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Abstract:

The initial goal of this project was to study changes in the growth rate of a capsule-forming bacteria
(Pseudomonas aeruginosa) with exposure of a culture to low intensity ultrasonic waves. Preliminary
experiments had earlier indicated that the possibility existed for increasing the growth rate by
"scraping" the capsule layer from the cell. This might reduce the resistance to mass transport, resulting
in a higher growth rate. Because the bacterial cell also uses this capsule layer to attach to surfaces,
attachment ability was also studied.

Growth rates of cultures were measured by viable cell counts. Cell concentration measurements of
sonicated samples were compared to concentration measurements of control cultures exposed to
identical environmental conditions with the single exception of the absence of ultrasonic exposure.
Although some experimental runs indicated a beneficial effect of ultrasound on the growth rate of the
culture, the majority of the data showed that sonication was actually decreasing the growth rate. In
addition, these "positive" experimental runs could not be duplicated, even under identical conditions.
Varying such parameters as temperature, exposure intensity, exposure duration, or nutrient
concentration also did not produce evidence of growth rate enhancement.

Surface attachment of cells after exposure to ultrasound was studied using a specialized flow system.
Cell attachment from sonicated cultures was compared to controls at identical environmental
conditions. The flow system used in this series of experiments was still in the development phase, so
precise quantitative results were not attainable. However, even after taking experimental error into
account, results do indicate a marked decrease in attachment after exposure to ultrasound. Additional
experimentation was conducted which indicated that this decrease in ability to attach might be passed
on to daughter cells, even without additional exposure.

Although precise determination could not be made as to whether or not ultrasonics could be used to
decrease the capsule layer of bacteria, some key conclusions can be drawn. First, bacteria can grow and
reproduce in a low intensity ultrasonic field, although at a slightly retarded rate. Second, ultrasonic
exposure seems to diminish the ability of cells to attach to surfaces, a characteristic which might be
passed on to daughter cells.
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ABSTRACT

The 'initial goal of this project was to study changes in
the growth rate of a capsule-forming bacteria (Pseudomonas
aeruginosa) with exposure of a culture to 1low intensity
ultrasonic waves. Preliminary experiments had earlier
indicated that the possibility existed for increasing the
growth rate by "scraping" the capsule layer from the cell.
This might reduce the resistance to mass transport;
resulting in a higher growth rate. Because the bacterial
cell also uses this capsule layer to attach to surfaces,
attachment ability was also studied.

Growth rates of cultures were measured by viable cell
.counts. Cell concentration measurements of sonicated
samples were compared to concentration measurements of
control cultures exposed to identical environmental
conditions with the single exception of the absence of
ultrasonic exposure. Although some experimental runs
indicated a beneficial effect of ultrasound on the growth
rate of the culture, the majority of the data showed that
sonication was actually decreasing the growth rate. In
addition, these "positive" experimental runs could not be
duplicated, even under identical conditions. Varying such
parameters as temperature, exposure intensity, exposure
duration, or nutrient concentration also did not produce
evidence of growth rate enhancement.

Surface attachment of cells after exposure to ultrasound
was studied wusing a specialized flow system. Cell
attachment from sonicated cultures was compared to controls
at identical environmental conditions. The flow system used
in this series of experiments was still in the development
phase, so precise quantitative results were not attainable.
However, even after taking experimental error into account,
results do indicate a marked decrease in attachment after
exposure to ultrasound. Additional experimentation was
conducted which indicated that this decrease in ability to
attach might be passed on to daughter cells, even without
additional exposure. .

Although precise determination could not be made as to
whether or not ultrasonics could be used to decrease the
capsule layer of bacteria, some key conclusions can be
drawn. FPirst, bacteria can grow and reproduce in a low
intensity ultrasonic field, although at a slightly retarded
rate. Second, ultrasonic exposure seems to diminish the
ability of cells to attach to surfaces, a characteristic
which might be passed on to daughter cells.




INTRODUCTION AND BACKGROUND

The first American Institute of ‘Chemical Engineersl
symposium on ultrasonics was held in Bosfon, Massachusetts
in May of 1950 and was soon followed by another in Coluhbﬁs,
Ohio in December of that same year (1). The - Boston
symposium waé "developéd with three sﬁecific objectives in
mind: 1) to point up the potentialities of sonic and
ultrasonic ehergy,.Z)kto emphasize known limitations, and 3)
to stimulate investigations and reports of further work in
this field." ' TopiCSIdiscussed in this symposium included
application to aerosol collection problems, colloidal
effects of ultrasonics, and testing and gaging of materials.
The Columbus symposium included topics such as biological
effects, power reqﬁirements and applications to industrial
prpcessing.

As interest in ultrasonics grew, so did the range of
épplications. By 1971, the term "sonochemical engineering"
had been coined to describe the "application of sonic and
ultrasonic waves to chemical transport and proceésing
operationsﬁ (2). In that year, H. Scott Fogler edited a
symposium by the American Institute of Chemical Engineers to
repor£ ‘on some of - the "unusual phenomena" that had been

discovered to be associated with ultrasonic waves. For the

-
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most part, topics in this symposium dealt with mixing,
drying, viscosity control, and increases in catalytic.
reaction rates, all common processes in industrial chemical
engineering. The general consensus of this sympésium was
that ultrasonic energy can . greatly affect, often
beneficially, typical processes within the field of chemical
engineering.

Ultrasonié waves are sound waves abové the éudible
frequency range. The accepted "breaking pqint" between
sonic and ultrasonic waves can range anywhere‘ from 'a
frequency of 16 kHz to'a frequency of 20 kHz (1, 2), but
since. there are no fundamental differences between
ultrasonic and sbnic energies,’ the "dividing 1line" is
 immaterial. |

Sound waves are longitudinal waves, and thus yibrétion
of a particle in the medium is in the direction of wave
propagation. The word 'particle' -can refer to an actual
particle suspended in the medium (most often a liquid), or a
fluid par£icle._'The accepted definitibn of a fluid particle
is a volume of fluid in which the preésure,Atemperature;
density, and velocity are considered equal for each
molecule. |

As sound waves propagate through a medium, they create
zones of low pressure and temperature and -zones of high
pressure and temperature;"When passed through liquids or

gases, sound waves have produced some interesting effects,
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including cavitation, acoustic streaming and inteffacial
instabilities. | |

Cavitation is the most studied of these effects, perhaps
because it is the most easily observed. Cavitation is the
formation, grow;h, and:collapse'of tiny bubbles in liquids.
When cavitation occurs, the rarefaétion portion of the
ultrasonic wave is lower in pressure than the vapor pressure
of the liquid, causing tiny bubbles to be formed. Howevéf,
when the high ppessutg;zogg%pgggggates thfough the medium,
many of ‘these bubbles wi;i collapse,‘ generally quite
violently.

" Three typgs of bubbles have been. observed, stabie
resonant, unstable resonant, and collapsing (3). Resonant
bubbles are seen to expand and contract with the sound waves
in an osgiilatbry fashion for an indefinite nﬁmber of
cycles. Resonant bubbles are stable if the average size of
the bubble is independent of time. Resonant bubbles are
unstable if they continue to grow with each successive wave
until they reach an unstable sige and collapse. Collapsing
bubbles are seen to grow very large and collapse in one
cycle.” The most faécinating aspect of cavitatién is the
energy generated by the collapse of cavitation bubbles.
While measurements are impossibie to obtain difeétly, the
pressure may reach twenty-thousand atmospherés and the
\temperature may reach 10,000°C (4). These regions of high

. temperature and pressure may be responsible for the
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acceleration of chemical reaction rates as well as heat and
mass transfer rates.

Acoustic streaming has been less studied, and thus is
less well understood. Basically, acoustic streaming refers
to an observed pattern of time-independent circulations in
sonicated fluid, resulting in a.“gentle" mixing pattern at
all but the highest sonication intensities (2)..3What exact
effects, beneficial or detrimental, acoustic streaming may
have on liquid éystemé are not completely known or
understood at this time. |

The third major effect of wultrasonics is interfacial
instabilitiés. This effect is aue to the fact that
particles at the interface of two liquids are'subject to
oscillations in and out of the two ligquids. One result of
these oscillations is the emulsification of "immiscible"
liquids. Whilé it éould bé argued that the Eollapse'of
cavitation bubbles could also cause emulsification,
emulsions of mercury and water have been proauced by
sonication without the occurrence of cavitation (5). | .

One of the earliest studies of ultrasonics on biological
cell systems Qas performed by T.F. Hueter (6) as reported in
the 1950 Columbus sfmposium° However, the viability 6f‘the
cells after ultrasonic irradiation was not a consideration.
In most of Hueter's experiments, cells were killéd ‘with
ultrasonics and fhen studied. This is typical of ‘thé

history of ultrasonics and biological cell systems. In
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~fact, today, ultrasonic exposure is ohe of thé‘most common
methods of cell destruction. 1In order to study the internal
components in cells, the membrane can be disrupted with high
intensity ultrasouhd and then the various constituents can
-be centrifuged for separation and,analysi;. Thus, it is‘
known fhat the effecfs of ultrasound can broduce cell déath.
However, very 1little 1is known about the effects that
ultrasound can have at low intensities on'living cells.

As .previously ‘mentidned, one of the effects of
sonication can be an increase in chemical reaction rate.
This is illustratea in the work of Kenneth S. Suslick of the
University of 1Illinois at Urbana-Champaign (7). The
majority of work in this*sthdy dealt with high ihtensity
sound waves and the benefits that cavitation can have on
inorganic systems. Althoughisome effects were obserQed at
low intensity, all of the dramatic effects observed came
from the’fact that as the cavities collapse, the temperature
and preséure reach short liQed, but extremely high levels.
Thus, it 'only makes sense that many reaction rates will
increase as it has been known for quite some time that
nearly all chemical reaction rates are tempefature
dependeht. It might_seem’from'these results that since the
metabolism of a cell can be'théught of as simply a series of
qhemical reactions, the growth rate could be significantly:

increased  with this  higher intensity sonication.
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Unfortunately, there are several other aspects to take into
consideration before applying these ideas to living systems.

A 1living cell is a very deiicate7§y§§§£ﬁ%§gﬁpp§¢d-of
very iarge and cémplex organic moIeculés,‘a situation noﬁ
explored by Susiick. ‘ Aécording to Heat Systems, one
.manufactu;ef of . ultrasonic machines, the larger the
molecule, the less likely that it will be able to withstand
sonication (8). Therefore, it 1is only reasonable tha£
larger 6rganic molecules énd bacterial cells would be more
likely to be disrupted by sonication. However, the fact
that some inorganic reactions can be accelerated is reason
enough to believe that there may be a  possibility of
aécelerating biochemical organic reactions, and thus cell
metabolism, under certain controlled conditions.

Perhaps the most important considera£ion when .dealing
with living cells and botentially hazardous conditions is
the strength and durability of the cell membrane. | A
diagram of a typical bacterial cell membrane is given in
FPigure 1. The internal components of the cell are contained
in a fluid called the cytoplasm, which is con£ained within
" the cell membrane. The cell wall gives structure to the
cell and determines the shape. The ﬁajority ‘bf the
molecules in.the membrane aré phospholipids which are held
together by hydrophobic interactions, not actual covalent

bonds. Other molecules contained within the membrane
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Figure 1. Outer Cellular Structure
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include transport proteins, which are responsible for‘taking
in nutrients and disposiné' of waéte proaﬁcts. ﬁowever,
these moleéules are not actually'bondedfto'thé membrane, but
instead are held in place in a sort of a fluid mosaic
pattern. It can easily be seen that the membrane of the
cell would be one of the weaker parts of the cell énd thus
likely to be disrupted with ultrasound. |

As shown in Figure 1, the exterior of a bacterial cell
can be covered with a substance known'as a slime or cépsule
layer. This layer'can‘vary in thickness up to three times
the width of the cell itself. - The capsule layer is
generally composed of lipopolysacqharides and does not have
a rigid structure. While this layer serves no known purpose
"for cell metabolism, it does allow the bacterial.célls to
adhere to surfaces and to grow togethervin colonies, thus
serving a beneficial purpose by éllowing the bacteria to
remain stationary. However, it has been proposed that if
the capsule layer is thick enough, it may prove to be a
hindrance to cell metabolism in that necessary nutrients
would have to diffuse'through this excessively thick layef
in order to get to the cell wall and membrane.

As previous;y méntioned, sound waves produce vibratory
motion in the direction of wave propagation. Due to
differences in particle characteristics, the amplitude of
vibration is not éonstant for-éli particles'in,the‘system.‘

These differences can lead to significant shear stresses
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between barticles and the surrounding media. These
differences in amplitude occur at all intensitiés as do the
shear stresses that they produce.

This research project was designed to take into account
the properties of. the cell as well as the effects. of
ultrasound. As the effects of ultrasound at a low intensity
shoula be less damaging than those at high intensity, it was
speculatéd that low intensity ultrasound might produce the
same vibratory particle mévemept as high intensity, but
result in a gentle scraping of the capsule layer instead of
cell destruction. This sdraping could either reduce the
thickness of the capsule layer, or remove it all together,
which would then reduée the resiétance to mass transport.
This lower resistance shouid then manifest itself as a
higher metabolism which could be observed as an increase in
the culture growth rate. By carefully controlling other
environmental parameters such as temperature and nut;ieﬁt
availability, any difference between the concentration of a
sonicated culture and the concentration of a control culture
should be attributable to the effects of the sonication. 1In
this way, growth enhancement due té sonication could be both

observable and measurable.
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MICROBIOLOGY

The 1living micrébial éell can be thought of as an
extremely sophisticated chemical reactor; involving over
1000 reactions in an open operating systeﬁ (9). Each of
these reactions fulfiiis some purpose of cellular life. Due
to the'complexity of this system, there is no feasible way
to .look at the detailed effects of a change in .Aan.y one
parameter on the entire system. Oﬁe would have to choose
between either looking at the effects on the system as a
whole, or on each individual reaction system within the
cell. Thefefore, in the 'present étudy, the effects of
ultrasound on cells are énalyzed for the impacts on ceils‘as
whole systems and not for the distinct internal brocesses of
microbial . 1life. Thus, the detailéd knowledge of
microbiology necessary for the current project is limited
and highlf specific toﬁards the particular bacterium and its

particular growth needs and charécteristics.

Pseudomonas Aeruginosa

The bacteria chosen for this study is a strain of

Pseudomonas aeruginosa. P. aeruginosa are straight rods,

approximately 1 micron in diameter and 1.5 to 2.0 microns in

length. They are motile bacteria, the motility being
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provided by the one flagellum, or "tail", on one end of each
ceil. They are very adaptable, and they tend to grow well
on all usuai laboratory culture media. Like many
microorganisms, Ehey reqﬁire water, oxygen, and a
temperature—éontrgiled environment for significant growth to
occur.

As mentioned, P. aeruginosa are a rod-shaped bacteria.

Since the major thrust of the current project is aimed at
enhanced transport through the capsule layer and cell wall,
the shape of the cell is véry‘importént. The more surface
area per unit vblume a cell has, the more likely that a
transport benefit would be seen. However, it is known that
tﬁe effects of ultrasound can be violent and that  the
smaller, more ‘compact cells can generally withstandlit,much
better (10). This would .mean that cocci, or spherical
bacteria might be best for this study. Unfortunately, these
have the least surface area per unit volume of any shape.’
Thus, the rod-shaped cells are somewhat of a cdmpromise
between the two extremes. They provide the added surface
area while still retaining a compact shape.

Also, P. aeruginosa are Gram-negative. This test

distinguishes between the two common types of cell walls.
The Gram-negative wall was depicted in Figure 1.' In Gram-
negati.v;.e bacteria, there is a second membrane around the
cell wall. This has various effecté on the cell, one of

which is to give the cell added protection, again perhaps
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adding to the ability of the cell to withstand ultrasonic

exposure.

Finally, P. aeruginosa are known capsule producers. The
main thrust of this project is to increase cell growth rates
by inéreasing mass transfer through the slime layer. Thus,

this attribute is of prime importance to the current study.

Growth and Metabolism

Microorganisms require a variety of_ conditions and
nutrients in-order to grow and reproduce. One important
condition is temperature_. While a wide range of viable
temperatures exists for most microorganisms, there is a
relatively narrow band which will result in the maximum
growth rate. The optimum temperatufe is the temperature at
which the ndcroorgénism will grow the fastest. Figure 2
illustratés how a change in temperature can alter the gro&th

rate (11). P. aeruginosa, the bactéria used for this study,

are able to grow in temperatures from 15 - 50 C with optimum
gro@th occurring at 37 - 42 C (12).

The growth of a bacterial culture can be defined as an
increase in the number of cells, and the growth rate is the
change in cell number per unit time. The growth rate is not
constant, but will cﬁange with concentration ‘ and

environmental conditions. A typical growth curve of a batch

culture is shown in Figure 3. As shown, the culture.willfgq P
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" through a lag phasé, an exponential phése, a stationary
phase, and finally, a deafh phase. This'type of cu;ve‘is
typical of a batch culture that has been‘freshly inoculated
from a parent cul;ure itself in a stationary éhase. If the
parent culture had been in an'exponential phase and then
inoculated into a fresh batch of the  same media, an
exponential pbése would havé continued. The reason for the
lag phase from a stationéry parent is due to the condition
of the culture in stationarf phase, as explained below.
Growth . of bacteria in an adequate media is
characteristically exponential for a period of time (11).
However, it 1is obvious fhat this éanﬁot continue forever;
The generation time is the time required for the number of
viable cells in a culture to double, with twenty minutes
being common for many bacterial strains. If exponential
growth could continue ~indefinitely, a typical ‘laboratory
culture with a generation time of twenty minutes would
produce a population weighing about 4000 times the weight of
the earth in just forty-eight hours (13). As the
concentration of .the culture increases, either a necessary
nutrient is depleted or a waste product is accumulated to a
" level that inhibits further growth, and exponential growth
.ceases. .When this happens, the constituents of the cell
that are used for reproduction deplete in concentration
within the cell. The bacterial cell is extremely
conservative in that it only produces what it actually

needs. Therefore, when the environmental conditions are
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such that the rate of metabolism of nutrients is decreased,'
the production of enzymes necessary for synthesis is
decreased. When cells in this condition are inoculated into
fresh media, a iag.time is required to resynthesize enzymes.
A 'lag time also occurs for damaged or injured cells where
the time is required ﬁo repair the cell. 1In addition, cells
transferred from a rich medium to a poorer one also undergo
a lag phase as the balance of the various enzymes must be

adjusted to the nutrient concentrations in the new medium.

Attachment

As mentioned previously, P. aeruginosa are motile

bacteria, meaning that they have the ability Eo move
themselves through a medium. This gives thém the ability to
adapt to their environment to the extent that‘they can move
short .distances £o a more desirable locatibn.
Unfortunately, in a liquid ﬁedium, a cell in suspension is
at the mercy of the currents and any ‘bulk flow that may be
occurring. Thus, even though it can propel itself, to some
extent, to desirable locations, the cell rgquires.a means of
staying there. This is accomplished through attachment.
Attachment is the proceés by _whicﬁ the cells adhere to
surfaces, generally by means pf either the flagella, the
capsule layer, or both.‘ Once attached, the cell can acquire

nutrients from the liquid media, allowing for growth,
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reproduction and the production of additional capsﬁlar
1ippopolysaccéhride. This is the beginning of a "biofilm""
and results in "biofouling". Biofouling can result in
decreased efficiency and significant corrosion in industrial

processes and thus can be a very serious problem.
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LITERATURE SURVEY

To date, nearly all of the work.relating ultrasonics to
biological systems has dealt with the destructive effects
of caQitation. In cavitation, tiny bubbles are formed by
the rarefaction portion of the wave where the pressure is
low and are collapsed by the high pressure crests. The
violence of the 'collapse causes ' extremely detrimental
.effects on bioiogical systems, such as cell lysis, and thué
cavitation was 'avoided whenever possible fo; the current
project. |

Cavitation is enhanced by several factors, including
dissolved gases and particles in solﬁtion (10). However, it
has alsé, been found that thesé factors which enhance
‘cavitation also tend to reduce the severity of effects if
ca§itation does occur (10). Thereforg, for this study, if
some cavitation did occur due to dissolved gases and the
presence of the bacteria themselves, there is some reason to
believe that the cells would be able to survive anyway,
provided the intensity of exposure was not too strong.

There have been many misconceptions -. regarding
ultrasonics in the past. One of these is that ultrasonics
could caﬁse DNA depolymerization (14). This was found to be

incorrect by several investigators (14-19). The reason for
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wrong conciusions in the literature was due to errors in
experimental interpretati&n. Sound waves are a form of
energy and will dissipate through a meaium in the form of
heat. . Heat can and will cause depolymerization, so the
damgge observed was due to the temperature increase and not
the sonication itself. One opponent of damage due to
ultrasonics stated that "neither pulsed nor continuous wave
application of ultrasonics cause chromosome damage" (20).

It was alsoithought that enzymes could be inactivated by
ultrasonics (21). Howevef, it has since been found thatvthe
observed deactivation was again due t§ the temperature
' increase and not the §onication itself (12-25).

There are also other effects of sonication that could
have beneficial results on microbial systems. One such
effect is miéro~streaming, When the bubbles of cavitation
formA in 1liquid systems, they do not always collapse
immediately but will often build in size until they reach a
critical size and then collapse. When this occurs, the
fluid 1is seen to eddy about the bubbles and suspended
particles are seen to rotate about an :equilibrium axis
without damage to the particles themselves (26). This could
indicate that if cayitation did occur, but at a 1low
intensity, the bacte;ial cells could withstand the
treatment.

Another effect of.sonication on biqlogical cells is that

in some instances, the cell walls of bacteria have appeared
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tﬁinner‘(lo), indicating a signific;nt-effeét on the outer
surface of the cell. One'inﬁestigator even suggested that
"it may be possible ... to strip a 'polysaiccharide outer
coating of.a bacteria cell wall, with very. low intensities
and without injury to the cell itself." (10).

Lastly, it has been shown that shear stress may increase
mass transfer in systems of biological cells. The
hemoglobin in blood is normally found only within the red
blood cel;s and not in the plasma. In fact, hemolfsis, or
tﬁe~release of hemoglobin into the blood system can be very
dangerous to human beings. However, hemoglobin has beeh
found in solutions of blood after exposure to shear stresses
without breaking ‘of the cell walls (27), indicating a
transfer through the cell 'membraﬂe. . Admittedly, the
external structure of mammaiianlcells is much thinner and
much less figid than bacterial cells, but the fact that mass
transfer was accomplished without cell desfruction shows
somé indication that mass traﬁsfer may be .enhanced by .
ultrasound without destruction to cell mémbranes.-

All of this information indicates that very little‘is
actually known about the effects of low intensity ultrasonic
energy on 1living systéms. However, if ultrasonic energj
could be applied at a level which would'not kill Bacterial
cells, but would still create vibratory motion 6f the
medium, it could be possible to enhance growth through

sonication by incieasing'the metabolism of the culture.
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RESEARCH OBJECTIVES

This research was undertaken to explore' ,the
possibilities of enhancing Bagterial growth through the
ultrasonic removal of the cell capsule layer. Due. to the
exploratory nature of this project, other objectives were
developed as additidnal information was obtained. These
includéd'inhibiting attachment of cells to surfaces by the
removai of the capsule layer. i |

Initially, the primary goal of tﬁis work was to show a
increase in the growth rate of the bacteria éfter exposﬁre
to ultrasound. Based on initial results, othér parameters,
such és temperature and nutrient concentration, were to be
evaluated for their efféct on growth enhancement.

The primary goal at the end of this work was to show a
decrease in the attachment of bacteria after exposure to
ultrasound, which could indicate a partial removal of the
capsule layer., These results can be used to identify a

suitable course for future research.
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EXPERIMENTAL APPARATUS

The Sonicator

All sonication~ in this study was done using a Héat
Systems Ultrasonic Sonicator with a one-half inch titanium
horn. While the frequency of this machine is not variable,
being set on 20 kHz, there ié some room for exposure
regulation by controlliﬁg the output- intensity, the percent
duty cycle, and the cycle time.

The output control regulates how much of the powef of
the system -is actually put out through the horn, thus
controlling the sonication intensity. Settings are from
zero to.ten, which proportionally represent intensities from
zero to-450 watts through the half-inch horn tip. Confrol
from zero to one was not judged as brecise. Since. the
amplitude 6f vibration and cavitation effects are directly
related to the intensity, this control was always éet
relatively low, usually on one, or roughly 50 watts.

The machine is also designed so that sonication can
occur for intermittent cycles. This is done using the cycle
time and the percent duty cycle. The cyclé time indicates

how long the complete cycle of sonication and silence will
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last. The choices on this system‘a;e one, two, or five
seconds, or continuous. "Continuous" is the setting used if
cycles are not desired. The percent duty cycle determines
the fraction of the total cycle time during which sonication
will oécur. The range fof this is from ten to ninety
percent. fhus, a cycle time of five seconds and a percent
duty cygle of ten percent would result in sonication for 0.5
seconds and silence for 4.5 seconds.

To ensure even exposure of all of the bacterial cells to
the sonication, a continuous flow cell was used. The
majority of the effects of ultrasound are felt within
approximately one-quarter of an inch from the probe itself,
making intimate contact with the probé by.all £he cells very
important. By using the flow cell, as shown in Figure 4,
this can be accomplished. For these experiments, flow
entered the chamber of the cell using the bottom port and
exited the ceil using the higher'side poft, ensuring that
all liquid, and thus all cells, came into ciose~contact with

the probe, giving the most even exposure possible.

The Flow System

Thé-experimental setup for these.experiments is shown in

Figure 5. A constant temperatute water bath was used to
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SONICATION PROBE

CONTINUOUS FLOW CELL

FLUID OUTPUT

FLUID INPUT

Figure 4. Sonication Probe with Continuous Flow Cell
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Figure 5. Experimental Apparatus
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maintain and regulate temperature for the system. A
Masterflex (trademark) peristéltic pump model N-06241-20
was used to force flow through the sonication cell and to
provide mixing in the system. The 1 to 100 rpm model was
chosen because it was thought that the 6 to 600 rpm’ model
might cause excessive shear stresses in the liquid within
‘the pump head. Since the basis of the experiments was to
alter the growth characteristics of the éells through shear
stress provided by the sonication, additional stresses were
nét desired, and the 1 to 100 rpm model was chosen.

for the sonicated sample, fluid was drawn out of the
flask, through the pump, thﬁough the sonication cell, and
back to the flask. The flow line for the control samplé was
identical with the exception of the.sonication cell. Since
there was not~a sonication céll for the control line, the
cell was replaced by a control ‘volume, a stobpered test fube
that had a volume as close to the volume of the sonication
cell as possible. Volume was still a small amount'less than
the sonication cell, so ;he additional volume needed to give
both 1lines the same total volume was obtained by using
additional tubing. Since the flow cénfiguration for both
lineslwas nearly identical, any differences in grpwthyhoﬁid
have to be due to tﬁe sonication itself. ‘

Wide-mouth 500-ml Erlenmeyer flasks with specially
designed stoppers were wused for these experiments. The

stoppers .and entry/exit tubes were designed to maximize
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mixing of both the liquid and gas portions in the flasks.
This is shown in Figure 6. The flui& was drawn - from the
bottom of the flask on one side and returned near the top of
the liquid level on the other. As for the gas line, pure
oxygen was pﬁt in near the gés/liquid interface and allowed
to escape'near the top of the flask. As the gas outlet was
the portal in the system open to the surroundings, a short
piece of tubing was attached with the open end facing down
to prevent air-borne contamination from entering the system.

The flasks could contain a maximum of about 550 ml,
including both the gas and liquid phases. This gave an
operéting volume in the flasks of about 350 ml liquid and
260 ml gas. The sonication cell contained 60.5~mi of fluid,
while the entire flow loop contained approximately 100 ml of
liquid when sfze 17 (0.322 cm2 cross sectional area) silicon
tubing was used. The siliconitubing was chosen bécause it
4 is compatible with biological éystems and because it has a
relatively long "tubing 1life" within the pump head (825
hours at 100 rpm). A high flow rate Qith a low flow 1loop
volume was desired, so size 17 tubing was chosgn. Size 16
tubing has a maximum flow rate of 167 ml/min ét 100 rpm (as
opposed to about 250 ml/min with size 17) while size 18
:would have resulted in én increaée in flow loop volume of
approkimétely 30 percent. Thus, the size 17 tubing was
judged to provide the best compromise for operation of the

present system.
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OXYGEN OUT OXYGEN 1IN

LIQUID IN — — LIQUID OUT

—— RUBBER STOPPER

Figure 6. Reaction Flask
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EXPERIMENTAL PROCEDURES

Preparation

Before. any experimentation could be preformed, a
substantial amount of preparation was required, including
sterilization of the systgm, pouring of petri plates, and
preparation of dilution blanks, nutrient broth,'.and
‘bacterial culture solution.

Before each run, the entire system had to bé dismantled,
washed, partially reassembled, and heat sterilized. After
washing, each section of‘the system was assembled as much as_
possible before sterilization in the autoclave. This was.
done to lninimize manipulation of sterile components thus
minimizing the chance for contamination during assembly.
Next, each 'piece was wrapped iﬁ aluminum foil and then
sterilized in the autoclave for at least 20 minutes. In
. addition to the overall wrapping, each end of each section
of hose and all of the exposed fittings were also wrapped in
- foil. This was done to keep each section of the syétem
sterile while being assembled. Sterilization had to be done

to each piece of the éystem that came into contact with the
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bacterial solution. The only exception to this was the
sonication probe itself, which was cleaned with 95% ethanol.

The petri plates were poured ‘as described in ithe
Léborétory Techniques section of this‘report. However, in
the pianning stage of each experimental run, it haa to Ee
decided how many plates would be needed.- Since data was to
be taken from both the sonicated and control lines, and each
data point needed three plates of three different dilutioné,
a total of 18 uncontaminated plates were needed for each
data point to be taken." To allow for contamination and
errors in plating, 20 plates were poured for each data
point.

'The diiution blanks were alsowprepared prior to each
run. However, due to the exceptionally~ high number of
samples and plates needed in a single run, additional blanké
had to be ﬁade during the course of the run.

Schussners Mineral Sélts Media, a common nutrient source
growth media for maﬁy types.of bacteria, was prepared and
used for the bacterial nutrient broth. This broth is made
by mixing the foliowing ingredients in one liter of
distilled water: |

7.0 g dibasic potassium phosphate

3.0 monobasic potassium phosphate
ammonium nitrate

1.0

g
g
0.1 g magnesium sulfate
0.1 g glucoée
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After mixing, this solution was covered and sterilizéd in
the autoclave.
The preparation of the bacterial culture began two days
before the expériment was to ‘take place. On this day, a

cryovial of BP. aeruginosa was obtained from Cooley

Laboratory, thawed, and inoculated into approximately 300 ml
ofréterile nutrient broth using a sterile syringe. Thié
flask was placed either in the incubator or the water bath
at 35 C. After approximately 24 hours, the flask was placed
in the refrigeratqr until use. Depending on the scheduled
starting time the next day, the duration of refrigeration
was from 10 to 24 hours. Since the purpose of refrigeration
Was to slow growth, the exact time had little effect on the
outcome of the ‘experiments as long as it was not too -

extensive.

VRunning the Experiment

The day of the experiment, a volume of approximately 460
ml of sterile nutrient broth was placed into each of the
two sterile wide mouth Erlenmeyer flasks. The system was
then assembled in the water bath and flow was started. A
specified amount of the bacterial solution (usually 5.00 mi)
was then added to each flask. This was done using a pipetor

to ensure that each flask received exactly the same amount.
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Also, prior to dispensing, the bacterial solution to be used
"for inoculation was mixed to_ensﬁfe hbmogeneify within the
solution so that the reaction flasks would have as _close to
identical concentrations as possible. Five minutes af£er the
bacteria were added Eo the reaction -systém} 'thé‘ initial
~sample was taken and sonication. began. This. five-minute
time interval allowea for mixing within the flow system, and'’
since the flow rate was approximately 250 ml/min, five
minutes allowed for the entire system to circulate two and a
half times, and thus was considered adequate.

Sample times varied from experiment to experiment and
are recorded in the raw data ‘accordingly. All times
recorded were rounded off to the nearest 5¥minute interval.
Ipitially, sampling was done using a long-needle syringe.
However, it was discovered after the first few runs that
samples could be taken using a pipetor with equal sterility
and more accuracy. Therefore, after the third run, all
samples were taken using a pipetor.

Oxygen flow to the gas 1line was- started immediately
after the initial sample was taken. _Since a pure oxygen
atmosphere was not necessarf, the flow was kept as low as
possible and was meant merely to replenish the oxygen
consumed by the bacteria. The flow rate was controlléd at

approximately 10 ml per minute.
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LABORATORY TECHNIQUES -

Cerﬁain 1aborat§ry techniques were nécessary ' for the
acquisition and subsequent analysis of experimental data.
These included methods for sterile manipulation of cultures,
preparation of agar plates, maintaining stock cuitures,

culture identification, and viable cell counts.

Sterilization

Sterilization was a primary consideration for every
phase of this project. For sterilization, an autoclave was
used. . This is~an 0ven-type apparatus that uses moderate
temperature (250 C) and pressure (15 psig) steam to kill any
micro-organisms that may be present. The sterilization
cycle is.identical for both iiquids and solid apparatus.
Both raise the temperature and pressure and méintain them at
the elevated leveis‘for a specified period of time, such as
twenty minutes as was used for the current study, however,
the coolfdbwn cycle is different. PFor liquids, the pressure
must be lowered slowly such that the elevated temperatures
will not wvaporize any liquid Apresent. However, if the

temperature is allowed to decrease with the pressure, this
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problem can be avoided. Therefore, the machine is set with
the option of sterilizing liquids or apparatus. Everything
that came into contact with the bacterial culture was first

sterilized in the autoclave.

Preparation of Agar Plates

Nutrient agar on petri plates was used extensively
throughout this study, both for cell isolation and for
viable cell counts. Agar, which is derived from seaweed, is
used as the ‘solidifying agent for solid media cultures.
Agar 1is similar to gelatin in that it can be mixed with
water at elevated‘femperatures‘and then causes the éolution
to solidify as it cools. However, some bacteria have the
ability to.ﬁetabolize gelatin while very few can metabolize
agar. For this reason, agar has replaced gelatin as the
solidifying agent in solid growth media. When the cells are
grown on this solid surfécé, they cannot move around and
thus they grow and replicate in one spot, forming distinct
colonies. - |

Solid agar media on plafes generally contains the agar
plus wﬁatever nutrients are necessary. The composition of
the nutrients can be made to énhance the growth of certain
organisms'while harming or even killing others. While these

characteristics could be beneficial for impure cultures,
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they are not as necessary when working with fure cultures.
For this'reason a commercially prepared agar, specifically
Difco Standard Methods Plate Count Agar (trademark), was
used.

The agar sdlution was prepared acgording fo a fixed
standard procedure. Thé agar powder was suspended in an
appropriate amount of distilled water in a flask that would
hold roughly twice the.volume as was actually placed in the
flask. The additional volume was to insure that the-
solution would not boil over during autoclaving. For
sterilization, each flask was loosely sealed with a
styrofoam stopper and covered with aluminum foil. The foam
stoppers help to keep the solution from boiling.ovef while
allowing steam to escape, and the foil aids in-keeping the
solution sterile. After autoclaving, the solution was
allowed to cool to 40°C and poured into disposable petri
dishes, each plate being about 1/3 full. The flask was
swirled gently prior to pouring to mix the solution, but not
S0 violéntly that bubbles would form. Five hundred
milliliters of the agar solution would pour approximately
twenty plates. After solidifying, these plates were
inverted for storage until use.

There are possibilities for contamination everywhere, so
much care was taken to ensure that as little contamination
as possible was allowed to occur. All Qork was done close

to a flame. This creates air currents that help prevent
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air-borne bacteria from‘ landing on steriie materials.
Secondly, the lip of the flask was flamed prior to pouring
to kill any microorganisms there. Thirdly, the lids of the
plates. weré moved only as far as necessary to pour the
plates, returned promptly, and. not removed égain until the

plate was ready to be used. As an added precaution,- the
plates were prepared one or two days in advance so that if
contamination did occur, a Eolonywwould grow to the point of
visibility, and any contaminated plate was discarded before
it was used to acquire. experimental data. Even with .this
ext;eme care, approximatelj three to five percent of ‘the

plates were discarded before use.

Identification

The bacteria used in_fhis étudy were obtained in pure
culture form. However, as an added check, colony isolation
and identification were performed to confirm that only P.

aeruginosa bacteria were present.

’ The firét step to identificatioh is isolation. This is
to ensure that only one type of cell is used in' the
identification process and is done by using cells that are
all descendants of one éell. An isolationy streak was
preformed on an agar plate as illustrated in Figure 7. As

shown, the concentrated culture was:streaked across section
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Figure 7. Streak for Isolation
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one using an inoculating loop. The loop was then sterilized
in the flame and cooled. To streak the second section, the
lodp was dragged across section one once or twice and then
through section two. This same procedure was used to
transfer the cells from section two to section three. The-
result of this-  streaking from section to section is a
dilution of concentration and aéduisition of éingle colonies
in section three. One colony from section 3 was removed
using the inoculating loop and another streak for isolation
was performed using these cells. '

After these cells had grown into colonies,
identification was performed using a Non-Fermenters Test
(NFT). This test is actually a commercially prepared series
of microbial tests by Inalatab Products,'Incorpbrated, which
‘can be used to defermine the identity of a culture. While
these tests ‘are quite simple to ﬁerform, they do require
specific training to interpret. Therefore, the details of
the.tests will not be included with this study with the
exception of the result: they did show the culture to be P.

aeruginosa.

Stock Cultures

Stock cultures are used in microbial work because they

ensure that exactly the same organism is used for each
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experiment and providé availability of pure cultures. For
this study, preservation was achieved by freezing.

The frozen cultures for this study were obtained from
the second isolation streak used for identificétion. One or
two colonies were removed from that plate and spread over an
agar plate. This was repeated for each of the frozen
cultures to be made. When the cells had grown to nearly
their maximum concentration, or 1late 1logarithmic/early
stationary phase (about 2 days), they were harvested. This
was done using two milliliters of stérilized glycerol
peptone solution which were dispensed onto the plate using a
pipetor with sterile disposable tips. The glycerol peptone
solutioﬁ was composed of 2% peptone, 40% glycerol, and 58%
water. The cells were then loosened with an inoculating
loop‘ and this solution was then placed into a cryovial,
agéin using the pipetor, one cryovial per plate. Once fhis
was done for‘gach plate, the vials wére labeled with the
name of the person who prepared them, the date, and the ﬁame
of the organism. They.weré then taken to Cooley Labofatory

fo be frozen at -70 C.

Viable Cell Counts

There are several methods that can be used to determine

cell concentration. These include particle counts, viable
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Plate counts, the "most probable number" method, and
spectrophotometry. In this study, only the cells that wére
able to withstand the ultrasonic treatment were to be
considered, so the method of viable plate counts was uséd.

In this method, a known volume of bacterial solution is
spread onto an agar plate and colonies are counted after
they grow to countable size. This method assumes that each
cell in the original solution forms one colony on the plate
and the concentrations are reported aé colony forming units
(CFU's) per volume and not cells per volume. If the cells
Eended to grow in groups, this might not have been a good
choice for these experiments as, theoretically, the
sonication could have affected the abiiity of the cells to
"clump" together without affecting the cells themselves.
For example, if the cells tended to grow in groups of four
(a tetrad) and both the sonicated and non-sonicated samples
contained 160 cells, the non-sonicated sample might contain
40 CFU's while the sonicated sample would contain 160. It
is .evideﬁt that this would lead to significant errors.

However, the bacteria used in this study, Pseudomonas

aeruginosa, do not have a tendency to "clump" together in

liquid media, and the viable platg‘count method seemed to be
the most valid method of énumgration.

Fluid media cell concentrations can reach 109 cellé/ml.
Thus, even 0.1 ml of the solution could contain 108 cells,

far too many to count on a single agar plate; "Thus the
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culture must be. diluted so that enumeration can be done. .
This was done using dilution blanks; |

Dilution blapks were made by autoclaving distilled
water, clean test tubes with cabs, and a syringe—type
dispenser. Using. the dispenser, exactly 9.0 ml of the
sterile water was placed into each of the test tubes. The
lip of each test tube was flamed before and after filling
and promptly capped.

For each sample to be counted, exactly 1.0 ml of_the
sample was added to a dilutioe 'blank and mixed. Then,
exactly 1.0 ml of thie solution was transferred to another
blank and mixed. 1In this fashion, the concentration of the
culture was redﬁced one order of magnitude with each
successive dilution.. The dilution to be plated (0.1 ml
spread onto an agar plate) is' the "one ehet results in
between 30 and 300 coionies on the' plate. Unfortunately,
this is never known in advance, so it was guessed and then
three dilutions were plated: the guess, one dilution
greater, and one dilution less. This increased the chance
that at 1least one oﬁ these,'diluﬁions would ’contain a
countable number of colonies. This method worked extremely
well as in only 5 of over 180 samples did none of the
‘dilutions contain the proper number of colonies, However,
in each sample, only the dilﬁtioﬁ that eontained 30 to 300 .

" colonies per plate was recorded and used as data.
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PRELIMINARY EXPERIMENTATION

Four preliminary experimental runs were done in the
Spring of 1987 by Jim Duffy and Chris Allen, B.S. thesis
students, at MontanavStafg University. Although the main
purpose bf_those_experiments was also to attempt to increase

the growth rate of Pseudomonas aeruginosa, the experimental

system used differed greatly from the system eventually
developed for the current study.

Wﬁile both sets of experiments were done using-the Heat
Systems Ultrasonic Sonicator, the system used by the B.S.
studepts was‘strictly a batch system. Also, sonication time
was mucﬁ shor£er, beihg one hour for three runs and two
hours for a fourth and final run.

The preparation of the bacteria was also différent in
that for these preliminary runs the culture was inoculated
frém a pure parent culture and grown at 37 C for 48vhoufs.
This solutiqﬁ .was then divided equally between thg two
éamplés (control and sonicated). The sonicated sample was
exposed at an intensity setting of two (roughly 100 watts)
with a five-second cycle time and a ten percent duty cycle
while the control sampfé was simply allowed to grow in a
quiescent pool for the first two runs and was stirred with a

magnetic stirrer for the last two experimental runs.
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Results were 'measured by two methods, viable plate
counts and the blologlcal oxygen demand (BOD) method. The
BOD measures the amount of oxygen required by a culture in a
sealed container. The ‘waste carbon dioxide generated by the
culture is adsorbed by lithium hydroxide placed in the cap
of the container and thus, as oxygen is used by the cells{ a
partial vacuum is created and can be measured as .a dron in
pressure. Plate counts were done'at the end of the run and
BOD measuremente were taken ror several hours after
sonication had ceased. The results obtained can be found in
Table 1 and 'in Figures 8-11, taken from the cited B.S.
thesie. It would appear from this data that there is a
distinct 1likelihood that' the bacteria can indeed be
benefitted by ultrasonic exposure. However, there are
several diserepancies that wouldA tend to affect the
interpretation of these results.

The first place where there is room ’for rsignificant
error in the;B.S. thesis work is in the lack of control over
some of the parameters ln tne ~system, particularly the
temperature. A small difference in temperature can reeult‘
in a large difference in growth rate. Therefore, in the
initial stages of the current study, two experiments were
done to etudy temperature effects in the system. |

In the first of these current experiments, the heat
“input from the senlcator was analyzed to see which operating

parameter - ranges could be ' used without significant
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Control Soniéated
Run 1 " 42 Co- 53
32 . 66
Run 2, #1 18 32
14 34
18 : ' 54
18 54
Run 2, {2 137 275
151 238
155 346

193 274

Table 1. Viable Plate Count Results, Duffy and Allen.
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temperature inérease._ To accpmplisﬁ this, the flow system
was set up using tap water with a thermocouple inserted into
the tubing immediately after exiting the flow cell. If
significant heat were being added to the system, it would be
most evident at this point. Since the thermocouple was
accurate 6nly to 0.2 C, if the temperature at this point
'were less than 0.3 C above the steady state value with the
sonicator oéf,.the parameters used were determined to be in
the allowable operating“range. The cycle time was not found
to affect the temperature at all, but this was expected as
the cycle time does not affect the amount of energy output.
The percent duty cycle and the intensity did strongly affect
the system, so the allowable operating range was determined
based on' these two parameteré. Thé ‘results of this
experiment are shown in Figure 12 and in Tables 2 and 3. As
can be seen, a wide range of operating parameters is.
possible. As expected, as ﬁhe intensity increases, the
allowable percent duty cycle decreases. |

The second of the two current experiments was done in
order to determine the amount of heat added to the system
from a magnetic stirfer. Approximately 100 ml of tap water
in a small beaker was exposed to ultrasound with a magnetic
stirrer present. The water used for . this experiment was'
.poured and left standiﬁg for several hours to ensure thaf'it

was initially at room - temperature. Temperatures were
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OUTPUT THERMOCOQUPLE
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recorded periodically until a steady state was reached.
These temperatures are listed in Table 4. Sonication was

done at an inteneity of two and a ten percent duty cycle.

Time (minutes) Temperature (C)

0 22,0

15 ' 24.0

25 , 25.0

40 ' 30.0

60 . 30.5

80 30.8
90 . 31.0
105 31.0

Table 4. Batch System Temperature Analysis

Since a temperature elevation of ‘even a few degrees can
significantly affect the growth rate of bacteria, a changeA
of 10 C can have dramatic effects, and the conditions for
the eontrol and sonicated samples cannot be assumed to be
equal. Since differenees other than just sonication
existed, the differences iﬁ growth rate cannot be attributed
solely to sonication.

A second place where there is significant room for efror
is in the interpretation of BOD meaeurements. The growth of

the organism depends on far more than jﬁst the amount of
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oxygen utilized. The ﬁH, concentration of nqtrienté in the
solution, cell concentration, and particulér growth phase of
‘the culture will all affect a cell's ability to replicate.
Also, if either the control or sonicated sample<£ad grown
'significantly faster_ duriné the sonication period, when
oxygen consumption was not recorded, it could have used up
more of its ‘nutrients and thus had 1less available for
consumption in the BOD containér. * Without khowing
definitely what ali the conditions of-a culture are for each
sample, a comparisoh based strictly on the oxygen consumed
is not 1likely to be a good‘ihdication of the effects of
sonication on a culture.

The .third major potential error in the earlief
experimental methodology was the lack of plate counts before
sonication. The plate counts done after the sonication
indicate the ﬁumber of viable cells after exposure, but
without knowing initial viable cells counts, this number has
little value. The_bécterial cells used for this study are
motile and they have a 'tendency to settle out and
concentrate at the bottom of the flask. Thus, even with the
utmost of care, initial differences in ,cdnceﬁtfatibn can
occur, especially in an unmixed batch experiment.

For these reasons, no definite conclusions could be
drawn from these earlier results, except that even after
éxposure to sonication, the cel;s were able to repiicate,

indicating survival. Since the most common use of




55
ultrasonics in biology is for cell disruption, the fact that
“cells -can survive at these lower exposure’ intensities was

encouraging.
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RESULTS AND DISCUSSION

Flow Syetem Development

Initially, use of experimental apparatus similar to that
used by the B.S. thesis students cited earlier was planned.
However, after careful consideration it was'decided that an
entirely new system would be needed to solve the previously‘
discussed problems inherent in that approach.

‘The first consideration was to maintain the syeteh at a
designated, controlled temperature for the duration of each
experimenf. This is done using a eonstant temperature water
bath, but this solution created another problem. It had
been previously decided that stirring was required for both
the sonicated and control samples. However, with the flasks
in a water bath, it would be difficult to use magnetic
stirrers. While submersible magnetic stirrers -are
commercially available, the cost for these units was

prohibitive for this project.
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This problem was solved By changing from a .non-flow

batch system to a flow system. By designing the entrance

and exit ports for the flasks to maximize mixing, the .

ﬁagnetic stirrers were not needed. “Admittedly, it 1is
doubtful that this design provided mixing equal to that
provided by a mechanical stirrer, but éince mixing problems
were never observéd, it was assumed that fhe mixing was at
least adequate. The flow past the sonication probe tip was
easily accomplished using the continuous flow cell.

The 1last major new feature in the system was the
addition of a gas line to provide additional oxygen. To
avoid the 'possibility of contamination from the gas supply
bottle,_ a filter was placed in éaéh gas line prior to

sterilization in the autoclave.

The experiments performed for this -project can be
divided into four categories: Scouting (Experimental Runs
1-4), First Series (Runs 5-9), Second Series (Runs 10-14,

18), and Third Series (Runs 15-17, 19).

Scouting.

In preparafion for the first experimental run, 400 ml of"

mineral éalts medium (MSM) was inoculated with a frozen

stock culture of Pseudomonas aeruginosa and grown ‘at 27 C in
' !
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a water bath for 21 hours. At this time, it was divided by
25-ml increments into the two feaction flasks. " An
additional 300 ml of MSM was added to each flask, the
solution was mixed, and plate counts were done to determine
the initial concentf&tions, Sonication was employed at an
intensity setting of two (roughly 90 watts) with a ten
percent duty cycle and a one-second cycle time. An
experimental temperaturé of 34 C, slightly below_ the
temperature for the maximum'growth rate, was chosen for this.
experimeﬁtL Flow rateé_for both the gas and.the'liquid were
adjusted and'measﬁred at the beginning and conclusion of
the experiment, with the flow rate being 250 ml/min for the
liquid and 40 ml/min for the gas. Samples weie taken after
1.4 hours. The next sample was to be taken at 3.5 hours,
but between these last two samples, the tubing split in the
pump heéd and the experiment was stopped.

Although little data was obtained throuéh this initial
experiment, a better understanding of the entire system was
gained. The plans for this experiment had included taking
samples from tﬁe flasks using a long-needle syringe through’
theé gas outlet tube. 1In additioﬁ, the volume of the sample
itself was to-also be'measured using the syringe. However,
the pipetor used for the plate'counts is much more reliable
for obtaining consistent and'nearly exact sample volumes, so
it was decided that samples 6f_ two to three milliliters

would continue to be taken using the loﬁg—needle syringe,
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but this samplg would be remeasuréd, using the pipetof, for
accuracy of sample size for "determining concentration.
Also, the plates from a;l three dilutions were counted for
this experimental run. This was discovered to be not only
unnecessary, but inaccurate for data acquisition.
Therefore, starting with the second run, only the dilution
where the counts were from 30‘to 300 colonies per plate were
recorded. The results of the plate couﬁté that were done
for this run are given in Table 5. From this data it can be
seen that the initial counts were significantly different
from each other. This can be attributed to the possibility
that sample sizes may not have been the same, leading to
observed differences, orlfo the possibility that mixing was
not adequate while dividinj the culture, leading to actual
differences. To avoid these problems in future experiments,
the culture was ‘thoroughly mixed prior to .aivision and
sample sizes were carefully measured using a pipetor. Also,:
the concentration is seen to drop from the initial reading
to the first sample. While this was observed én several
‘runs, it could not be definitely attributed to’any one cause

at this time in the experimentai program.

For the second run, 200 ml of MSM was inoculated with
the frozen stock culture and grown at 28 C for 19 hours.
The bacterial culture was added as in Run 1, using 25-ml

incremehts, to 375 ml MSM in each of the two reaction
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- CONCENTRATION
TIME TYPE DILUTION COUNTS® - CELLS/ML
INITIAL CONTROL 10-6 62 87 80 7.63 x 107
SONICATED 10-6 68 67 71 6.87 x 107
1.4 HOURS CONTROL 10-6 65 73 69 6.90 x 107
SONICATED 10-6 37 46 50 4.43 x 107

(Sometime after 1.4 hours, the line of tubing inside the
pump head split, and thus the run was aborted.)

Table 5. Plate Count Results, Run 1.
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flasks. However, for this experimental run, the flask
containing the concentrated bacterial culture was mixed
while being divided between the two flasks. As in the first
experimenf, sonication was conducted at an intensity seﬁting
of two with a cycle time of one second and a ten percent
duty cycle, thle the water bath was-maintained at 35 C.
Samples were taken at 2.00 hours, 4.08 hours, 5.92 houfs,
and 8.25 hours. These fesults are given iﬁ Figure 13.
Also, after the end of thé run, the system was left running
to see what longer term effects sonication may have, and
samples wereltaken afterv22.25 hours. The graph including
these points is given in Figure 14. It is iﬁportant to note
that the starting concentrations of the two flasks wefe
quite clpse. This would indicate that mixing the'culture‘
during division helped to avoid the extreme differences seeﬁ
in the starting. concenfrations in the two flasks in the
first experimental run.

The results from the first eight hours .of this
experiment seemed to indicate that sonication significantly
slowed the growth of the bacteria without causing severe.
detrimental effects on the viability of the éells. However,
the data points at twenty-two hours indicated that the
bacteria mighf develop an ability to withstand the treatment
and might eventually begin to grow and replicate 1in ah

ultrasonic field. This possibility was temporarily shelved
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and the effects at lower intensities were scouted, beginning

with the third experiment.

'As for the second experiment, the nutrient source to be
used for this experimeﬁt was stérilized and then divided
into volumes of 350 ml in each of the reaction flasks and
300 ml to ‘be inoculated with tﬁe bacteria culture.'
Incubation was done at 30 C for 16.5 hours, after which the
culture was divided~by 25-ml increments and added to the
nutrient broth in the reaction flasks. Sonication was
conducted at an outpﬁt setting of one (roughly 45 watts), a
cycle time of one éecond and a‘ten percent duty.cycle with
the water bath temperature maintained at 32 C. This
temperature was slightly below the temperatures used for the
first experimental runs. However, since the purpose of the
water bath was to maintain the temperatures within both
flasks at equal levels for the duration -of sonic'exposure,
the exact value of the temperature is not important és long
as it is consistent for both flésks, as well as being near
the range for méximum growth rate. - Temperatu;es generaliy
stayed within +1 C for the duration of any run. However,
temperatures had to be monitored and adjusted manually as
the water bath did not have a reliable temperature
controller. Thus, slight deviations did occur within some

of the experiments, but these were never observed to be
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greater than one degree. - For fhese reasons, on. all
experiments, any température within the range of 32—55 C was
accepted. - Samples Qe;e taken at two-hour inﬁervalq for a
total of twelve hours.

The plétes were to be counted after two day§ as had been
done previously. However, the countiné was halted after the
first sample becéuse the plates were not couﬂtable. Instead
of'growing into small distinct colonies, bacteria completely
covered the plates._ It was assuméd that, for some reasén,
the plates contained too much moisture. While if is still
unknown why this might have happened, a coupie of theories
were proposed. The first was that the agar solution was not
mixed properly prior to sterilization. The second was that
the agar settled out while pouring and thus some of the
platesA were deficient in solidifying agent. Even while
warm, agar is not completely'soluble'in water. In the event
that the second theory was correct, the agar used for all
plates used subsequent to this experiment was mixed gently

while being poured to help to alleviate this possibility.

Thé,cdlture preparatidn for the forth run was,identicai
to the preparation used for the third experimental run. Run
conditions were also the same, using an intensitf setting of
.one, with the exception that the water bath was kept at 35 C

as opposed. to 32 C for Run 3. Samples were taken at two-
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hour intervals for six hours with a final saméle at nine
hours. The results from this run are given in Figure 15.

In this experiment, both samples grew to approximately
the same concentration during the nine-hour experiment.
However, while the control sample seemed to begin to grow
immediately, the sonicated sample seemed to go through
_somewhaﬁ of a lag period. A&s discussed in the-MiCroSiology
- section of this paper, when bacteria are exposed to é new
environment, they often go through a period of adaptation
before they begin to divide. It was not initially thought
that the sonication would produce this effect, but the
fesulﬁs of this experiment seemed to indicate that sonic
energy might yield a lag effect. This can be seen in Figure
15 by the fact that after two hoﬁrs, the concentration of
the sonicated sample had not quite doubled while the
concentration of the control samplé had nearly quadrupled.

It was then decided that, if the sonicated sample would
have to go through a lag period, it would be ideal if Both
the sonicated and the control samplés could be forced to go
through a 1lag pﬁase to ease the subsequent éomparison. Up
until this time, it was desired that the culture be in the
exponential phase ﬁust prior to the start of each egperiment
so that growth would continue in this mode. Howevér, with
the possibili-ty of a sonically-induced lag phase, it was
thought that if the culture were in sﬁationary phase

instead, both samples would have to go through a lag phase.
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If the sonicated sample could adapt to the sonicationhat the
same time as Ehe new environment, the ’lag time could
potentially be the same for both éamples and the growth
curves could be  more easily compared. This 'idea was
incorporated into the experimental procedure starting with

Run 5.

First Se:ieé

At this point, the majority of the techniques that were
to be used hereafter in this project had been.déveloped.
While operating paraméters confinued to be changed, the
basic methods of data 'acq'uisition had been developed and
changed very. little until much 1later in this project.
Therefore, Run 5 marks the beginning of the first series of

standardized experiments.

The fifth experimental run was done as a repeat of Run 4
forrtwo reasons: to exténd:the data beyond ten hours to
eighteen hours and to attempt to force both the sonicated
and the control samples to go through a'similér lag phase.
To achieve the“second of these goals, fhe sterile.growth
media was inoculated from the pure frozen parent culture,

grown at room temperature for two days and then refrigerated
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for three days. It was hoped that this would result in a
culture in the stationary phase‘of'growth.

At the beginning of the experiment, approximately 50 ml
of this concentrated and refrigerated culture wae inoculated
into 400‘m1 sterile nutrient broth in each of the reaction
flasks, and then the experiment proceeded as in Run 4. All
experimental conditions were identical to those used ie Run
4, including temperature and £low rates.' Samples were taken
at two, five,:eight, eleven, fourteen, and eighteen hours.
The results are given in Figure 16.

It can be seen that the attempt at inducing a lag phase
in both samples was apparently successful. ﬁowever, after
the lag phase, both samples grew at approximately rhe same
rate, with the exception of the sample point at eleven
hours.’ ~Because the results of the plate eounts cannot be
known until the colonies are large enough to count, if an
error is made in the plate count procedure, it is not
apparent until ‘'much 1later and steps cannot be  made to
correct it. It is believed that this was the case for the
eleven hour sample. 'Due to the fect that, with the
exception of that one data point, the curve for the
sonicated sample 1is gquite smooth, and that both the
sonicated and control samples were exceptionaliy iow; it is
very possible that incorrect volumes were used for that
sample. As the pipetors used for the determination of

sample volumes are adjustable over a range of volumes,
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extreme care was faken hereafter to assure that the volumes
being used were the volumes desired.

Figure 16 shows that fhe viable cell concentration of
the sonicated sample was consistently greater .than that of
the contrél sémple after five hours. However, the
differences did not seem great enough to validly attribute
them to anything other than either expérimental error or
the lack of tight precision in viable cell counts on petri
plates. If these results could be found to be consistent
for several rﬁns, then it might be possible to come to a
conclusion, but with only one weak positive result, no firm
conclusions could be made at this time. For thesé,reasons,
the next few experiments were conducted as attempgs to

repeat these results.

The culture preparation and run conditions for Run 6
were the same as fhbse used for 'Run 5, including
temperatures, flow rates, incubation . times, and
refrigeration times. The only exception to this was that
each reaction flask contained 450 ml of sterile nutrient-
broth with only io_ ml qf the cbncentrated bacterial
solution. The reason for this change was that it would
result.in lower initial concentrations, thus allowing for a
longer exponential phasg and increasing Ehe likelihood that

any actual differences could be discernible Also, it was.
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decided to record the data more often at the beginniné so
that a more accurate description of the grbwth curve could
be obtained. In addition, it was hoped that it,Would‘be
easier to éompare'the lengths of the lag phases in both
samples with more data points. For. these reasons, samples
were taken every hour for the first five hours and then
every'two hoursvafter~that for a total of thirteen hours.
The results obtained from this experiment are gi&en in
Figure 17. |

This figure shows the viable cell concentrations in both
samples dropped more than an entire order of magnitude after -
being stabie_for an hour near the initial concentrations.
While an error in plating could account for oneudata point
being so far off, the fact that both samples for two data
point pairs were off ﬁould suggest that the. concentrations
were actually falling. The reason for this dramatic change
is as of yet unknown. Sample sizes were meticulously
measured and platéd, and contamination was unlikely as all
of the colonies on every plate had eésentially the same
size, shape, and color. Thus, while it is uncertain as to
why the concentration in béth'sampleé experienced this drop
in concentration, it is appafent-from this data that there
was no significant difference in either growth rates Or.the
shape of the growth curve itself during latter stages of

this experiment.
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The <cause of . the drop in the concentration is
unexplainable at this time; The smailest change in
environmental conditions can have a large effect on the
growth of a bacterial culture. Also, bactefial viruses and
phages will affect the culture and can be quite difficult to
disco&er without elaborate testing. Thus, the cause for the
drop in concentration remains unknown. However, it |is
important to note that whatever was causing the drop in
concentfation affected the contrbl sample<far more than the
sonicated sample. One possible reason for this is that the
sonication was somehow "prote&ting" the cells. However with
only one experimental run experiencing this initial drop .in
conceﬁtration, ﬁb firm conclusions can be reached at this

time.

Run 7 was conducted, once again, as aﬁ attempt to repeat

Run 5 and perhaps shed more light on the unexpected curve
shape of Figure 17. The run cbnditions_ and culture
preparation were the same as in Run 6. Data are éhohn in
Figure 18. The reason for the unusual shape and scatter of
the data is unknown. However, while no thorough
identification tests were run, there did appear to be a
significant amount of contamination. This was.evident by
the morphology of tﬁe colonies,on the plates. Plates from
both the sonicated and contrbl flasks resulted in two

different kinds of colonies. The normal Pseudomonas
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" aeruginosa colonies accounted for about 50% of the colonies

while the remainder were smaller in size and lighter in
color; indicating a different type of bacferia, and thus,
contamination.

It is unknowﬁ_ how or when the contamination of the
culture took place. However, since both the control and
sonicated samples were contaminated, it probably' existed
before the reaction flasks were inoculated, or as a result
of subjectiﬁg both samples to a common source of
contamination. Since everything that came into contact with
either sample was sterilized, "and no bacteria were ever
transferred between cultures, the chance of exact and
simultaneous contamination occurring is extremely rare, thus
the assumption that contamination took place Before the
culture was inoculated into the reaction flasks.

There are several ways that the culture could have
become coﬁtaminated, and while there are methods that can'be
used to reduce the chance of these, there are no guarantees
that contaminationp cannot occur. Since the culture was
inoculated from a frgzen péfent culture, there is a chance
that contamination occurred in the preparation of that
pérent -culture._' Or, if the Minepal Salts Medium became .
contaminated, the.contaminatiné bacteria would have grown

along with the Pseudomonas. Regardless of how contamination

occurs, it is a very serious threat to research of this
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type, as generally it cannot be detécted until it Ls too
late and valuable time and material have Been wasted.
Since the data obtained from.this exberiment included
significanf contémination, the'resulté could not be assumed
to be valid or to represent the uncontaminated behavior in

any respect.

Run 8 was the third attempt to duplicate the results of
Run 5. Culture pfeparation and run conditions were the same .
“as used before. In this case, each reaction flask contained
475 ml of sterile nutrient broth with six milliliters of the
concentrated culture solution. This was done to slightly
lower the starting concentration in the flasks t0véllow for
a longer exponential growth phase. The bath wés maintained
at 33 C.fof the duration of the run and samples were again
to be taken every hour for the first five houré and every
two hours aftér that for a total of eighteen hours.
However, this run resulted in no solid results because,
after the third sample was taken, the rubbér stopper in the
test tube used for the control volume came loose. When an
attempt was made to secure it, the tube itself broke,
‘contaminating the culture and putting an end to.this run.
The results of the plate éounts that were done for this
experimenf are given in Table 6, and in gfaph form in Figure

19, This graph is included to illustrate that, as in Run 6,
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70 79
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52 88
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65

CONCENTRATION

CELLS/ML

7.63
7.23

6.57
6.83

7.20
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X

X

The test tube contained in the apparatus broke
3 hour reading and thus the run had to be aborted.

Table 6.

Plate Count Results, Run 8.
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the concentration of both samples dropped significantly in
the first few hours of the experiment, arnd then began,tb
increase again. Also, as in Run 6, the control sample
seemed to be affected more than the sonicated sample.
Unfortunately, this experiment did not lést long enough to
give the full shape of the growth curves, thus, no firm.

conclusions can be reached.

Run 9 was the fourth attempt to duplicate Run 5. For
this run, a sample of the bacteria prepéred for Run 8 was
used, as this culture had been kept reffigerated after the
required 12 ml had been removed. Thefefore, é small sample
(approximately six milliliters)_ﬁas inoéulatéd into fresh,
sterile nutrient broth. This was grown as a new batch at 33
C in the water bath for eighteen hours and then used as the
concentrated culture for Run 9. For this run,(each reaction
flask contained 460 ml of sterile nutrient broth with nine
milliliters of the concentrated culture. Although the
preparation of the concentrated culture was the same as that

used previously, this culture did not appear to be as

- concentrated (less turbid) as the cultures for previous

runs, thus a few extra milliliters were added to account for
this. While adding "a few extra milliliters" may seem '
unscientifié, with scouting experimentation of this sort, it
is often the bést route to choose. Because the

concentration and condition of the culture are not known
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until the experiment itself is over; it is often up to the
researcher to determine if small changes such as this will
be necessary for the success of the individual runs. This
proved to be the case in this insténce, as even with ther
extra volume of concentrated culture, - thé initial
concentratioﬁs were significantly lower than they had been
in the last few runs.

The water bath was maintained at 34 C, and as usual, the
sonication probe was set with an intensity setting of one,
cycle time of one second{ and a ten percent duty cycle.
Samples were taken every hour for the first five hours and
every two hours after that for a total of approximately
eighteen hours; The results from this run are given in
Figure 26.

Once again, fhe differences between the two curves were
not large enouéh to attribute to differénces due to
sonication. In any case, the control culture samples are
more concentratéd throughout this experiment while the
sonicated microbes seemed.to do better in Run 5. For these
reasons, it was concluded that no significant effect of
sonication could be obtained under these conditions, and new
variables, such as exposure intensity and duration, were now

considered. Therefore, Run 9 was the last run of the First

Series.
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Second Series

Run 10, the " first' run of the Second Seties, was
conducted to determine if more exposure at»_the seme
inteusity could result in increased cell ccnceutrationé.
The -data frcm the First Serieslgave few conclusive resulte
and showed a great deal of randomness. Thus, it could have
been true that the sonication was, indeed, improving growth,
but since the exposure was low, evidence -of improvement'wae'
becoming "lost" in experimental scatter. Run‘ 10 was a
scouting trial to see if this cculd-be the case.

The frozen stock culture was inoculated into
approximately 200 ml of sterile nutrient broth and grown for
twenty-six hours at 35 C in an incubator, after wuich it was
refrigerated for sixteen hours. Five milliliters. of. this
culture were added to 460 ml cf sterile nutrient broth 'in
each of the reaction flasks. While the cycle 'time and
output controi both remained at the settings used fct the
first nine experiments, five seconds and: 1ntens1ty
setting cf one, respectively, the percent duty cycle was
'changed to forty percent versus the previous ten percent.
As -the percent duty cycle time determines how much exposure

the medium w111 receive for a given intensity,- 1ncreas1ng

the duty cycle to forty percent resulted in fouf times the _
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exposufe as at ten perceht. The resulté of this run are
given in Figuré 21.

This run was the Ffirst that resulted in distinct and
rather consistent differences in plate count results and‘was
also the first time that these differences were observablé
fhroughout the course of the run. After six hours, the
sonicated sample appeared to be far less concentrated as it
was much 1less turbid than the control sample. The
difference in the turbidity of the two samples seemed to
decrease as the experiment progressed, but the sonicated
sample never appeared to be as turbid as the control sample.
These observations were confirmed by the resulté of the
plate cpunts, és shown in Figure 21. Thus, it was not
difficult to‘seé that while the increased sonication did
have an effect, it was not a beneficial one, and this line

of experimentation was halted.

At this point, the possibility of "pretreating" the
culture was proposed. It was thought that perhaps the
sonicated sample needs to adapt to the sonic energy exposure
and that it never is able-to "catch up" and thus always
| remains less concentrated than the control sample. One
broposed method of pfetreating the cul£ure waé to suspeﬂd.
the sonication probe in a small beaker containing a culture

in solution and sonicate at an intensity setting of two,
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roughly 90 watts. _Due to the relati&ely.small Qolume in the
proposed Dbeaker, a short preliminary experiment was
performed to determine if temperature inereases would be a
concern. To test this issue, a 140 ml beaker with
approximately 100 ml of water was sonicated and magnetically
stirred, with the temperature being taken periodically untill
a steady state temperature‘was reached. The water reached
31 C after ninety minutes, but the majority of the heat
increase was attributed to the heat output from the motor of
the stirrer, based on the findings of the ‘temperature
experiments done previously. |

The next step was to determine if theee operating
paraﬁeters would adversely affect the viability of the
cells. This was accomplished by doing the same experiment
as described above with a bacteria solution instead of
water. Also, a sheet of aluminum foil was formed into a
"tent" above the beaker to pfevent air-berne microo?ganisms
from falling into the beaker and contaminating the culture.
The culture ‘consisted of one milliliter of concentrated
culture in 100 ml of sterile nutrient broth. This’
experiment was run for over eleven hours and during that
entire time, no visible sign of bacterial growth was
observed. The solution remained completely clear.

Samples were taken as rapidly as possible for the first
ninety minutes and then less frequently after that for a

total exposure time of 11.5 hours. Plate eounts were
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performed and the results of these can be found in Figure
22, From these results it was determined that if this
method were to be used for sample preparation, sonication
for mofe than five hours would have strongly detrimental
effects on the culture. For ‘this reason, pretreatment
using the flow system was thought to be the more effective
and perhaps a better way to acclimate the bacteria to

ultrasonic exposure.

The purpose of Run 11 was to attempt to bofh roughly
duplicate the sonicated curve of Run 2, and to obtain some
"pretreated" bacteria for use in Run 12. Since the shape of
the growth curve for the sonicated sample was the desired
information, no control curve was run for this experiment.
The water bath was maintained at 36 C to achieve the maximum
growth raté, and the sonication probe was set with the
intensity settiﬂé at two, a one-second cycle time, and a ten
percent duty cycle. The results of this run aée éiven in
Figure 23.

While the preparation and sonication procedures for this
run were nearly the same as those used for the sonicated
sample of Run 2, it is quite evident in comparing Figures
i3, 14, and 23 that the results from the two experiments
were very different. One possibility for this might be that
the cultures were not in the same phase of growth at the

beginning of the experiments, and thus acted differently
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when inoculated into the fresﬁ broth and exposed to the
ultrasound. Differences might also be attribufed to some
~unknown source of experimental error as the plot from Ruh 11
contained a fair ‘amount of scatter. Regardless 6f the
cause, the differences between the results of the two
experiments lead to no definite concldsions.

This attempt to "duplicate" previous results illustrates
one of the major difficulties in dealing with 1living
systems; that even under seemingly identical conditions,
growth patterns do not always remain the same. For this
reason, attempts to compare results run-to-run with
different starting cultureé were abandoned, and only the two

.growth curves within each individual run were compared.

Run {z_was performed as a second attempt td determine if
the culture could adapt to the ultrasonic field. It was
thought that if the culture were acclimated to this field,
it may grow faster if left in the field. This test was
accomplished by inoculafing the sonicated bacteria from Run
11 into fresh, sterile nutrient broth and placing it in an
incubator for thirty-six hours. After this, the culture was
refrigerated for seventeen hours. At this time, exactly
five milliliters was added to 460 ml 6f sterile nutrien£
broth in each of the two reaction flasks.  The Bath
temperature was maintained at 34 C and sonication was done

at an intensity setting of one with a ten percent duty cycle
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and a one-second cycle time. Samples were taken every hour’
- for three hours and every two hours after fhat fbr a total
of seventeen hours. At thirtegg;p2H£§¢;heAcontrol sample
was observed to be far more éloudy than the sonicated
sample. The results of Run 12 are given in Figure 24. Once
again, the control sample was generally more concentrated
than the sonicated sample for.thé duration of the run. This
would seem to indicate. that bacteria will grow faster
outside of a ultrasonic field at the conditions of this run,
regardless of the history of the culture and whether or not

it had previously been exposed to ultrasound.

At this point, it was spéculaﬁed that the concentraﬁion
of nutrients in the bro?h was so high that diffusion through
the capsule layer was not a limiting resistance for cell
metabolism. Therefore, Run 13 was designed to determine if
limiting the sugér, or cérbon sodrce, in the nutrient broth
could forcé diffusion to be the limiting factor, resulting
_in increased growth and replication with sonication.

For this experimental run, 250 ml éf.stefile‘MSM was
. inoculated from the pure frozen parent culture and grown in
the incubator at 35 C fof 24 ﬁqurs. Under these conditions,
thé culture should be in 'the stationary phase of gfowthf and
should have metabolized nearly all of the glucose present in

the MSM. After incubation, the culture was reffigerated for
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18 hours to help induce the lag phase for both the sonicated
and control samples. lImmediately prior to the run, three
milliliters éf this concentrated culture was added to each
of the reaction flasks.

Preparation for this run was completed as had been done
previously, with one major exception: the MSM_fhat was to
be used in the reaction flasks was prépared without any
sugar source. Instead, a sugar source was prepared by
sterilizing the glucose ndrmally p?esent (0.1 g in one
liter) in 50 ml of demineralized water. This sugar source
woﬁld then be fed to both‘sémples ét a rate-of 1.00 ml/hr
for the duration of the run. It was hoped that this‘would‘
make the medium sugar-deficient, and growth of the cells
would depend on their ability to obtain sugar. If this were
true, then the t;ansport of the sugar through the capsule
layer might be the 1limiting step for metabolism and cell
growth.. |

As usual, 'the,-sonicated' culture was exposed at an
intensity sétting of one with a cycle time of oné second and
a ten percent duty cycle-at a temperature of 34 C. Samples
were taken every‘hoﬁf for three hours, and then every two
hours for a total of sevehteen hours. The data obtained
from this experiment are given in Figure 25. Once again, it
is not known why the concentrafion in both samples droppe&

so far early in fhe run, but it is evident that restricting
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the carbon‘sourcé did not show beneficial growth results for
the sonicated sample.
It is important to note that in this case, the

sonicated sample seemed be more greatly affected early in

the run than the control sample. This is contfary to

observations from the other two runs where a sharp initial
drop in concentratién was“observed. Because the.CAUSe of
this drop is unknown, it is impossible to .tell whether or
not the éhange from the sonicated to the control sample as
the "protected" culfure was due ﬁo the concentration of the
glucose, or if all of the differences were due simply to

unknown factors.

The idea of a nutrient-restricted environment was tried
again in Run 18. In this case, the initial MSM contained
only the potassiﬁm phosphatés while the remainder of the
nutrients, ammonium sulféte, magnesium sulfate, and glucose

were sterilized separately in 20 ml of water. While they do

provide the culture with necessary nutrients, the main

purpose of the potassium phosphates is - to buffer the
solution so that the culture does not experience osmotic
shock in an environment of pure water.

Run and exposure conditions for Run 18 were identical to

those used in Run 13, with the exception that all of the

nutrients except the phosphates were fed on an hourly basis

instead ‘of just the sugar. Samples were taken every hour
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for the first four. hours and then every two hours for a
total of 14 hours. The results of this experiment are given
in Figure 26.

As seen in Figure 26, the dat; from this éxperiment is"‘
very scaftered, even more so than was previously observed.
While the precise reasons»for‘this are unknown, it could be
that the concentration of the nutriénts cogld have affecﬁed
the growth of the cultures by 1limiting the nutrients
available to the éulture at certain tiﬁes in the'expefimént.
The fact that the nutfients were fed in small amounts at
distinct time intervals and not continuously would lead to
sudden changes ip nutrient concentration at each feeding.
This, in turn, could lead to»sporadic culture growth. Also,
the same'amount of nutrients was added at each "feeding".
Since the cqncentrafion of the culture increased by two to
three orders of magnitude during each experimental-run, the
culture would naturally utilize 1less nqtrients at the
beginning of the experiment and more ‘toward the'end. 'Thus,
feeding the culture regular quantitiés at reguiar times
could theoretically lead to the culture having a surplus of
nutrients at the beginhing of the experiment and not enough
at the end.

Ideally, nutrients should be fed as they are needed.
Unfortunately, this dependsﬁon current concenffation of both
the culture and the nutrient broth.i These, in turn, depend

on the initial -stage of the culture, the initial




97

6. 40 6-80 7.20 7.60 8.00 8 40
O
O
o >r

LOG OF CONCENTRATION

6.00

< O CONTROL
A SONICATED

0.0 +.00 a.00 12.00 IS.00  20.00  24.00
TIME IN HOURS

Figure 26. Base 10 Logarithm of the Culture Concentration
(Cells per Milliliter) versus Time (Hours)
Run 18



98
concentration of the culture, and nutrients ufilized from
previous feedings, none of which are available at the time
that the‘experiment~is executed. |

At this time, it was concluded that if Pseudomonas

aeruginosa could be benefitted by exposure to ultrasound,

the conditions investigated and methods of analysis used for
the current sfudy were not sensitive enough to_discover this
fact. Thus, as several obvious parameters had been explored
with no discernible beheficial results, the current apbroach
to enhancing growth of this particular strain of bacteria
with sonicationhwas susﬁended, and a new avenue of research

was pursued.

Third Series

At the conclusion of the Second Series of experimental
runs, it was still inconciusive whether one of the major
objectives. of the current project had‘~actually been
éccomplished:‘ the shearing of the capsule layer. by
sonication. The fact tha£ no metabolic evidence of sheariné
was observed,ié not definite proof‘that no capsule shearing
had occurred. Therefore, the possibility of observing
evidence of this shearing by some other mgthod was explored.

Among microbiologists, it is beligved that the capsule

layer contains the products of metabolism of the cell, and
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because of its sticky nature, qllows-adhefence of the cells
to each other and to surfaces within their environment. It
is not thought to be directly necessary for cell life. 1In
fact, "rough" strains of bacteria are nearly identical to
"smooth" strains with the exception that the "rough" strainé
do not possess a capsule layer. Also, due to the nature of
cell metabolism, thé limiting metabolic step could be a
number of.things and would not necessarily have to be the
transport of the nutrients through the capsulé.layer. Thus,
if diffusion through the capsule layer were not a limiting
step in cell metabolism, 'even if the layer were to be
sheared, +this may not " be gvident by wviable  cell
concentration counts. However, it could possibly be
observed tﬁrough other methods, such as attachment ability.
Developing concurrently with the present study at MSU was a
separate projeét designed to examine the attachment of
bacteria to various metals in a flow situation.
Unfortunately, this project had not progressed to the point
of being' able to reliably quantify results, however,
observation of the indiQidual bacteria was possible. For
this reason, the fesults obtained in the next series of
experiments, especially thé numbers generated, cannot be
taken to be absolute, but should be thought of as a basis
for possible fufﬁre research. '

The experiméntaluapparatus used in this section of .the

current project consisted of a new flow cell, a microscope,
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and a computer. " The computer "and microscope used are
components of "Image Analysis", a method of computer
observation and enhancement operated at MSU by the Institute
of Biological and Chemical Process Analysis (IPA). In this
system, - the microscope "observes" the image and sends
information about it to the computer. ‘The computer then
analyzes‘the image -and uses various contrast and shading
options in order to display the clearest picture possible on
a computer_monitor. .In addition, a.program‘for computerized
counting of attached bacterial cells called "Bug Count" was
used to some degree. '

The developing IPA ‘prqjéct dealt with attachment of"
bacteria on the surface of various metals, and the majority
of the work had been done using stainless steel. Therefore,
stainless steel was also chosen.as the surface to be used in
this series of experiments. The surface of even a small
objecf is usually far too large to count all cells attached.
Therefore, certain locations on the surface are analyzed and
a comparison of overall attachment cén' be done based on
attachment at these locations. The IPA project had
designated a 3 x 4 grid of locations on the surface, so
these were also used for the current project. These
positions correépond to location settingsion the stage of
the microscope. One very important benefit of this system
is that it wili not allow researcher bias. That is, the

locations for analysis are predetermined and, thus, the
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researcher cannot simply pick 1locations based on the
apparent attachment at that point. Using this methodology,
the computer can be used to actually count attached cells
using tﬁe "Bug Count" program. However, this computer
program had not yet been completely adapted to the IPA flow
cell and resulted in significant problems, and thus, it was
seldom used in the current study.

The flow cell used in this series of experiments
_differéd greatly from the flow cell used in the éonication
system. Therefore, for the remainder of this report, to
avdid any confusion between the th, the flow cell used in
the Image Analysis systém'will'be referred to as thé IA flow
cell, while the flow ceil used in the sonication systeﬁ will
continﬁe to be called the flow cell.

The IA flow cell is given in Figure 27. The fluid lines
shown were "built in" to the cell and flow was drawn through
the cell from tygon tubing attached to these 1lines. For

cleaning and preparation purposes, the glass slide, and then

the stainless steel surface were removable. The IA flow

cell was attached to the microscope platform using the
screws shown.

The preparation of the IA flow cell was significantly
different from the preparation of any equipment used up

until this point. Previously, it was sufficient to simply

sterilize the equipment used for experimentation. This was

not the case -with the IA flow cell. In addition to
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sterilization, the surface to be used had to.be polished
before each sample to be analyzed. Other than this,
preparation took very 1little time; For each sample, the
culture was placed in a 250 ml Erlenmeyer flask with a
sterilized magnetic stirrer. The surface, stainless steel,
was polished and the IA flow cell assembled. Tubing to be
used for the Eransporﬁ of the cuitUre solution was washed in
ethanol. Then, the flow ceil was mounted in place on the
microscope and the.tubiﬁg lines were attached. The tubing
forming the outlet from the cell was attached to a small
pump. In this way, the bacterial solution was pulled
througﬁ_the system, allowing the pump to be used witﬁout
requiring sterilization, and avoiding additional shear.
»Befofe the culture solution was passed through the system,
the system was flushed with sterile water to Iremoée any
residual ethanol. The system was then ready for use.

A series of experiments (Runs iS - 17,- and 19) was
designed to examine and compare the attachment abilities of
Bacteria that had been exposed to ultrasound to thbse that
had not. 1If differencesiwere found, a test of the daughter
cells was-planned to determine whether differences would be
passed on to subsequent geﬁerations, In order to have a
quantitative comparison, all samples fested should be of
exactly the same concentration and éxactly the same flow
through the IA flow cell. Due to the fact that viable celi

concentrations cannot be determihed without signifiéaht time
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elapsing, this.'was never entirely possible. However,
concentrations were generally very close, making some
comparison possible.

The sonication éystem used to prepare the bacteria for
this series of experiments was the same as that described in
the Experimental Apparatus section of this report. In the
IA flow cell apparatus, the cqlture solution left the
sfirred flask, flowed across the metal surface within the IA
flow cell énd then exited the cell into the ‘gradﬁated
cylinder to determine flow rates. As mentioned before, this
system was not fully developed, and one significant fault
was that the method used to determine flow rates was to
collect and measure the solution volume for a designated
period of time and then cbmpute the flow rate from this:
information. This inability to control flow would not be a
problem with smail differences in flow rate. However, at
times the flow rate would be two or three times as great for
one run as for another run at the same setting on the pump.
Since floQ controlled the number of bacterium.that passed
through the IA flow cell as well as the volumetric flow rate
and velocity of the fluid, changing this one variable
actually affected three variables within the experimental
system. Thus, this problem was by far the biggest obstacle
in this series of experiments and contributed heavily to the

inabilify to precisely quantify results.
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Run 15, the firét of the attachment experiments, was‘
conducted withdut using the IA flow cell. It was thought
that if attachment diﬁferenceé existed,‘ they might be
observed by simply exposing a surface, such as glass, to the
culture and observing attachment after a specified period of
time. The plan forvthis experiment was to expose a sample
of the baéteria to sonic energy, after which one glass slide
would be vertically submerged in. each of the sonicated and
control samples in separate beakers. A diagram of how this
was done is givén‘in Figure 28. After one hour, the slides
were to be removed from the culture, rinsed in sterile
water, and observed under the microscope. This experiment
was not intended to resﬁlt in quantitative resulEs, but was
meaﬂt as a "quick and dirty" trial run to see if further
experimentation was warfanted. If results could be seen
with this crude experimental method, then the IA flow cell
would be used to obtain further experimental data.

In preparation for this run, the inoculation bacteria
were taken from a pure, frozen pafent culture and put into
250 ml of sterilé nutrient broth, grown at 35 C fpr 24
hours, and then  refrigerated for about 1.5 hours to
temporarily slow growth. After this, 5.0 ml of this
concentrated solution was put into- each of the reaction
flasks along with 460.0 ml of sterile nutrient broth.

Sonication was conducted as in thé,past: the cycle time was
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1.0 second, the pefcent duty cycle was 10 percent, the
intensity éetting was at one for 18.5 hours, and thé
temperature was 34 C. After exposure, the cultures weré
placed in the beakers and the glass slides were immersed.
No samples for viable plate count analysis were taken until
the end of the sonic exposure, at which tiﬁe viable plate
coﬁnts were compiefeu The concentrations (in cells/ml) were
within one order of magnitude, being 8.87 x 108 for the
control and 1.19 x 108 for the sonicated sample. Far more
cells appeared to be attached to the control slide than the
sonicated slide. Although these results Qere tentative, it
was decided that there was enough evidence to justify a more’

detailed experimental approach using the IA flow cell.

Run 16 was designed to analyze- the ability of the
bacteria to attach in a flow situation. 1In this case, the
- IA flow cell was used along with the Image Analysis computer
system. The cells were prepared for the IA flow cell in ther
same manner as they were prepared for the g;ass slides in
Run 15. o | |

After exposure to the sonication, both the sonicated and
control samples were fempved from the water bath and
refrigerated. As only one iA flow cell existed,. only one of
the samples cou1d~be tested at any one time. Since it was
desirable to have both éamples experiénce identicél

conditions, and it took approximately two to three hours to
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test each sample on the 1Image Analysis 'éystem, it wés
decided that each test would begin with the' culture ‘at
refrigerated temperétures. This would result in nearly
identical temperatures for each sample at‘the beginning of
each test as well as slowing any growth in the sample that
was forced to wait.

Under normal conditions, this particular strain of
bacteria has a high affinity for ~attaching to surfaces.
Therefore, a concentrétion‘ of lO? cells/ml, typical of
concentrations at this point in the research, was thought to
be too'high to give readable results as the cells might
attach far too quickly. Therefore, this culture was diluted
by - about two orders of magnitude f&r use in the IA flow
cell. The diluent used was water buffered with potassium
phosphate. This dilution was done for both the control and
sonicated samples. Exact measurement of\culture broth and
diluent wefe not necessary in this instance. This was due
to the fact'that the concentrétions between the control and
sonicated samples were never the same at this point in the
experiment. Since nearly identical‘ éoncentrations - were
desired for comparisons in the IA flow cell, the exact
measurements used in the . dilutions were based on the
estimated concentration due to the visual appeérance of the
culture, and on previously sonicated samples under éimilar
conditions. In this case, 4.0 ml of sonicated éample was

added to 250 ml of buffer while 2.0 ml of control solution:
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was added-to 250 ml of buffer. Since it was sbeculated that
the sonicated sample would not be able to attach as well as
the control sample,.it was deci@ed that if either sample
were 'to be higher in cohcent;ation than the other, it would
be best if it were the'sohiéated sample, thus weighting the
results somewhat against the expected outcome. |

As in all of the experiments of this series, the only
heat added to the IA flow cell system was that provided by
the magnetic: stirrer. From the heating experiments
performed earlier in this project, it was known that the
magnétic stirrer would'keep the solution at approximately 31
c. Flow.was measured using the graduated cylinder and was
found to be 120 ml/hour for the control sample, and 90
ml/hour and 60 ml/hour for the ~ sonicated culture.
Attachment of daughter cells was 'also studied by
innoculatiﬁg fresh broth with a small amount of‘ the
sonicated sample, allowing this culture to grow overnight,
and then testing it in the IA flow cell. The concentration
as measured by viable cell counts on petri plates was 4.5 x
105 éells/ml for the control sample and 1.4x106 cells/ml for
the sonicated sample. '

- For Both the control and sonicated samples, viable plate'
counts were done both immgdiately before and immediately
after testing on the Image Analysis syséem. These counts,
which are given in Table 7, show th&t the sonicated éample'

was significantly more concentrated both before and after




Microscope

Setting

10
11
12

Average

Flow Rate

Concentration

Initial

Final

Table 7.
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Sonicated

Control
Sample Sample
12 7
10 s
13 2
1 1
10 3
15 2
11 0
8 6
15 0
10 4
10 | 3
11 1
11.3 2.8
2.0 ml/min 1.5 ml/ﬁin
2.4x%10° 1.0x10°
6.6x10° 1.4x10°

Bacterial Attachment, Run 16

Ch'\]OﬂU‘l‘G)'\D

Daughter- Cell
Sample

10

.4

1.0 ml/nin

1.4x10°

2.9%x10°
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the test.l However, when the attached cells were counted at
the end of one hour, the sonicated sample had an average of
less than 3 cells per screen while the control had an
average of over 11 cells per screen, or nearly four times
the attachment of.the sonicated sample. Considering that
the sbﬁicated sample was higher in concentration, this
result seems very significant.

In addition t6 the immediate effect, a daughter cell
analysis was prepa;éd by inoculating approximately 250 ml of
sterile nutrient broth with the soﬂicated culture and
growing this new culture at 35 C for 24 hours; This new
culture was again decreased in concentration by dilﬁtion.
with buffered water and tested on the IA system. This
resulted in an average of five to six cells per screen,
still only about half of the average for the control sample.'
Once again, concentrations were measured by viable plate
counts before and after the expériment. While the counts
done at the completion of the experiment were unreadable,
the counts before the test indicated a.concentration of 1.4
' x 106, well above the éoncentration.fqr the control sample.
The results of this experiment seemed to indicate that

sonication actually does affect the ability of P. aeruginosa

to attach and that this ability seems’ to be passed on to

future generations.
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Run 17 was performed in an attempt to duplicate the
results 6f Run "16.  All system parametérs and culture
preparation steps were conducted as in Run 16. Once again,
an attempt was made to achieve concentrations that would be
nearly thé same. The results.of this experimént are given
in Table 8. In this case, the concentrations were very
close; Nevertheless, when the attached cells were counted,
the cohtrol sémple averaged 10 cells per screen while the
sonicated sample averaged about 1.5 cells per screen, or
about one-seventh the attachment levelk for the control
sample. This experiment again seemed to indicate fhat sonic
energy can be employed to disrupt the ability of the cells

to form biofilms.

Run 19, was a.final attempt to show that attachment of
viablev cells could, in fact, be adversely affected by
sonication. The culture preparation for this experiment was
identical to Ehat used for Runs 16 and 17. However, it is
doubtful that the cultures were at the saﬁe point in the
growth curve as had previously béen obtained. . This was
because of the apparent condiﬁion of the cellé, especially
the cells of the -control sample, as viewed throuéh the
micrdscope. In all other experiments in this series, the
individual bacterium were easily visualized. This was not
the case for Rﬁn 19. The bacterium here were very small and

difficult to see. This made comparisons between the




Microscope

Setting

v 0 N 6 O

11
12

Average
Flow Rate

concentration
Initial

Finai

Control
Sample
10

16

10

13

12

13

1.5 ml/min

2.0%10°

2.5x10°

113

Sonicated

Sanple

1.7 ml/min

1.6x10°

2.1x10°

Table 8. Bacterial Attachment, Run 17
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sonicated and control samples very difficult within this
experiment, as well as impairing the combarison of Run 19
with Runs 16 and 17. The results from this experiment are
given in Table 9. |

In Run 19, as in Runs 16 and 17, the bacteria that héd
been exposed to ultrasoundnyielded fewer cells attached to
the stainless steel surface than attéched with the control
sample. However, as stated above, cells in the control
sample 'appéared different than those observed in other
samples in this series of experiments. While it is unknown
whether this wés an actual difference or simply an artifact
of the experimental method, the general results again
pointed to sonication having an adverse effect on bacterial
attachment rate. | Admittédly, the results here were not
nearly as dramatic as had been obtained previously, but they
still indiéated less attachment. For the sonicated sample,
the concentration was lower, the flow rate higher, and the
number of attacﬁed cells lower than that of ‘the control
sample. ‘However, the difference between the two numbers,
3.5 cells per screen for the control sample and 2 for the
sonicated sample, was 'so slight that it couldh easily be
attriﬁuted to experimental error. These facts élone would
make any comparison difficult. In addition, the
concentration of the control sample was higher than that of
the sonicated sample, while the flow rate of.the sonicated

sample was higher than that of the control sample. These
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: , Daughter Daughter

Microscope Control Sonicated Cell Sample = Cell Sample

Setting ' Sample Sample (1 _Day) (2_Days)
1 ‘ 2 2 63 1

2 : 2 3 86 1

3 . 4 9] 73 1

4 2 . 2 . 3 0

5 4 o0 19 2

6 3 0 . 34 2

7 : 1 | 3 16 .0

8 4 1 39 o

9 | 9 4 39 | 1

10 4 6 24 1

11 5 0 20 .0

12 3 : 5 42 0

Average 3.6 2.2 38 0.8

Flow Rate ‘

(ml/min) 1.9 2.0 1.5 1.3

Concentration _

Initial 5.1x10°  7.9x10%  4.0x10° 5.1X10°

Final 5.7x10°  6.7x10°  9.o0x10° ' 6.1x10°

Table 9. Bacterial Attachment, Run 19
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differences between the two‘ sambles make any definite
conclusions risky in a system of such uncertainty as the IA
flow cell.

In addition to the problems experienced with the direct
comparison between sonicated and noﬁ—sonicated samples, the
cultures grown from the sonicated sample.fdr one and two
days also resulted in some unexpected attachment findings.
While the plate counts from both samples indicate that-the
cultures were still increasing in number, the numbers of
attached cells did not correlate with any previous results.
The concentration of the culture grown for one day was only
slightly higher- than concentrations used in previous runs
andl very similar to the concentrations of the initial
control and sonicated sampieé. However, the attachment was
much higher than experienced before. In fact, there were
too many cells attached to count by eye (average of 38 per
screen), and the Bug Count program had to be used. Howe&er,
the culture that had been growing for two days gave results
that were back to normal,'averaging’less than one attached
cell per screen.

It is unknown why the culture grown’for one day gave
such drastically higher attachment results, but one
possibility is that the surface became contaminated after
pglishing and before insertion into the IA Flow Cell. A
second possibility is that one or more large clusters of

cells were suspended in the sample and became attached when
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they were pulled through the IA flow cell. This latter
possibility became.even more likely when further examination
of the metal surface revealed large groups of cells that
could not have grown to such large populations within the
one hour duration of the experiment. For these reasons, the
results obtained from the first day generation of sonicated

cells cannot be accepted as being valid.
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- CONCLUSIONS

The original theory to be tested in this project was
that growEh rates of bacterial cell populations can be
.enhanced by the total or partial removal of the surrounding
capsule 1layer by. low _intensity ultrasonic shearing.
Resolution of this theory remains somewhat in question,
largely due to complexities encountered 1in processing
"living" syétems. However, a number of tentative
conclusions related to this theory can be drawn from results

"of the present work.

1. At the low intensity ultrasonic exposures of this

work Pseudomonas aeruginosa are able to adapt and remain
.generally viable in'a flow system. However, there is no
definite evidence that a beneficial metabolic effect occurs
due to wultrasonic exposure compared with non-sonicated
control samples.

2. The bulk of evidence suggests that the low intensity
ultrasonic exposures of this study retard metabolic growth

of Pseudomonas aeruginosa, although only slightly.

3. Low intensity ultrasonic exposures seem to diminish

the ébility of Pseudomonas aeruginosa to attach to a
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stainless steel surface. This result implies an impact of
ultrasound on capsule layer thickness.
4. The diminiéhed attachment ability apparently due to
low intensity ultrasonic'exposuré seems to be passed on, at

least to some degree, to daughter Pseudomonas aeruginosa

cells.
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RECOMENDATIONS FOR FUTURE WORK

While the original théory to be tested in this project
was neither proven nor disproven, it still presenfs various
other possibilities that can be explored using bacteria and

sound waves.

1. The attachment results obtained from the third series of
experiments were, for the most part, quite solid; These
experiments would provide a follow-up experimenter with an
excellent place to start. However, until the IA flow cell
systeﬁ is better developed, precise resulﬁs from this system
would still be difficult to obtain. Fortunately, there are
some fundamental improvements that 6ould eaéily be made to
imprové the system, although not perfecting it.

a. A metéring pump would eliminate the differences
in the flow rates and allow the experimenter to
set distinct values that could be kept
consistent for samples within each experiment,
as well as from expériment to experiment.

b. Duplicate cells could be built so that the time
required to change from one sample to the next
could be significantly shortened to. the one

hour required for the experimental run itself.
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Unfortunately, one of the major problems with these
experiments, the inability to predetermine the
concentration, would still exist. However, as was
discovered in these experiments, this should not be a
significant problem as long as the concentration of the
sonicated sample is higher than that of the control sample.
Exact quantified results may still not be possible to
obtain, but qualified results should be vefy possible, as
long as any differences are biased against the expected
results. Based on what is already known in this area, this
seems to be the most promising experimental direction to

take at this point in time.

2, A second possibility for future work would be to use an
electron microscope and capsule stains to attempt to
directly determine if the capsule layer were affected at all
by sonication. This appréach would most likely require a

large amount of assistance from a microbiologist and some

technique development for P. Aeruginosa;

3. There are other possibilities for microbial growth
enhancement due 'to wultrasonic exposure that were not
explored in this project, but in light of the general lack
of success so far, this area seems to hold little promise.
These possibilities could include such things as growth at

either very high or very low temperatures, growth in broth
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starved for nutrients other than carbon or nitrogen, or
using a different type of capsule-forming bacteria. As
stated befé';e, due to the 1lack of success in this area
during'the current project, it is qﬁestionabie, although not
impoésible, that positive results could be found in this

area.




123

REFERENCES CITED

van Antwerpen, F. J. , Ed4., rasoni - [o)
, American Institute of Chemical Engineers

(1951).

Fogler, H. Scott, Ed4., onochenica ineering,

Chemical Engineering Progress Symposium Series, 67,
Number 109, American Institute of Chemical Englneers
(1971).

Lo, €. L., and R. A. Mischke, "An Analytical Study
of Ultrasonlcally Induced Cavitation in Water",
onoche 1 ing, H. Scott Fogler, Ed.,
Chemical Engineering Progress Symposium Series, 67,
Number 109, 46-54, American Institute of Chemical
Engineers (1971). '

Klink, A., M. Midler, and J. Allegretti, "A Study of
Crystal Cleavage By - Sonifier Action", Sonochemical
gng;ngg;;ng "H. Scott Fogler, Ed., Chemical
Engineering Progress Symposium Series, 67, Number
109, 74-80, American Institute of Chemical Engineers
(1971).

Fogler, H. Scott, "Recent Advances in Sonochemical
Engineering", §gnggngm;ggl__ﬂng;ggg;;ng. H. Scott

Fogler, Ed., Chemical Engineering Progress Symposium
Series, 67, Number 109, 1-12, American Institute.of
Chemical Engineers (1971)

Hueter, T. F., "On the Mechanism of Biological
Effects Produced by Ultrasound", Ultrasonics -- Two
Symposia, F. J. Van Antwerpen, Ed., American
Institute of Chemical Engineers, 57-68 (1951).

Suslick, Kenneth S., "The Chemical Effects of
Ultrasound", Scientific American, February, 80-84
(1989). '

Heat Systens - Ultrasonics, 1938 New Highway,
Farmingdale, New York (1986).




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

124

Bailey, James ’E., and David F. 0Ollis, Bioc ical

Engineering Fundamentals, McGraw~-Hill Chemical

Engineering Series (1986).

Alliger, Howard, "Ultrasonic Disruption", American
Laboratory, October, 75-85 (1975).

Brock, Thomas D., and Michael T. Madigan, Biology of
Micororganisms, Fifth Ed., Prentice Hall (1988).

' Clancy, Dr. carl F., "Pseudomonas", CRC Handbook of

crob ogy, Vol. 1, CRC Press, The Chemical
Rubber Company, 18901 Cranwood Parkway, Cleveland,
Ohio (1973). .

Davis, Bernard D., M.D., Renato Dulbecco, M.D.,
Herman N. Eisen, M.D., Harold S. Ginsberg, M.D., W. .
Barry Wood, Jr., M.D., and Maclyn McCarty, M.D.,

Microbiology, Harper and Row, Publishers, Inc.

(1973). )

Fry, F. J. Ed., Ultrasound: Its Applications in
ici n i , Vol. 1, Elsevier, Amsterdam,

(1978). ,

MacIntosh, I. J. C., R. C. Brown, and W. T. Coakley,
wygltrasound and In Vitro Chromosome Aberrations",
British Journal of Radiology, 48, 230 (1975).

Hill, ¢. R., G. P. Joshi, and S. H. Revell, "A
Search for Chromosome Damage Following Exposure of
Chinese Hamster Cells to High Intensity, Pulsed
Ultrasound"”, British Journal of Radiology, 435, 333
(1972).

Mermut, S., K. P. Katayama, R. Del Castillo, and H.
J. Jones, "The Effect of Ultrasound on Human
Chromosomes", Obstet. and Gynec., 41, 4 (1973).

Wwatts, P. L., A. J. Hall, and J. E. E. Fleming,
vgltrasound and Chromosome Damage", British Journal
of Radiology, 45, 335, (1972). :

Buckton, K. E., and N. V. Baker, "An Investigation
into  Possible Chromosome Damaging Effects of
Ultrasound on Human Blood Cells", British Journal of
Radiology, 45, 340 (1972).

Fry. F. J., Ed., r und : atio
Medicine _and Biology, Vol. 2, Elsevier, Amsterdam,

572 (1978).




21.

22.

23.

24.

25.

26.

27.

125

Hughes, D. E., and W. L. Nyborg, "Cell Disruption by
Ultrasound", Science, 138, 108-113 (1962).

Charm, S. E., and B. L. Wong, "Enzyme Inactivation
with Shearing"™, Biotechnol. Bioengng., 12, 1103
(1970). . .

Thomas, C. R., A. W. Nienow, and P. Dunhill, "Action
of . Shear on Enzymes: Studies with Alcohol
Dehydrogenase", Biotechnol. Bioengng., 21, 2263
(1979). .

Thomas, C. R., and P. Dunhill,."Action of Shear on
Enzymes: Studies with Catalase and Urease",
Biotechnol. Bioengng., 21, 2279 (1979).

Virkar, P. D., T. J. Narendranathan, M. Hoare, and
P. Dunhill, ¥Studies of the Effects of Shear on

Globular Proteins: Extension to High Fields and

Pumps", Biotechnol. Bioengng., 23, 425 (1981),
Fry, F. J. Ed., Ultrasound: Its Applications in

Medicine and Biology, Vol. 1, Elsevier, Amsterdam,
65-69 (1978).

Rooney, James A., "Hydrodymanic Shearing of
Biological Cells", J. Biol. Phys., Vol. 2, 26-40
(1974). :




MONTANA STATI I R!

R

3 1762 10116252 5

A

HOUCHEN
BINDERY LTD\\
urmnﬁgmnm )

-~



