1). This value

lies within the range of the existing micro scale cavitation

studies.

Cell line, cell culture

PC-3 and DU-145 human prostate carcinoma cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM;

Biological Industries) supplemented with 10% (v/v) fetal

bovine serum (FBS; PAN, P30-3302), 2mmol/L L-glutamine

and antibiotics (100 mg penicilin/100U streptomycin;

Biological Industries, 03-031-1B) in a 5% CO2-humidified

incubator at 37�C.

Cavitation pressure and exposure time kinetics
experiments

Prostate cells PC-3 and DU-145 were trypsinized, washed and

resuspended in PBS in 75 cm2 flasks at a density of 106 cells/

mL. Hydrodynamic cavitation was applied for durations of 1–

5min, and using inlet pressures between 50 and 150 psi.

Following exposure, the cells were collected, centrifuged at

300� g for 5min, plated in culture medium and incubated

for an additional 24 h as indicated.

Trypan blue exclusion tests

Following the application of cavitation, the cells were centri-

fuged at 300� g for 5min, carefully washed and resuspended

in fresh medium. Cell viability was determined with the trypan

blue (Sigma, #T8154) exclusion assay. Cells treated with

8mmol/L Staurosporine (Sigma, #S5921), 10mmol/L Cisplatin

(Sigma, #P4394) or 50mmol/L Etoposide (Sigma, # E1383)

were used as controls.

DNA ladder analysis

Genomic DNA was isolated as described previously.28 Briefly,

following cavitation application, cells were lysed in the lysis

buffer (1% NP-40, 20mmol/L EDTA and 50mmol/L Tris-

CL, pH: 7.5). After centrifugation (1600� g for 5min at

4�C), 1% sodium dodecyl sulfate (SDS) and 0.5 mg/

mLRNase A were added to the supernatants and incubated

at 56�C for 2 h. Consecutive proteinase K (Promega, # V3021)

treatment (5 mg/mL) was performed at 37�C for 2 h. Then

DNA was precipitated using 0.5 volume 10mol/L ammonium

acetate and 2.5 volume 100% ethanol. Samples were washed

in 70% ethanol and separated in 2% agarose gels.

Antibodies and immunoblotting

Primary anti-cleaved caspase 3 (#9661; 1/1000 dilution), anti-
cleaved caspase 8 (#9496; 1/1000 dilution) and anti-poly ADP
ribose polymerase (anti-PARP; #9542, 1/5000 dilution) anti-
bodies were purchased from Cell Signaling. Anti-LC3
(#L7543; 1/2000 dilution) and anti-b-actin (#A5441, 1/4000
dilution) antibodies were purchased from Sigma-Aldrich.
Anti-p62 (#610832, 1/1000 dilution) antibody was purchased
from BD Transduction Laboratories. Secondary anti-mouse
(#115035003, 1/20.000 dilution) or anti-rabbit (#111035144,
1/20.000 dilution) were purchased from Jackson
Immunoresearch Laboratories.

For immunoblotting, cells were lysed in 50–150 mL of
immunoprecipitation assay buffer (25mmol/LTris,
125mmol/LNaCl, 1% Nonidet P-40, 0.1% SDS, 0.5%
sodium deoxycholate, 0.004% sodium azide, pH 8.0) supple-
mented with complete protease inhibitor cocktail (Roche, 04-
693-131-001) and 1mmol/L phenylmethylsulfonyl fluoride
(Sigma-Aldrich, P7626). Proteins were separated using 10%
or 15% SDS-polyacrylamide gels (SDS-PAGE) and then
transferred onto nitrocellulose membranes (Millipore,
IPVH00010). The membranes were blocked in 5% non-fat
milk in PBST (3.2mmol/LNa2HPO4, 0.5mmol/LKH2PO4,
1.3mmol/LKCl, 135mmol/LNaCl, 0.05% Tween 20, pH
7.4) for 1 h and then incubated with a 3% bovine serum albu-
min containing PBST solution with primary antibodies.
Following washes in PBST, the membranes were incubated
with horseradish peroxidase coupled secondary antibodies
and washed. Bands were displayed by chemiluminesence fol-
lowed by X-ray film exposure (Fujifilm).

Cell cycle analysis

The cells were cultured after cavitation (150 psi, 5min), tryp-
sinized at indicated time points, washed in PBS and fixed in ice
cold 70% ethanol. Then, the ethanol was discarded and the
cells were resuspended in PBS. Following treatment with
100mg/mLRNase A (Sigma, # R6513) for 30min at 37�C,
propidium iodide (PI) (Invitrogen, # P3566) was added at a
final concentration of 40 mg/mL and the cells were incubated
for an additional 30 min. The cell cycle was analyzed using a
FACSCanto flow cytometer (Becton Dickinson) and the Cell
Quest (Becton Dickinson) software.

Cavitation tests and analysis of human benign prostatic
hyperplasia (BPH) tissues

All experiments were approved by the Maltepe, Sabanci and
Yeditepe Universities’ Ethics Committees and patient consent
forms were collected. Human benign prostate tissue samples
were obtained from Maltepe University Hospital. The cavita-
tion tests were performed no later than 2–3 h after the oper-
ation. The tissue samples were drop stained in the Shandon
Tissue Marking dye (Thermo Scientific), and exposed to
bubble cavitation (�9600 kPa) for 15 min. Cavitation exposed
areas were devoid of the dye covering the surface of the tissue.
As a control for the shear effect, PBS was applied with a simi-
lar flow rate but under conditions not leading to the gener-
ation of cavitation bubble. At the end of the experiments,
tissues were fixed in 10% buffered formaldehyde solution.
Prostate tissues were then embedded into paraffin, and 4 mm
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thick tissue sections were obtained from the paraffin blocks.
Following deparaffinization in xylene and rehydration
through a graded ethanol series (3� 5min.), the sections
were stained with hematoxylin and eosin (H&E) dyes accord-
ing to standard protocols. Stained BPH tissue sections were
examined by a pathologist using fluorescence microscopy
(Leica).

Statistical analyses

The Student’s t-test was used for statistical analyses. Values of
P< 0.05 were considered as significant.

Results
Hydrodynamic cavitation application led to a reduction
in prostate cell numbers

To identify the effect of hydrodynamic cavitation on prostate
cells, PC-3 and DU-145 cell lines were exposed to bubble cavi-
tation created using a set of increasing initial pressure values
(50, 100 and 150 psi). Cells were harvested immediately after
exposure or they were cultured for up to 24 h following cavi-
tation. Cell numbers and cell death ratios were determined at
these time points. As shown in Figure 2(a), a significant
decrease in cell numbers was observed following the applica-
tion of cavitation in PC-3 prostate cells. This decrease was
proportional to the pressure applied. Yet, at any time point
checked, the percentage of dying cells did not exceed 10%
(Figure 2(b)). Moreover, cell death ratios did not increase fol-
lowing incubation of cells for up to 24 h. Therefore, cavitation
killed PC-3 prostate cells during the exposure period, and no

delayed effects on cell survival were observed following the
recovery phase of cells in incubation. Similar results were
observed with the DU-145 prostate cell line (Figure 2(c) and
(d)).

Effect of hydrodynamic cavitation exposure time on cell
numbers and cell death

Next, we checked whether the cavitation exposure time
affected cell numbers and cell death. The inlet pressure was
set to 150 psi and the cells were exposed to cavitation for 1, 2, 3
or 5min. Cell numbers and cell death ratios were determined
immediately after cavitation exposure (0 h) or following an
incubation time of 24 h. As shown in Figure 3(a), an exposure
time-dependent decrease in PC-3 cell numbers was observed.
Again, the percentage of dead cells right after cavitation
exposure (0 h) or following 24 h of incubation was not
higher than 12% of total PC-3 cell numbers (Figure 3(b)).
Similar results were obtained with DU-145 cells (Figure 3(c)
and (d)).

All of these results showed that cavitation caused a dra-
matic decrease in the number of prostate cells exposed. The
damage caused by cavitation was immediate, destroying a sig-
nificant proportion of cells and leaving only a small percent-
age of detectable damaged cells.

Exploration of the mechanism responsible for
cavitation-induced cell death

Although we could obtain only a small fraction of the cells
damaged after cavitation experiments, we wondered whether
hydrodynamic cavitation could lead to the activation of

Figure 2 Effect of hydrodynamic cavitation on prostate cancer cell number and survival. Prostate cancer cells PC-3 and DU-145 were exposed for 5 min to

hydrodynamic cavitation produced by 50, 100 and 150 psi inlet pressures. Cells were analyzed immediately after cavitation (0 h) or following 24 h incubation. w/o

cavitation are the controls not exposed to cavitation. PC-3 and DU-145 cell numbers (a and c, n¼ 3) and death (b and c, trypan blue exclusion assay, n¼ 3) were

documented relative to the controls. Data are shown as mean� standard deviation (Student’s t-test, *P<0.05, **P<0.01, ***P<0.001)
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programmed cell death pathways in prostate cells. In fact,

in vitro studies by others showed that ultrasonic cavitation

killed cells through the activation of apoptosis, a classical

form of programmed cell death.29 The morphological char-

acteristics of apoptosis include the rounding and detachment

of cells, chromatin condensation, nuclear fragmentation and

apoptotic body formation. At a molecular level, the activa-

tion of cell death-related hydrolases called caspases is

defined as one of the hallmarks of apoptosis. Caspase acti-

vation results in the cleavage of substrates relevant to cell

survival including PARP and DNA itself.
The cell death results in Figures 2 and 3 were obtained using

the trypan blue exclusion technique. Trypan blue is a vital dye

only penetrating cells when the cell membrane has lost its

integrity. Therefore, we first wanted to confirm our observa-

tions using another technique. We treated PC-3 cells with

Hoechst (coloring all nuclei in blue) and PI (entering only

dying cells and coloring nuclei in red) fluorescent dyes and

analyzed them under a fluorescent microscope (Figure 4(a)).

PC-3 cells treated under control conditions or exposed to

150 psi cavitation were compared. In-line with the trypan

blue data, only a small percentage of PI positive cells were

detected following cavitation exposure. Nuclei of the majority

of cells did not show prominent death-related changes, i.e.

there was no visible chromatin condensation, nuclear fragmen-

tation or apoptotic body formation. Yet, nuclear changes were

observed in a few PI positive cells that could be detected.

Therefore, cells surviving cavitation trauma seemed to have a

healthy morphology.
Apoptotic changes at a molecular level including caspase

activation occur before the morphological changes ensue.

Therefore, we analyzed the activation of caspase-3 and

caspase-8 in PC-3 cells exposed to cavitation produced by 50,

100 or 150 psi inlet pressure. We used cells exposed to estab-
lished apoptosis inducer chemicals, staurosporine or cisplatin
as controls. As shown in Figure 4(b), although active caspase
bands appeared in staurosporine or cisplatin-treated cells, with
increasing pressure, and hence the cavitation forces, did not
result in the appearance of active caspase-3 or caspase-8 bands
in PC-3 cells. Lack of caspase activation was observed in cells
analyzed immediately after cavitation application (0 h) or fol-
lowing 24 h incubation. In-line with these results, there was no
cleavage of caspase-3/-6 substrate PARP following 0 h or 24 h
after cavitation exposure (Figure 4(c)). Similarly, PARP cleav-
age was not observed in DU-145 cells in response to cavitation
(Figure 4(d)). Next, the effect of exposure time was investi-
gated. In PC-3 cells, application of 150 psi of pressure did not
lead to caspase-3 or caspase-8 activation (Figure 4(e)) or to
PARP cleavage (Figure 4(f)) following 1, 2, 3 or 5min exposure
to cavitation. PARP cleavage following cavitation application
was not observed in DU-145 cells either (Figure 4(g)).
Therefore, cavitation did not activate apoptosis-related cas-
pase activation in PC-3 and DU-145 prostate cells.

DNA fragmentation and damage following
hydrodynamic cavitation exposure

During apoptosis, cleavage of caspase-3 target inhibitor of
caspase activated DNase (ICAD) allows the caspase activated
DNase (CAD) enzyme to enter the nucleus and fragment the
DNA at internucleosomal sites, giving rise to a typical ladder
appearance. Therefore, we checked for DNA laddering in cells
exposed to cavitation. In control cells treated with the apop-
tosis activator etoposide, we could observe formation of a
clear DNA ladder in agarose gels (Figure 5(a)). Yet, no lad-
dering could be observed in the DNA of cells exposed to
hydrodynamic cavitation. Interestingly, there was no evidence

Figure 3 Effect of cavitation exposure time on prostate cancer cell number and survival. PC-3 and DU-145 were exposed for 1, 2, 3 or 5 min. to hydrodynamic

cavitation produced by 150 psi inlet pressure. Cells were analyzed immediately after cavitation (0 h) or following 24 h incubation. w/o cavitation are the controls not

exposed to cavitation. PC-3 and DU-145 cell numbers (a and c, n¼4) and death (b and c, trypan blue exclusion assay, n¼3) were documented relative to controls. Data

are shown as mean� standard deviation (Student’s t-test, * P<0.05, ** P<0.01, *** P<0.001)
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of larger DNA fragments either, suggesting that cavitation did

not mechanically break the DNA of intact cells into detectable

pieces.
During apoptosis, DNA fragmentation leads to the appear-

ance of a hypodiploid sub-G1 fraction of cells. Therefore, cell

cycle analyses were performed in PC-3 cells exposed to hydro-

dynamic cavitation. We observed no significant sub-G1 frac-

tion accumulation in exposed cells compared to controls

(Supplementary Figure 2). Furthermore, cavitation-treated

cells did not show any cell cycle change or cell cycle arrest at

the time points analyzed.
A few breaks resulting from cavitation-induced DNA

damage could still be present in the genomes of exposed

cells and cellular mechanisms could be activated to repair

this damage. A widely used technique to detect the abundance
of double strand DNA breaks consists of the analysis of a
phosphorylated form of the Histone 2AX protein (phospho-
H2AX) in cell extracts. H2AX is known to be phosphorylated
on serine 139 by damage sensing kinases and this event serves
to mark DNA damage sites and facilitates access for the repair
machinery. Therefore, we checked the level of H2AX phos-
phorylation in the extracts of cells exposed to hydrodynamic
cavitation. As shown in Figure 5(b), although extracts from
staurosporine-treated control treated cells showed prominent
H2AX phosphorylation in immunoblots, and hence had
double strand DNA breaks, cells exposed to cavitation pos-
sessed no significant amount of phospho-H2AX (Figure 5(b)).

Altogether, the results presented above showed that cavi-
tation did not lead to DNA fragmentation or damage in the
prostate cells exposed.

Autophagy in cavitation exposed prostate cells

Autophagy is a stress response allowing cells to survive growth
factor and nutrient starvation or insults including hypoxia,
drugs and toxins. Autophagy is also a major recycling mech-
anism for long-lived proteins, protein aggregates and
damaged organelles.30 In some scenarios, programmed cell
death was shown to depend on the activation of autophagy
and autophagy proteins.31,32 Therefore, we checked whether
autophagy was activated in cells exposed to cavitation. For the
detection of autophagy, we used two classical autophagy mar-
kers: we analyzed the degradation of the autophagy receptor
p62, and checked the lipidation of the autophagy protein
LC3B in immunoblots.33,34 Autophagy-related lipidation of
LC3 converts free LC3-I (18 kDa) into a faster migrating,
autophagosome-associated LC3-II form (16 kDa). As shown
in Figure 6(a), p62 protein degradation was not observed in
PC-3 cells exposed to cavitation produced by 50, 100 or 150 psi
pressures. Moreover, although control staurosporine-treated
cells activated autophagy, no clear LC3-II shift was observed
in cells exposed to 50 or 100 psi cavitation, whereas 150 psi
cavitation led to a mild LC3-II shift (Figure 6(b)). Similar

Figure 4 Apoptosis markers in cavitation-exposed prostate cells. a, Documentation of dead cells in cavitation exposed populations. Hoechst and PI staining pictures

of control, non-treated PC-3 cells or cells exposed to cavitation (150 psi). b–g, Pressure- (b–d, 50, 100, 150 psi) and time- (e–g, 1, 2, 3, 5 min) dependent analysis of

apoptosis molecular markers in cavitation-exposed cells. Cisp (cisplatin, 10mmol/L) and Stau (staurosporine, 8 mmol/L) were used as positive controls. Analysis of

caspase-8 and caspase-3 (b and e) and PARP cleavage (c, d, f, g) in PC-3 (b, c, e, f) and DU-145 (d and g) prostate cells. Clv-csp, cleaved caspase. Clv-PARP, cleaved

PARP

Figure 5 DNA fragmentation and DNA damage following hydrodynamic cavi-

tation exposure. PC-3 cells were exposed to 150 psi, 5 min cavitation and cul-

tured for 0–24 h. Cont samples are from control unexposed cells. A, DNA

laddering test. The fragmentation on genomic DNA was visualized on 2% agar-

ose gel. Etop, etoposide (50 mmol/L) used as a positive control. B, Immunoblots

showing the level of H2AX phosphorylation (a DNA damage marker) in cells

exposed to hydrodynamic cavitation. Stau, Staurosporine used as a positive

control
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experiments were performed in DU-145 cells, confirming that
cavitation did not prominently activate autophagy (Figure
6(c) and (d)).

Ablation of human BPH tissue specimens through the
application of hydrodynamic cavitation

We have showed that hydrodynamic cavitation application
led to pressure and application time-dependent massive
death of two different prostate cells in culture, namely PC-3
and DU-145 cells. Encouraged by results obtained with pros-
tate cells, we wanted to test in our set-up the destructive effects
of cavitation on surgically removed human BPH tissues (aver-
age size 10mm� 10mm� 5–10mm). Hydrodynamic cavita-
tion with an inlet pressure 1450 psi (approximately 100 bar)
was focally applied for 15min onto freshly obtained BPH
tissue specimens. As control, we used a larger gauge micro
orifice probe allowing similar flow rates but not leading to
cavitating bubble formation. The effects of cavitation on
exposed tissues were assessed by histopathological analysis
of the specimen following H&E staining. As seen in Figure
7, cavitation led to clear and prominent damage to the exposed

BPH tissue specimen compared to non-cavitating controls.
We also see penetrating effect of cavitation into the depth of
tissue. Although the shear forces of the flushed liquid could
contribute to some of the observed effects on tissues, applica-
tion of the liquid with cavitating bubbles led to the formation
of deeper and more focused areas of damage.

Discussion

In this study, we analyzed the effects of cavitation on prostate
cells and tissues. We showed that cavitation led to a decrease
in prostate cell numbers in a pressure- and time-dependent
manner. Yet, the fraction of detectable trypan blue- or PI-
positive dead cells did not reflect the magnitude of the
decrease in cells. Culture of cells for 24 h after cavitation
exposure led to a further decrease in the numbers of dead
cells. Under these conditions, cavitation did not lead to the
activation of apoptosis, shown here by the analysis of nuclear
changes, caspase activation, PARP cleavage, sub-G1 fraction
cells and DNA laddering. Prominent activation of autophagy
by cavitation was not observed either. All of these results
strongly indicated that cavitation damaged cells instantly,

Figure 6 Autophagy in cavitation exposed prostate cells. PC-3 (a and b) or DU-145 (c and d) cells were exposed 5 min to 50, 100 or 150 psi, 5 min cavitation. a and c,

Degradation of the autophagy target p62 protein was analyzed by immunoblotting. b and d, Lipidation and autophagic vesicle recruitment of the MAP1-LC3 (LC3)

protein analyzed by immunoblotting. Conversion of the free LC3-I form into LC3-II correlates with autophagy activation. Cont, control unexposed samples. Stau,

staurosporine- (8mmol/L) treated positive controls

Figure 7 Effect of hydrodynamic cavitation on fresh human BPH tissue specimens. Tissues were exposed for 15 min to hydrodynamic cavitation produced by 1450

psi pressure (b–d) or a PBS jet at same flow rate but without cavitation (a, Cont, control). Histopathological analysis using H&E staining was shown (a, b, 5�; c, 20�; D,

40�magnification). Square in b indicates magnified region shown in c and d. Similar results were obtained in four independent experiments. Scale bar: 400 mm (a and

b); 100 mm (c) and 50 mm (d)
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leading to the pulverization of cells immediately after expos-
ure, leaving no intact damaged cells to be analyzed.
Interestingly, the remaining cells did indeed recover and
showed neither DNA damage nor cell cycle changes or
arrest. Hence, survivors in cell culture were probably those
cells that were undamaged, or cells that were eventually
repaired.

Ultrasonic treatment of cells or tissues was reported to
cause cell death with various mechanisms. While low intensity
ultrasound cavitation caused a transient disruption of mem-
branes cells in tissues,29,35,36 high frequency ultrasound led to
irreversible cellular damage either resulting in instant cell lysis
or in the induction of programmed cell death (mainly apop-
tosis) in vitro.37 Moreover, in vivo application of high fre-
quency ultrasound resulted in tissue damage through
necrosis or apoptosis.23,24 Mitochondria-dependent apoptotic
signaling pathway was shown to be activated by ultrasound in
some studies.38 Autophagy was also activated as a stress
response following ultrasonic treatment of cells and chemical
inhibition of autophagy enhanced cell death.39,40 Under our
experimental conditions, we did not observe robust apoptosis
activation or autophagic responses. The observed discrepancy
might stem from differences in the characteristics of the cavi-
tation produced by different techniques. The amount of gen-
erated cavitation bubbles, their sizes and energy released
following bubble collapse might not be the same in hydro-
dynamic versus ultrasonic cavitation. Moreover, the behavior
of the bubble cloud produced by these two techniques might
also be different. Off note, in our experimental set-up, cavita-
tion probe was directly in contact with cells in suspension
allowing a homogenous and close contact with the cavitation
cloud. Therefore, the dominant effect of hydrodynamic cavi-
tation generated in our set-up seems to be irreversible cell
membrane damage rather than a more delayed and indirect
apoptotic response.

Hydrodynamic cavitation-based methods offer several
advantages. In fact, usage of hydrodynamic cavitation for bio-
technology-related goals including microbial cell (Escherichia
coli and yeast) disruption,41,42 sterilization of waste waters43,44

and fluids45 biodiesel production25 and nano-particle gener-
ation46 was suggested. The technique is cost-effective and it is
also energy-efficient. It creates modulable yet powerful
destructive forces. In addition to its physical effects, the implo-
sion of the bubbles may lead to the local generation of reactive
oxygen species in liquid media, enhancing the destructive
effects of hydrodynamic cavitation in biological contexts.
Moreover, heat-production by hydrodynamic cavitation is
localized; therefore, heat-related side effects in the surround-
ing tissues are not expected in the case of hydrodynamic
cavitation.

We acknowledge that compared to ultrasonic methods,
hydrodynamic cavitation has limitations. The system requires
a flow tube in order to create negative pressure and the treat-
ment can only be performed in tissues where the tip of the
device can be positioned. This limitation is not faced by
other cavitation technologies based on focused ultrasound,
including histotripsy. Therefore, in vivo applications and clin-
ical use of hydrodynamic cavitation might only be possible
through the integration of the cavitation tube system into an
endoscopy device. It is also critical that precise manipulation

of the endoscopic cavitation probe would be achieved in body
cavities such as urethra in the case of BPH treatment, in such a
way to allow application of the cavitation in a user-defined,
localized and targeted manner. To overcome these limitations,

we are currently developing a computer assisted and robotic-
ally manipulated version of an endoscope-integrated hydro-
dynamic cavitation device.

In-line with studies on ultrasonic cavitation of prostate
cells and tissues,6–11 results obtained in this study showed
that hydrodynamic cavitation treatment should be considered

as a promising experimental treatment strategy for the treat-
ment of BPH. Further studies including in vivo animal studies
followed by clinical studies are needed to reveal the full poten-
tial of this technique.
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