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1. INTRODUCTION, BACKGROUND OF THE RESEARCH WORK

Research work aimed at exploring the cell biology and physical
interactions of active ultrasound with the material placed in the ultrasound field
was started because we wished to interfere in the life activity, e.g., in the survival
dynamics of the cell biology systems, and in the physical systems in such a way
that no contamination of material type (chemical or biological contamination) can
take place. No comprehensive summary of this topic based on system approach
was found either in the Hungarian or in the international literature, only research

results of specific sections of this area were found.

2. GOALS OF THE RESEARCH WORK

Our main goal was to study the cell biology effects of the mechanic
ultrasound waves, the assumed selective cell biology effects of ultrasound, and the
most important factors initiating or affecting these effects. Other goals were to
achieve the purposeful control of the cell biological effects through the physical
parameters, in order to manipulate the life activity of the cells and to study the
changes in the parameters of ultrasound that occur in the sound field. The term
»selection” means changing the vitality of one or more selected types of cell.
During this vitality change the number of the living cells of the selected cell type
changes to the required extent as a result of the treatment. Showing the selective
effect of ultrasound and exploring the factors affecting this effect can open up new
prospects to affect cell numbers in the food processing industry and in the human
therapy either as a separate process or combined with other treatments. The
possible options for achieving selectivity are separation, deactivation or
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stimulation of reproduction. During our work we studied the cell deactivation and
reproduction stimulation effects initiated by the ultrasound treatment and besides
we investigated the most important physical factors affecting the survival

dynamics.

3. MATERIALS AND METHODS

During the experimental work we applied different model materials. The
most important ones were a yeast strain, Saccharomyces cerevisiae, finely ground
dolomite particle size of which was identical with the cell size of the yeast, and a
conditional ~ pathogen  bacterium  strain,  Pseudomonas  aeruginosa
HNCMBI170001. The experiments were carried out in a frequency range around
1.IMHz and in the ultrasound output range of 0-12W/cm®, under identical
treatment conditions. Our research covered altogether eight different aspects of
the task; several series of experiments were carried out for each area. Three
different ultrasound systems were designed and built for the experiments equipped
with analogous and digital cell analytic methods and liquid flow systems. For
detecting the acoustic phenomena, namely acoustic streaming, standing wave and
cavitation, analogous and visual systems and methods were developed. Heat effect
of ultrasound was studied separately with infra thermometers and thermocouples.
Before the experiments we assumed that one of the effects of ultrasound that may
initiate biological effects is the generated heat. Microbiological formulas and
equations were applied and reformulated, and physical calculation methods were
applied for evaluating the experimental results and for determining the hardly
measurable parameters. We worked out a method for determining the cavitation
threshold concentration and the time period needed for the formation of the
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cavitation for several model materials at different ultrasound output levels. In the
experiments carried out at an ultrasound output of 9W/cm?, we studied the
dynamics of the acoustic phenomena formed in the ultrasound field and the effects
of these acoustic phenomena on the survival dynamics of the yeast at multiple
levels of the cavitation threshold concentrations. Finally, we compared the results
obtained under identical conditions for the yeast and the bacterium and draw

conclusions for the possible selectivity criteria in relation to the experiments.

4. RESULTS

4.1. FINAL RESULTS OF THE RESEARCH

In the ultrasound systems of flowing liquid type, at ultrasound radiation
output levels of 7.5, 9.6, 10.5, and 12W/cm” the outputs that were actually entered
in the treatment cuvette were 7.37, 9.43, 10.32 and 11.79W/cm2, respectively.
When 50 ml Saccharomyces cerevisiae suspension was applied in a concentration
of 2-3*10"/ml at a temperature of 20°C, the obtained ,,D” values were 209.36,
108.42, 59.34 and 53.65. The ,,.D” values were reciprocally proportional to the
applied output level. In flowing liquid type systems, the output change that was
needed to change the ,,.D” decimation interval by one order of magnitude was
11.89 W/em®.

When the initial cell concentration was 0,4-2*107/ml and the volume of the
solution was 50 ml, the ultrasound initiated cell destruction carried out at variable
temperature and at ultrasound output levels of 2.07 W/em® and 2.7 W/em’ resulted
in ,,D” values of 100.1, 158.1, 133.7 91 minutes, and 34.9, 30.64, 35.33, 52.2

minutes, respectively.



Due to the self-absorption of the thermocouple, the experiments aimed at
studying the effects of ultrasound were carried out by using an infra thermometer.
If cells were present in the ultrasound field, the cavitation activity and heat
generation decreased but cell destruction was observed at the applied
concentration levels.

When studying the acoustic phenomena, we observed a series of
interconnected physical phenomena that consisted of the following elements: still
liquid, fountain phenomenon, cavitation, acoustic streaming consisting of bubbles
and particles, acoustic streaming that sweeps along particles, standing wave, and
acoustic streaming consisting of bubbles and particles.

In the applied ultrasound output range of 3-12W/cm2, the cavitation
threshold concentration is increasing consistently. Cavitation threshold
concentration ranges for lyophilized yeast, pressed yeast and finely ground
dolomite are 2-4.2 g/l, 9.12-12.08 g/1, 0.88-5.12 g/1, respectively. The time periods
required for the formation of the cavitation for ground dolomite having an average
particle size of 12um and for lyophilized yeast were 750 seconds and 45 seconds,
respectively.

At an ultrasound output of 9W/cm2, under the conditions of acoustic
streaming, standing waves and cavitation, the decimation periods were 160 — 130
seconds, 1500 — 800 seconds and 39 — 150 seconds, respectively. In the ranges of
the acoustic streaming and standing waves, the decimation periods were
reciprocally proportional to the initial cell concentration of 1.72%107-5.37* 107/ml,
while in the cavitation range this period was directly proportional to the initial cell

concentration.



,D” values for Pseudomonas aeruginosa at ultrasound outputs 9W/cm’
and 6W/cm” were in the ranges of 10056-1205 seconds and 2656-1968 seconds,
respectively and the length of this period was reciprocally proportional to the
initial cell concentration. In these experiments the applied ultrasound frequency
was 1117 kHz and the initial number of germs was in the range of 5.5%10'-

1.24%10".
4.2. NEW SCIENTIFIC FINDINGS

4.2.1. T established that in isotherm ultrasound systems of flowing liquid
type and in variable temperature ultrasound systems of loading — unloading type
the ,,D” values of Saccharomyces cerevisiae are reciprocally proportional to the
applied ultrasound output, and in the variable temperature ultrasound systems
these “D” values are directly and reciprocally proportional to the initial cell
concentrations at ultrasound outputs in the lower and higher output ranges,
respectively.

4.2.2. 1 established that the ultrasound-generated cavitation is responsible for
the increased heat generation in water but the biological effects of ultrasound are
caused by other factors as well besides heat.

4.2.3. 1T established that the cavitation threshold concentration changes
linearly in the output range of 3-12W/cm® for each model material and in the
knowledge of the threshold concentration and of the time period needed for the
formation of the cavitation, the quality of the material could be determined.

4.2.4. 1 established that the length of the time period needed for the

formation of the cavitation changes linearly with the applied particle



concentration but it does not change with the output if the cavitation threshold
concentration is changed in the same increments.

4.2.5. 1 established that at an ultrasound output of 9W/cm2, under the
conditions of acoustic streaming and standing waves, the “D” values of
Saccharomyces cerevisiae were reciprocally proportional to the initial cell
concentration, while in the cavitation range they are directly proportional to this
cell concentration in the concentration range of 1.72#107-5.37*10"/ml.

4.2.6. 1 proved that under the same conditions the survival dynamics of the
Saccharomyces cerevisiae can be monitored more quickly and in a simpler way
by the applied analogous cell analytic system than by the manual method.

4.2.7. 1 established that the ,,D” values for Pseudomonas aeruginosa at
ultrasound outputs of 9W/cm’ and 6W/cm® and in an initial cell concentration
range of 5.5%10'-1.24*10" were reciprocally proportional to the initial cell
concentration.

4.2.8. It can be established that the contrasting survival dynamics showed
the bacterium and the yeast under cavitation conditions can prove the opportunity
for selective ultrasound treatments that are specific to different species.

4.2.9. New equipment and new tools are the liquid flow type ultrasound
system, the variable temperature ultrasound system, the ultrasound generation and
detection systems developed for studying the heat effect of ultrasound, analogous
cavitation detection and the analogous and digital cell analytic systems.

4.2.10. New scientific methods are the sono-thermograms and the
differential sono-thermograms, the basic and auxiliary methods for determining
the cavitation threshold concentration, the methods for determining the moment
when the cavitation occurs, the methods used for the simultaneous study of the

acoustic phenomena and the biological effects, cell and the analytic methods for
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the investigation of the survival dynamics of Saccharomyces cerevisiae in the

ultrasound field.

S. CONCLUSIONS, RECOMMNENDATIONS
5.1. ULTRASOUND TESTS IN LIQUID FLOW AND VARIABLE TEMPERATURE

SYSTEMS

In the studied ultrasound systems of flowing liquid type, at ultrasound
radiation output levels of 7.5, 9.6, 10.5, and 12W/ecm” while the outputs that were
actually entered in the treatment flow-through cuvette were 7.37, 9.43, 10.32 and
11.79W/cm?, respectively. This decrease in the ultrasound intensity was caused by
reflection. We suggest that during any type of ultrasound treatment, the main
physical parameters are worth stabilizing at steady levels or, if this is not possible,
the ultrasound field modifying effects of the most important physical parameters
shall be known and shall be taken into consideration when interpreting the results
of the experiments.

Both in isotherm ultrasound systems of flowing liquid type and in variable
temperature ultrasound systems of loading — unloading type, the ,,D” values of
Saccharomyces cerevisiae are reciprocally proportional to the applied ultrasound
output, which is caused by the higher biophysical fracturing effect of the higher

intensity ultrasound.
5.2. HEAT EFFECT OF ULTRASOUND
Compared to the clear suspending media, the intensity of both the acoustic

cavitation and the temperatures were lower. It can be seen from the results that the
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ultrasound-generated cavitation is responsible for the heat generation in liquids.
Temperature that seems to be independent of the changes of the acoustic
phenomena can be observed only in the final phases of the experiments; however,
in this zone there was no measurable difference between temperature difference
values in the suspension samples of different concentrations and the clear
suspending agent either. We suggest that the dynamics of the acoustic phenomena
shall be studied for every acoustic system to be treated that is for every material to
be examined, because this is essential for all work that is related to active and

passive ultrasound.

5.3. INVESTIGATION OF THE ACOUSTIC PHENOMENA

At the applied ultrasound output range of 3-12 W/em® the cavitation
threshold concentrations for the lyophilized yeast and for pressed yeast were 2-
4.2¢g/1, and 9.12-12.08¢g/1, respectively. When recalculating the results obtained for
the two different forms of yeast to the dry matter content on a wet material basis,
very similar cavitation threshold concentrations are obtained for each output
levels. From this fact we draw the conclusion that the cavitation threshold
concentrations is basically depends on the dry matter content of the individual
materials.

The moments when cavitation is formed in the cases of ground dolomite
and lyophilized yeast are about 750 seconds and 45 seconds, respectively. The
difference may be caused by the different inertia of the particles having different
density and movement. As a consequence, it can be stated that the materials can
be characterized qualitatively and quantitatively in a repeatable manner with their

respective cavitation threshold concentrations and with the exact points in time
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when the cavitation occurs. We suggest that the conditions and physical criteria of
the presence of the different acoustic phenomenon in the ultrasonic field shall be
taken into consideration and we also suggest using the above methods as particle
analytic methods or quick methods for determining the dry matter content of the

different materials.

5.4. EVALUATION OF THE SURVIVAL DYNAMICS OF THE YEAST SACCHAROMYCES

CEREVISIAE BY CONSIDERING THE ACOUSTIC PHENOMENA

In case of suspensions with higher initial concentrations of Saccharomyces
cerevisiae, formation of the standing wave after the acoustic streaming and the
cavitation after the standing wave occurs later as a result of the lower acoustic
pressure due to the higher absorption and reflection of ultrasound by the particles.
In the ranges of acoustic streaming and standing wave, and in the cavitation range,
the decimation periods are reciprocally proportional and directly proportional to
the initial cell concentration, respectively. There is an interaction between the
suspension concentration in the ultrasound field and the formation of the acoustic
phenomena and consequently, between the survival dynamics of the cells in the
suspension and the suspension concentration. We suggest that the acoustic
phenomena that determine the survival dynamics shall be influenced through the
physical parameters of the ultrasound field. By this way the acoustic phenomena
determining the survival dynamics can be influenced through the physical
parameters of the ultrasound field. In this way the survival dynamics can be

controlled by the cell concentration itself through a feedback loop.
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5.5. APPLICATION OF THE CELL ANALYTICS METHODS

By using the applied analogous cell analytic method, the survival
dynamics of the Saccharomyces cerevisiae could be monitored more quickly and
in a simpler way than by applying the manual vital dyeing method. We
recommend the use of the applied analogous cell analytic method in determining
the ultrasound resistance of the cells. By using this method indirect information
can be obtained on the distribution of a cell population, on the species
composition of a system and, in the area of environmental analytics, on the

toxicity or mutagen effects of a given system.
5.6. ULTRASOUND TREATMENT OF PSEUDOMONAS AERUGINOSA BACTERIUM

,D” values of the Pseudomonas aeruginosa bacterium were reciprocally
proportional to the initial cell concentrations at both 6 and 9W/cm® ultrasound
output. Consequently, in the applied concentration range the system could not
achieve its peak capacity that is the cavitation threshold concentration, as at higher
concentrations the collapse of a cavitation bubble may destroy more than one cells
in the vicinity of the bubble. Lower intensity ultrasound, if applied for a short
period of time, stimulated the reproduction of the bacteria. We recommend
operating the system near the cavitation threshold concentration, but below this
concentration level if the goal is to destroy the examined bacteria or all the
microorganisms. In this case the operation is done below the safe upper limiting
value of an acoustic phenomenon at the stable peak capacity. The cavitation
threshold concentration can be determined by an experiment. For stimulating the

reproduction, low intensity ultrasound shall be applied for short time intervals.
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5.7. CRITERIA FOR THE SELECTIVE ULTRASOUND EFFECT

In case of the Saccharomyces cerevisiae in the cavitation range the
decimation interval is directly proportional to the initial suspension concentration,
while in case of the Pseudomonas aeruginosa bacterium these two parameters
reciprocally proportional to each other. If the initial number of germs is
9.22%10"/ml, for both of the microorganisms, then theoretically the decimation
interval for each of them is the same, 737 seconds, and when subjected to
ultrasound treatment, they are destroyed at the same rate. If the initial cell
concentration is lower than the aforementioned concentration, the yeast can be
eliminated from the suspension containing both of them. In the reverse case the
bacteria can be exterminated while the yeast remains. Selectivity of the output is
practically unidirectional as the ,,D” value of the yeast is approximately one tenth
of the ,,D” value of the bacterium. This means that the reverse case can only exist
if the concentration of the yeast is higher by at least ten orders of magnitude that
the concentration of the other organism. If the subject bacteria shall be
exterminated while the yeast shall be retained in a case where its initial number of
germs , or its ,,.D” value is lower, the reproduction stimulation effect at an
ultrasound output of 6W/cm? shall be applied (if needed, in more than one phases)
for multiplication of the bacteria so that its ,,D” value shall be lower than the
yeast and in such a way it can be eliminated from the yeast containing solution.
Consequently, ultrasound is suitable for the selective control of the number of
cells, so we recommend its use for selective cell biology treatments even in case

of other species.
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