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ABSTRACT This study presents a method based on carpet bombardment of immobilized cells with 
cavitating flows. For this, immobilized cancer cell lines are exposed to micro scale cavitating flows from the 
tip of a micro nozzle under the effect of cavitation microbubbles. The deformation as a result of cavitation 
bubbles on exposed cells differs from one cell type to another. Therefore, the difference in cell deformation 
upon cavitation exposure (carpet bombardment) acts as a valuable indicator for cancer diagnosis. The 
developed system is tested on HCT-116 (Human Colorectal Carcinoma), MDA-MB-231 (Breast 
Adenocarcinoma), ONCO-DG-1 (Ovarian Adenocarcinoma) cell lines due to their clinical importance. The 
mechanical effects of cavitation are examined by considering the single-cell lysis effect (the cell membrane 
is ruptured, and the cell is destroyed) with the help of the Scanning Electron Microscopy (SEM) technique. 
Our study proposes a promising label-free method for the potential use in cancer diagnosis with cavitation 
bubble collapse, where microbubbles could be precisely controlled and directed to the desired locations, as 
well as the characterization of the biophysical properties of cancer cells. The proposed approach tool has the 
advantages of label-free approach, simple structure and low cost and is a substantial alternative for the 
existing tools. 

 

INDEX TERMS Cancer Diagnosis, Hydrodynamic Cavitation, Spray Structure, Cavitation Bubble, Cancer 
Cells  

I. INTRODUCTION 
According to the thermodynamic phase diagram, either an 
increase in the temperature or a decrease in the static pressure 
of the liquid leads to liquid-gas phase change [1]. 
Hydrodynamic cavitation originating from the decrease in the 
static pressure results in the nucleation of microbubbles. 
Depending on the system geometry and working principle, it 
generates a high amount of energy upon the collapse of 

emerging bubbles [2]. Due to a wide variety of potential 
cavitation applications, many researchers have conducted 
studies on the cavitation physics to facilitate earlier inception 
[3], [4] and to intensify cavitating flows [5]. The energy 
released from the collapse of cavitation bubbles has been 
effectively employed for various applications such as 
wastewater treatment [6], food manufacturing [7], energy 
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harvesting [8], [9], bacterial inactivation [10], biomedical 
treatment [11], and other industrial applications [12].  
The use of hydrodynamic cavitation in biomedical 
applications is an emerging field in the literature. Cavitation 
implementation in biological systems offers many lanes and 
possibilities in diagnosis and therapy. Cavitation effects on 
tissues and cells [13]–[15] have been well recognized to play 
an instrumental role in biomedical applications such as blood-
brain barrier opening with the use of focused ultrasound [16], 
shock wave lithotripsy [17], histotripsy [18], sonoporation 
[19], laser surgery [20], characterization [21-22], and 
manipulation of single cells techniques  [23]. For example, 
Miller et al. [14] studied physical and chemical mechanisms 
of inertial cavitation, which appeared to be promising in 
causing ultrasonic effects on cells, which were in investigated 
by changing the quantity and environment of the cells. Recent 
research has shown that high focal pressure could 
mechanically erode soft tissues as a result of the nonlinear 
effects created by cavitation. The tissue fragmentation 
method, which has been used in kidney stone treatment, 
involves liquefying the tissue rather than thermally destroying 
it [24]. Therefore, the mentioned cavitation-based techniques 
have been proven as therapeutic methods on various diseases, 
such as the prostate diseases [24], hepatocellular carcinoma 
(HCC) [25] and deep vein thrombosis (DVT) [26]. 
To use hydrodynamic cavitation in various biological 
applications such as cancer therapy and the mechanical effects 
of hydrodynamic cavitation on both cancer cells and healthy 
tissues should be investigated. Thus, by examining the impact 
of hydrodynamic cavitation on a single cell, its local effects on 
cells and tissues could be revealed, which will pave the way to 
all potential therapeutic and diagnostic applications as well as 
drug treatments. 
This study aims to investigate the effects of hydrodynamic 
cavitation on immobilized single cancer cells. This work 
involves a label-free technique, which can disrupt the cancer 
cell cytoplasmic membrane pores and its granular surface 
structure using hydrodynamic cavitation. The cavitation 
phenomenon is also characterized before the experiments on 
cells inside the microchannel with an inner diameter of 256 
µm. The spray structure under the effect of hydrodynamic 
cavitation at different inlet pressures is studied and analyzed 
accordingly. By evaluating the energy released from the 
collapse of the cavitation bubbles within the spray structure, 
we demonstrate that our approach represents a unique 
technique on both cancer and endothelial cells without any 
prior chemical treatment, which might affect the cell 
membrane properties substantially. The ability of cancer cells 
to occupy, starting from the basement membrane, is defined as 
a critical step during metastasis. The basal membrane 
disruption causes changes in cancer cells' cytoskeleton 
architecture and the mechanical flexibility. Hence, it is a 
promising method for the characterization of the biophysical 
properties of cancer cells, which are known to be stiffer than 
their healthy counterparts. The developed system is tested on 

HCT-116 (Human Colorectal Carcinoma), MDA-MB-231 
(Breast Adenocarcinoma), ONCO-DG-1 (Ovarian 
Adenocarcinoma) cell lines due to their clinical importance. 
The mechanical effects of cavitation are examined by 
considering the single-cell lysis effect (the cell membrane is 
ruptured, and the cell is destroyed) with the help of the 
Scanning Electron Microscopy (SEM) technique.  
In the following sections, first, cavitating flows are 
characterized with water as the working fluid, and the results 
are compared with the case of PBS. Thereafter, the results of 
cell experiments on cavitating flow characterization and on 
different cancer cells are presented. This study aims to propose 
an innovative concept for a cancer diagnostic platform to the 
interdisciplinary research community. 
II. MATERIALS AND METHODS  
The spray structure under the effect of hydrodynamic 
cavitation was analyzed at different upstream pressures with 
both water and 1xPBS as the working fluids. For this, the 
hydrodynamic cavitation test rig was assembled and the 
cavitating flow was exposed to the targeted cells according to 
the optimized upstream pressures. 

A. THE EXPERIMENTAL SETUP AND PROCEDURE 
The experimental setup in this study consists of a fluid 
container (Swagelok, Erbusco BS, Italy) connected to a high-
pressure pure nitrogen tank (Linde Gas, Gebze, Kocaeli, 
Turkey), which pushes the working fluid through the stainless-
steel tubing of the experimental setup (See Supplementary 
Information 3, Figure S4). In order to obtain the required 
pressure drop to initiate the hydrodynamic cavitation, a 
polyether ether ketone (PEEK) microtube with an inner 
diameter of 256 μm was used as the constriction element. 
Omega pressure gauge was also used to measure the pressure 
of the working fluid at the inlet of the PEEK tube. A T-type 
filter (Swagelok) capable of particle removal with a nominal 
size of 15 μm was also used to remove the unwanted particles 
in the working fluid. The sample was placed on a transparent 
holder 15 mm away from the tip of the nozzle during the 
experiments. All the equipment in touch with the biological 
samples was sterilized prior to the experiments with 70% 
ethanol. The working fluid (to generate the spray under the 
effect of hydrodynamic cavitation) was the commercial sterile 
PBS. A high-speed camera with proper lightening system was 
used to monitor and analyze the fluid flow patterns for the 
fluidic section of this study. In order to make flow 
characterization in this study, a transparent ruler is installed on 
the experimental setup to facilitate the jet separation distance 
measurement. For this section, the backpressure was increased 
gradually, and the flow patterns were monitored at different 
pressures. Each experiment was repeated for 3 times to check 
for the repeatability.  An SEM sample preparation protocol 
(See Supplementary Information 4) was performed on the 
samples, and further assessment about cell morphology 
(including size and shape before and after the cavitation 
exposure) was provided by the Scanning Electron Microscopy 
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(SEM, Zeiss Leo Supra 35 VP, Germany) technique at an 
acceleration voltage of 2 kV. Figure S6 shows the schematic 
of the experimental setup and procedure in this study. 
PBS was used to preserve the viability of the cells to some 
extent. Another countermeasure taken for this purpose was to 
keep the cells in the culturing medium throughout the 
experiment process except for the short time (3 seconds) of the 
cavitation exposure. Furthermore, the experimental setup was 
sterilized regularly. Cells were cultured (See Supplementary 
Information 5) on a 5 cm2 silicon wafer surface with a density 
of 1×104 cells/cm2. 0.5 mL culture medium was added for each 
square centimeter of culture vessel growth surface area. 

III. Results 

A. SPRAY UNDER THE EFFECT OF CAVITATION 
There are different non-dimensional numbers in the 

literature, which were presented in order to study the stability 
of liquid jet flows. Reynolds number [27], which is the ratio 
between inertial forces and viscous forces, is used to 
characterize the fluid flow: 

 

𝑅𝑒 =
ρuL
µ  (1)   

 
where ρ is the density of the working fluid, u is the average 

velocity, L is the length scale, and µ is the viscosity of the 
working fluid.  

Weber number [27], which stands for the ratio between 
kinetic energy and surface energy, is defined as: 

𝑊𝑒 =
ρru!

γ  (2) 

where r is the radius of the water cylinder from the nozzle 
and γ is the surface tension of the working fluid. Weber 
number displays the tendency of the liquid jet to break-up.  

Ohnesorge number [28] is used to show the effect of 
viscosity on the jet behavior: 
Oh = ν.ρ/hγ (3) 

where ν is the kinematic viscosity of the working fluid.  
Figure 1 demonstrates the relationship between the flow 

velocity and break-up length for different flow regimes.  The 
backflow pressure is increased gradually, and the spray is 
visualized at 70, 345, 690, 1380, and 2070 kPa. The velocity 
is calculated from mass flow rate measurements. The jet 
velocity at different upstream pressures ranged roughly 
between 13 m/s to 120 m/s.  

The separation length from the tip of the nozzle increases 
with the flow velocity. This suggests that due to the high 
velocity, the spray in this study corresponds to the second 
wind-induced regime. The stable spray under the effect of 
cavitation in this study is instrumental in the consistent use for 
the biological samples. On the other hand, the increase in the 
velocity of the working fluid leads to an increase in the 

turbulence intensity, which could be manifested by analyzing 
the Reynolds number at different back pressures. For this 
purpose, the Reynolds number is plotted against Weber 
number in Figure 2. 
  

 

FIGURE 1. Spray flow regime and separation length for water as the 
working fluid 
 

 
FIGURE 2. a) Reynolds number with respect to Weber number at 
different back pressures for water as the working fluid, b and c) the 
inverted view of the spray to emphasize on the presence of the bubbles, 
droplets, and liquid ligaments  
 

According to our observation, the Weber number increases 
with Reynolds number. Consequently, a more turbulent spray 
leads to a more tendency of the jet to break-up. Moreover, the 
ligament generation in the spray can be observed at high 
pressures (such as 2070 kPa). The inverted view of the spray 
is included in Figure 2- b, c. As indicated, the droplet, 
cavitation bubble, and ligaments hit the surface. These 
generated particles from the spray are responsible for the 
observations on cell lines, which will be considered in the next 
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section. The working fluid for the biological section in the 
present study is PBS. Therefore, it is vital to compare the 
results of the fluid regime of PBS with those obtained when 
using water. The thermophysical properties of the working 
fluids are the main difference between the sprays with either 
water or PBS. Table I shows the thermophysical properties of 
both water and PBS [10]. 
 

TABLE I 
 THERMOPHYSICAL PROPERTIES OF DI WATER AND PBS 

 

 DI Water PBS 

Density (ρ) [kg/m3] 998.2 1060 

Surface tension (γ) [mN/m] 72.2 69.5 

Saturated vapor pressure (Pvap) [kPa] 2.33 2.27 

Dynamic viscosity (µ) [Pa.s] 8.9×10-4 9.04×10-4 

Kinematic Viscosity (ν) [m2/s] 8.91×10-7 8.52×10-7 

 
 Ohnesorge number, which presents the effect of kinematic 

viscosity on the jet flow behavior, is 0.00655 for the case of 
water in the present geometry, whereas this value is 0.00658 
for the case of PBS. Accordingly, the kinematic viscosities are 
close to each other for both working fluids so that their 
Ohnesorge numbers are also similar. The obtained kinematic 
viscosity values suggest that a change in the working fluid 
from water to PBS has a minor role in changing the spray 
behavior. However, the only advantage of the use of PBS is 
preserving the viability of the cells.  

In the following section, cavitating flows are targeted to the 
immobilized cancer cell lines on the surface. The 
morphological disruptions caused by the exposure of the 
cavitating flow are investigated using the SEM technique. The 
impact of cavitating flows on disruption of the cells is 
discussed. The mechanical properties of the cancer cell lines 
and the impact pressure due to cavitating flows are compared, 
and the disruption of the cells is linked with the bubble size. 

In the following section, cavitating flows are targeted to the 
immobilized cancer cells lines on the surface. The 
morphological disruptions caused by the exposure of the 
cavitating flow are investigated using the SEM technique. The 
impact of cavitating flows on disruption of the cells is 
discussed. The mechanical properties of the cancer cells lines 
and the impact pressure due to cavitating flows are compared, 
and the disruption of the cells is linked with the bubble size. 

B. MORPHOLOGICAL CHANGE OF IMMPOBULIZED 
CANCER CELLS ON A CHIP  

In general, the morphological changes of the cancer cell 
structure and surface are distinguishable by cell hypertrophy 
phenomenon due to irregular shape and massive nucleus 
because of the acceleration of the cell genomic activity and 

proliferation. The frequent vacuoles and large nucleus occupy 
most of the cell mass and form the compact cytoplasm with a 
noticeable accumulation of ribosomes and polysome, whose 
shape is in a cluster formation [33]. Degranulation and 
defragmentation within the cells occur due to the intervention 
of mitochondria and granular endoplasmic reticulum with 
other organelles, which eventually changes the cell 
morphology enormously. The enhancement of nuclear 
membrane pores leads to the formation of the surface 
granulated structure. The significant amount of the 
intermediate filaments and microfilaments -knot shapes- are 
massively raised to elevate the rate of metastasizing in all the 
directions [34]. Normal cells contain a plasma membrane 
“finger-like” projections, which are generated from bundles of 
actin filaments, known as Filopodia. The cell filopodia play a 
significant role in various cellular processes such as cell 
adhesion, cell-cell communication, and migrations. In cancer 
cells, ‘integrin proteins’ accumulation in the tip of the 
filopodia occur due to over production as a result of high 
metabolism rate and therefore generates higher density 
structures of filopodia and intensifies motility and adhesions 
in cancer cells [26]. Hydrodynamic cavitation targeting tumor 
cell filopodia, which play as cellular pillars, could be a 
promising technique for the physical elimination of the cell’s 
structural integrity.  

Previous studies show that hydrodynamic cavitation killed 
cells through the activation of apoptosis, a classical form of 
programmed cell death [24]. Although we could obtain a 
fraction of the cells damaged after cavitation experiments, we 
wondered whether the morphological damage caused by 
hydrodynamic cavitation in different cancer cells could lead to 
the activation of programmed cell death pathways. The 
morphological characteristics of apoptosis include the 
rounding and detachment of cells, chromatin condensation, 
nuclear fragmentation, and apoptotic body formation. At a 
molecular level, the activation of cell death-related hydrolases 
called caspases is defined as one of the hallmarks of apoptosis 
[29]. 

In this study, we investigated the effect of cavitating flows 
on various cell lines including Human Colorectal Carcinoma 
(HCT-116), Breast Adenocarcinoma (MDA-MB-231), and 
Ovarian Adenocarcinoma (ONCO-DG-1) cell lines. Each cell 
line was initially grown on silica / glass surfaces under 
controlled standard conditions and brought to experimental 
setup right before the test and returned to the relevant medium 
after the exposure to assure that ambient conditions did not 
affect the morphology of the cells. The samples were exposed 
to cavitating flows for a short time of 3 seconds to make sure 
that the cancer cells were preserved on the surface after the 
experiment. To investigate the impact of spray-on cancer cells 
and normal cells, each cell line was exposed to cavitation 
using PBS as the working fluid. PBS was used to preserve the 
viability of the cells. Two samples with the same properties 
were prepared and harvested for each cell line. Thus, the 
conditions of the cells before and after the spray exposure were 
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compared. Hydrodynamic cavitation was applied for durations 
of 3 seconds with the back pressures of 1720 kPa and 3450 
kPa. This pressure threshold was chosen to maintain the 
second wind-induced spray regime according to the flow 
characterization in the previous section. For pressures lower 
than 1720 kPa, the cells were not affected significantly, while 
the cells were completely detached from the silicon surface for 
pressures higher than 3450 kPa. Once the cell-coated surfaces 
were exposed to cavitation, they were washed with PBS and 
subsequently prepared for SEM images. Thus, the effects 
before and after the experiment could be assessed and 
compared for ONCO-DG-1, MDA-MB-231 and HCT-116 
cancer cell lines.  

 
 
 

 

 
FIGURE 3. Morphological deformation modes on the surface of ONCO-
DG-1 (Ovarian Adenocarcinoma) cancer cells exposed to cavitation 
(carpet bombardment) are shown. The effect of cavitation on the cancer 
cell is insignificant at the pressure of 1720 kPa. Bubble deformations 
(craters) are observed on the cell membrane at the pressure of 2070 kPa. 
At 2760 kPa, the membrane is destroyed and cell filopodia is detached. 
At 3450 kPa, cell fragmentations completely disappear.  

 
Figures 4-7 display the SEM images of the cancer cells after 

the exposure of cavitation. As can be observed, the effect of 
cavitation on the cancer cells is insignificant at the pressure of 
1720 kPa (See Supplementary Information 1, Figure S1). 
However, the impact created by cavitation bubbles on the cell 
structure can be clearly observed beyond the pressure of 2070 
kPa. When the effect of cavitation is considered for the 
pressures ranging from 2070 to 3450 kPa, the cells receive 
damage in different levels, while cell filopodia become 
detached from the silicon wafer surface beyond the pressure 
of 3450 kPa. Figure 7 shows the SEM image of cancer cells at 
3540 kPa. It can be clearly observed that when pressure is 

3450 kPa, the cell membrane and filopodia structure break 
down. A morphological demolition occurs on the surfaces of 
ONCO-DG1 cell lines when exposed to the cavitation at 
pressures between 2070 and 2760 kPa. Figures 4A and 4B 
exhibits the trace of cavitation bubble effects on the cell 
surface at 2070 kPa. Nevertheless, when the pressure is raised 
to 2760 kPa, despite of complete demolition of the filopodia 
structure, the cells remain attached to the surface as can be 
seen in Figures 4C and 4D. 

 
 

 
FIGURE 4. Effect of cavitation at different pressure values (2070 and 2760 
kPa) on ovarian cancer cell shown in A and C. The deformation of the cell 
membrane caused by cavitation is shown. Subfigures B and D show that 
the craters formed upon the exposure to cavitation have similar sizes 
compared to the cavitation bubble sizes (4 µm). Deformations occur in 
the cell membrane as can be seen in D.  

 
FIGURE 5. Effect of cavitation at different pressures on a breast cancer 
cell shown in A and C. Fragmentations of the cell are destroyed using 
cavitation as can be seen in A and B. Subfigures C and D show the 
cellular membrane pores are enlarged, and the surface granular structure 
is disrupted. 
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FIGURE 6. Effect of cavitation at different pressures on a Colon cancer 
cell shown in A and C. While cell fragmentations remain on the colon 
cancer cell surface at 2070 kPa, as can be seen from D, at 2760 kPa 
pressure, the fragmentations of the cell disappear, and deformations 
occur in the bubble sizes formed on the surface. The craters formed upon 
the exposure to cavitation has similar sizes compared to the cavitation 
bubble size (4 µm). 

 

 
FIGURE 7. Effect of cavitation at 3450 pressure on cancer cells. 
Subfigures A and B show the effect of cavitation on the ONCO-DG-1 
(Ovarian Adenocarcinoma) cell line. Subfigures C and D show the effect 
of cavitation on the MDA-MB-231 (Breast Adenocarcinoma) cell line. 
Subfigures E and D show the effect of cavitation on the HCT-116 (Human 
Colorectal Carcinoma) cell line. As can be seen, at 3450 kPa, the 
fragmentations of the cancer cells disappear completely. It can be clearly 
observed that the cell membrane breaks down. 

 
As can be seen in Figures 4-7, the diameter of the craters on 

the cancer cells in SEM images is approximately 4 µm. Our 

previous studies [4] show that the size of the collapsing 
bubbles in cavitating flows in a microfluidic device with 
similar channel dimensions was around 3.5 µm (See 
Supplementary Information S2). As a result, it can be 
concluded that the collapse of cavitating bubbles plays a 
significant role in the disruption of immobilized cancer cells. 

IV. Discussion 
Five modes of flow regime in the liquid jet was introduced 

by Zhan et al. [1] namely, dripping mode, Rayleigh regime, 
first wind-induced regime, second wind-induced regime, and 
atomization. The break-up length varies with an increase in 
fluid velocity in different regimes. In dripping mode, the jet 
velocity is significantly low, while the jet is very unstable in 
atomization mode. These modes are not of interest of the 
present study. In the Rayleigh regime and second wind-
induced regimes, the break-up length increases with the 
velocity, while the first wind-induced regime shows the 
opposite behavior, since this regime is considered as the 
transition flow regime in the literature. It is worth noting that 
in the Dripping regime, the size of the generated droplets is 
large, and they have a low kinetic energy as they are generated 
by the gravity. In addition, in the first wind induced regime, 
although the droplets are at the same order of magnitude as the 
nozzle diameter, they are relatively larger. The size of the 
cancer cells in the next section are significantly lower than the 
nozzle diameter (256 µm). In the atomization regime, the 
kinetic energy of the droplets is too high to be used for the 
biological purpose of this study. In other words, they can wash 
the immobilized cancer cells on the surface in the biological 
study. As a result, second wind induced breakup regime is 
preferred in this study. The results obtained during the 
experiments and in the SEM images show that the 
hydrodynamic cavitation exposure on the cancer cell disrupts 
the morphology of the cancer cells in the pressure range 
between 2070 kPa and 2760 kPa. The hydrodynamic 
cavitation causes absolute demolishment of the cell structure 
by rupturing cells and consequently vacuoles membranes and 
leads to the explosion of its contents. The SEM images exhibit 
single cancer cells affected by cavitation as well as ‘erupted 
volcano, which is formed upon the explosion erosion of 
cytoplasmic and extensive vacuole contents and impaired 
nucleic membrane. Thus, the deformation of the single-cell 
can be achieved with hydrodynamic cavitation.  

The impact pressure of the cavitating bubble collapse could 
be compared with the mechanical properties of the cancer cells 
to elaborate more on the effect of bubble collapse on the 
deformation of the cancer cells. The impact pressure of the 
cavitating flow could be approximated as [30]: 

 
𝑃"#$ =

𝜌%𝑐%𝑣&'(
1 + (𝜌%𝑐% 𝜌)𝑐)⁄ ) (4) 

where l index stands for PBS and c stands for cells. Having 
the sound velocity (c) in both the cells and PBS, the impact 
pressure of cavitating flow on the cancer cells could be 
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estimated. Vjet in this equation is the velocity of the fluid jet 
from the nozzle. The sound velocity and density of breast 
cancer cells are reported as 987 kg/m3 and 1580 m/s, 
respectively [31]. On the other hand, the density and sound 
velocity in PBS are reported as 1060 kg/m3 and 1505 m/s, 
respectively [32]. As a result, the impact pressure of cavitating 
flow with PBS could be calculated as 954 GPa whereas the 
Young’s modulus of different cancer cells is several orders of 
magnitude less than the impact pressure. The reported 
Young’s modulus of the cancer cells ranges from 0.1 kPa to a 
maximum of 7.41 kPa [33-34]. This comparison could 
strongly prove that the amount of energy released as a result 
of the cavitating bubble collapse results in the disruption of 
cancer cells. 

In the light of the experimental results, the deformation on 
the cancer cell could be compared to each other. In our study, 
cancer cells (as single-cell) were exposed to cavitating flows 
at pressures of 1720, 2070, 2760 and 3450 kPa pressure. 
Figures 4 -7 display the SEM images of ONCO DG-1, MDA-
MB-231, and HCT-116 cells after cavitation experiments. 
While all cancer cells were tested under the same experimental 
conditions and pressure range, it could be well observed that 
the ONCO-DG-1 cell deformed more than the HCT-116 cell, 
while the deformation in the MDA-MB-231 cell was more 
compared to the others. 

 
TABLE II 

DEFORMATIONS CORRESPONDING TO DIFFERENT PRESSURES (INCLUDING 
THE MODES OF INSIGNIFICANT DAMAGE, CRATERS DUE TO BUBBLES, 

MEMBRANE DAMAGE, CELL DISINTEGRATION) FOR EACH CELL TYPE.  FROM 
THIS TABLE, IT IS EVIDENT THAT THE VARIOUS MODES ARE DEPENDING ON 

THE CANCER CELL TYPE. 

 
 
Table II summarizes the deformation modes for each cell 

line. As can be seen from Table II, the effect of cavitation on 
the cancer cells is insignificant at the pressure of 1720 kPa. 
The cells are still attached to the silicon wafer surface at the 
pressure of 1720 kPa. At 2070 kPa pressure, deformations 
(craters) occur due to cavitation on the ONCO-DG-1 cell, 
while membrane fracture can be observed for the MDA-MB-

231 cell. Small scale superficial damage occurs for the HCT-
116 cell at this pressure. At the pressure of 2760 kPa, cracks 
and craters of bubble size are visible for the ONCO-DG-1 cell.  
The membrane is almost completely disrupted for the MDA-
MB-231 cell. line Craters formed upon the exposure to 
cavitation have similar sizes compared to the cavitation bubble 
sizes (4 µm) on the HCT-116 cell at the pressure of 2760 kPa. 
All the cell lines manifested some degree of cellular disruption 
and deformation for pressure beyond 1720 kPa.  According to 
our SEM images, the cell disruption on ONCO-DG-1 cell lines 
at the pressures of 2070 and 2760 kPa is much more cavernous 
compared to the cell line HCT-116 exposed to the same 
pressure. Fragmentations disappear and cell membrane 
rupture is evident at the pressure of 3540 kPa for all the cell 
lines. Thus, based on the differences in local deformation of 
single cells or small samples/tissues upon carpet 
bombardment with hydrodynamic cavitation, the presented 
platform could serve as an effective diagnostic tool. 

V. Conclusion 
This study presents the effect of hydrodynamic cavitation on 
immobilized single cancer cells. The spray structure was 
captured using a high-speed camera. The cavitating flow 
images were processed using an image processing software at 
different distances from the tip of the nozzle. The Reynolds, 
Weber, and Ohnesorge numbers were observed at different 
back pressures, and the flow structures were compared to 
assess the flow regimes. The flow regime in all the 
experiments corresponded to the second wind-induced 
regime.  In the biological part of this study, various cancer cell 
lines were cultured on a silicon wafer, and they were exposed 
to cavitation at different pressures. The physical changes in 
cell morphology as a result of the bombardment with 
hydrodynamic cavitation bubbles were assessed. As expected, 
the cavitation bubble collapse demolishes exposed cancer 
cells. The size of craters on the cell surface formed upon 
cavitation exposure was close to the size of the cavitation 
bubble.  Based on the promising findings, our study proposes 
a promising method in cancer treatment with cavitating bubble 
collapse, where microbubbles could be precisely controlled 
and directed to the desired locations for both in-vitro and in-
vivo applications, as well as the characterization of the 
biophysical properties of cancer cells. The local differences in 
deformation of exposed cells/small samples upon 
hydrodynamic cavitation exposure could be a valuable 
diagnostic tool for cancer diagnosis. 
 This method does not involve any expensive biomaterials 
(such as biomarkers, antibodies) as well as 
modification/functionalization of the surfaces for any 
detection. No electronic circuit or equipment (such as 
deposition of resistance) is needed in the platform.  In addition, 
it does not require any agent (such as quantum dots) for 
visualization.  The process lasts for short time (only few 
seconds) compared to the other methods.  The exposed cells 
or tissues could be examined upon exposure to cavitating 
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flows, and based on the differences in modes of generated 
damage/deformation on the cell or tissues, diagnosis could be 
accomplished. As a result, the proposed approach has the 
advantages of label-free approach, simple structure and low 
cost and is a substantial alternative for the existing tools. The 
proposed method relies on the samples (such as isolated cells 
or tumor tissues) to be collected from the patients.  Thus, the 
collection of samples is one of the limitations.  The other 
limitation is the development of a method for attaching the 
sample to the surface of the platform.  This method will vary 
from sample (cell) to sample (tissue).  Since the platform is 
compact, a small sample size will be sufficient for the 
platform.  In addition, once a suitable recipe is developed just 
as in this study, it can be repeated for mass production of the 
platforms. 
The overall contribution of the present article to the body of 
knowledge can be summarized as: 
• Introduction of a simple, innovative and promising 
technique for the potential use in cancer diagnosis  
• Introduction of a label-free and low-cost method  
• Applicability to tissue samples 
In spite of the mentioned advantages of the proposed 
approach, the system is constrained with the upstream 
pressure. In other words, when the cells are weakly attached 
to the surface, a high upstream pressure would lead to their 
separation from the platform. However, there are effective 
methods to attach the cells on the surface more strongly, which 
will be exploited as future work.  
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