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Abstract 1

Abstract

The ultrasonic h-shape filter was used for the separation of suspensions of the yeast
Saccharomyces cerevisiae. The separation efficiency of the filter, i.e. the ability to retain
suspended yeast cells, was assessed. To examine the influence of the separation process on
the cells, cell viability by methylene blue counts, possible cell rupture assessed by the protein

concentration of the supernatant and growth were investigated before and after sonication.

The filter was operated at a frequency of 2.1MHz at a power input of 3W true electrical
power input. The filter was shown to work well for cultured yeast suspended in Malt Extract
Broth, for which a separation efficiency of 89+/-6% was found. Wet yeast suspended in
phosphate buffered saline (PBS, 0.9% NaCl), PBS 2x (1.8% NaCl) and H,O tap was not

retained as efficiently.

For all the suspensions cell viability was not affected by sonication, remaining at high
levels. However, in two cases when cultured cells suspended in Malt Extract Broth were
driven through the resonator, a significant decrease of cell viability of the sonicated cells was
measured. Cell concentration of retentate samples of cultured yeast/Malt Extract Broth-
suspensions was 20% higher for counts 18 hours after sonication than that of counts
immediately after sonication (99% significance, 2-sided t-test). For control groups and the
filtrate samples no such increase was detected. Cell leakage caused by the separation process
was detected by a significant increase in UV O.D. for cells suspended in PBS. For PBS 2x-
and H,O tap-suspensions no significant difference in UV O.D. between control and sonicated

groups, respectively, was found.
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Kurzfassung

Der h-Separator, ein spezieller Ultraschallfilter, wurde fiir die Separation von
Saccharomyces cerevisiae getestet. Die Separationseffizienz des Filters, also die Fahigkeit
suspendierte Hefezellen zuriickzuhalten, wurde gemessen. Der mogliche Einfluss des
Separationsprozesses auf die Hefezellen wurde durch die Messung der Viabilitit der Zellen
mit Methylen Blau sowie der Proteinkonzentration des Uberstandes (Messung der optische
Dichte fiir UV-Licht) zur Detektion mdglicher Zerstorung von Zellenmembranen und

Messung des Zellwachstums vor und nach der Separation untersucht.

Der Filter wurde mit 3W true electrical power input bei einer Frequenz von 2.1MHz
betrieben. Fiir Suspensionen von geziichteten Hefezellen in Malt Extract Broth konnte eine
hohe Separationseffizienz von 89+/-6% gefunden werden. Fiir Presshefe, die in
phosphatgepufferter Salzlosung (PBS, 0.9% NaCl), PBS 2x (1.8% NaCl) und Leitungswasser

suspendiert war, konnten nicht so hohe Separationseffizienzen erreicht werden.

Die Viabilitit der Zellen wurde in keiner der Suspensionen durch Separation
beeintrachtigt. In zwei Fallen kam es jedoch bei der Separation von geziichteter Hefe in Malt
Extract Broth zu Turbulenzen, die zu einer signifikanten Verminderung der Viabilitit der
beschallten Zellen fiihrten. Die gemittelte Zellkonzentration der Retentat-Proben von
geziichteten Hefezellen/Malt Extract Broth-Suspensionen war 18 Stunden nach der
Beschallung um 20% hoher als gleich nach der Beschallung (99% Signifikanz, 2-seitiger
t-test). Bei Kontrollgruppen und den Filtrat-Proben konnte keine signifikante Steigerung
festgestellt werden. Fiir Hefezellen die in PBS suspendiert waren, wurde eine signifikante
Steigerung der optischen Dichte fiir UV-Licht gemessen welche auf ein Auslaufen der Zellen
zuriickzufiihren ist. Fiir die Suspensionen in PBS 2x und Leitungswasser konnte kein
signifikanter Unterschied zwischen der optischen Dichte fiir UV-Licht der Kontrollgruppen

und der beschallten Zellen gefunden werden.
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1. Introduction

The first observation of particle manipulation by ultrasound was made by Kundt and
Lehmann over a century ago [1]. They observed the aggregation of particles previously
homogeneously suspended in a fluid in specific regions when a standing ultrasonic standing
wave was present. This concentration is due to forces exerted on the particles in dispersion
when irradiated with ultrasound. These forces are called acoustic radiation forces and are
caused by the spatial gradient of the acoustic pressure of the sound wave. The forces are size
dependent, i.e. they depend on the relation between the particle size and the wavelength of the
acoustic wave, and they act in the direction of sound propagation. The so called acoustic
contrast factor, a coefficient of the said forces which depends on the ratio of mass densities
and the ratio of speeds of sound of the particle and the fluid, respectively, gives rise to the
direction of the forces and their strength. When a suspension of particles in a liquid is
irradiated by an ultrasonic plane standing wave field and the particles are denser and their
speed of sound is larger (than that of the liquid), the particles will be driven into to pressure
nodal planes. An example for this would be particles like polysterene beads or biological cells
suspended in water or saline (water, adjusted to the physiological salt concentration inside the
cells). If gas bubbles suspended in a liquid like water are subject to ultrasonic standing waves,
these bubbles will be driven into the pressure antinodal planes, which are the displacement

nodal planes. A more detailed explanation will be given later.

The effect has been shown to work for the retention (or filtering), sorting and handling of
micron sized particles [2-5] and such delicate things as biological material [6]. Possible fields
of application are cell retention [7-9], specific concentration of particles like DNA or
antibodies/antigens for detection and further analysis [10-13]. Large scale industrial
applications have emerged, e.g. the 250L BioSep AppliSens by Applikon Dependable
Instruments bv (Schiedam, The Netherlands) [14]. Also, in the last years, microfluidic devices
have been developed and successfully applied for the manipulation of microparticles and cells

[15, 16].

Cell viability and proliferation, respectively, is not affected by the handling with
ultrasonic standing plane wave fields at low energy densities, as has been reported for
numerous cell lines [9, 17-21]. This holds true as long as the cells remain in the protective
area of the pressure nodal planes. When they are subject to propagating waves, cell viability
was found to be significantly reduced [22, 23]. Furthermore, morphology changes in yeast

cells that were subject to ultrasonic plane wave fields have been reported [22]. There have
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also been reports of increased cellular uptake when cells are subject to ultrasonic standing

waves in the presence of acoustic contrast agents [24, 25].

The h-shape filter is an ultrasonic flow-through particle filter that relies only on the
acoustic radiation forces. It has been developed to concentrate particles in suspension, and
thus separate a phase with high particle concentration (enriched phase or retentate) from a
phase with a low concentration of particles (cleared phase or filtrate) without depending on
gravitational forces. It can thus be used in low and zero-gravity environments, e.g. space
stations, and to split up suspensions in which the medium and the particles have the same
mass density. This has been shown to work in zero-gravity flights with polysterene beads and
the algae Spirulina platensis suspended in water and salt water, respectively [26]. Under
normal gravitational conditions on earth, experiments with polysterene beads suspended in
water in which the salt content was adjusted so that its mass density corresponded to that of
the polysterene beads were successfully conducted by Hauser (data not published).

A C

Separation chamber p,

E \ Z 1B 01

E

Particle tracking pressure node planes

Figure 1: Schematic sketch of the h-shape filter. The suspension enters the separation chamber through the inlet (l),
in which an ultrasonic plane wave is induced by a PZT transducer (A) glued (B) to a glass carrier (C). The wave is reflected
from the glass carrier (E) on the other side of the chamber, thus a standing wave field is built up. The cells entering the
separation chamber are forced into the pressure nodal planes and travel to the retentate outlet (02) as if guided by rails.

Only the cleared liquid leaves the filtrate outlet (01).

Figure 1 [27] shows a sketch of the h-shape filter. The cell or particle suspension enters
the separation chamber through the inlet (I). An ultrasonic standing wave is present in the
separation chamber, induced by a PZT transducer (A) glued (B) to the top glass wall (C) of
the chamber; the bottom glass wall acts as a reflector (E). The cells or particles are held in the
pressure nodal planes situated in the lower part of the chamber due to the acoustic radiation
forces. Drag force moves them towards the outlets within these planes. With the correct

choice of energy density of the acoustic field and the flow velocity of the suspension, the
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pressure nodal planes act as rails that guide the cells to the retentate (or enriched) outlet (O2).

Only the cleared liquid leaves the chamber through the filtrate (or cleared) outlet (O1).

The aim of this work was to test the ultrasonic h-shape filter with suspensions of yeast
cells and to observe the effects of the ultrasonic irradiation on the cells’ viability, integrity and

growth. The following hypothesises were tested for:

e As cells would have to pass through several pressure antinodal planes before being
collected from the filtrate outlet, one would expect decreased cell viability in the samples

taken from this outlet.

e Cells could be ruptured when passing through the antinodal planes which would lead to

an increase in the protein content of the sonicated samples compared to control groups.

e Viability specific retention, i.e. non-viable cells are not retained as well as viable cells
due to different acoustic properties, by analysing the connection between cell viability in

the filtrate and retentate samples, respectively, and separation efficiency.

Furthermore, the influence of sonication on cell growth was investigated.

Introduction to the theory of ultrasonic particle manipulation

Groschl [28] gave an exceptionally good overview of the theoretical background of

ultrasonic particle manipulation and the introduction is guided by this.

The explanation for the observed effects was 1934 delivered by King [29]. He integrated
the radiation pressure exerted by a plane standing acoustic wave over the surface of a rigid
sphere in an ideal, i.e. non-viscous fluid. This derivation taking second order effects from the
scattered sound field into consideration led to a nonvanishing time-averaged force displacing
the particle. This effect is called the axial primary radiation force to express that it is
originating from direct (primary) interactions of the particle and the initial sound field in
direction of sound propagation (axial). Yosioka and Kawasima [30] delivered a description of

the axial primary radiation force of a plane standing wave as
(F,) =4m - p - Dy (ka)>K,(4, o) sin(2kx). )

The angle brackets in Equation (1) refer to the time averaging over one period of the
cycle. Equation (1) was derived by replacing King’s rigid particle by a compressible sphere in

a host liquid of the mass density p. Furthermore the axial primary radiation force F; depends
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on the wave number k (the angular frequency divided by the speed of sound — k = %), the

particle’s radius a, and the amplitude @ of the standing wave field’s velocity potential
Eﬁs — C’I‘){ei(wt—kx) + ei(wt+kx)} ) (2)

K, (4, 0) is the acoustic contrast factor of the standing wave which describes the strength
and the direction of the axial primary radiation force. It is a function of the material properties

of the particle and the host liquid and is given by

K(o)=1(22-2), 3)

3\21+1

where A = p,/p is the ratio of the mass densities and o = vy/v = k/k, the ratio of

speeds of sound of the particle (denoted by the subscript 0) and the host liquid, respectively.

This description of the axial primary radiation force is valid in the limiting case ka << 1
and k,a «< 1, thus the particle has to be small compared to the wavelength, and the mass

densities of the particle and the liquid must be of the same order of magnitude.

The transverse primary radiation force emerges from uneven distributions of the
amplitude us(y) over the surface of a transducer', i.e. the sound source. These deviations
arise from the boundaries of real resonators and lead to a force exerted perpendicular
(transverse) to the direction of sound propagation. The force leads to a further concentration

of the particles within the pressure nodal planes.

1
It has to be emphasized that nevertheless one deals with a plane wave, i.e. the phase of the wave is unaffected
and therefore the surface of equal phase is flat!
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2. Materialsand Methods

2.1. Statistical definitions
The standard deviation s is defined by

— . _ 1
Sx = N, (x;—x)? withx = - Noxi, @

N-1

where x; are the measured values, N is the number of trials and X denotes the mean

(average) of the measured readings.

To compare the means of sets of trails to each other Student’s t-test was used. This
common statistical test tests for a null hypothesis Hy that two means of sets of data are equal
and returns the probability for this null hypothesis being true. A probability of P < 0.05
therefore means that the null hypothesis is false, i.e. the hypothesis H that the means are

different is accepted at a significance level of 95%.

A two-sided t-test is performed when no indication exists, if one of the groups has a
higher or lower average than the other group, e.g. when arbitrarily choosing one hundred
people, splitting them into two groups and comparing the average 1Q of the two groups. Thus
a two-sided t-test was performed for the separation efficiencies observed in the different
media, as there was no indication which one of the media would result in a higher efficiency,
and for comparison of average cell concentrations found in the respective samples for the
cultured cells sonicated in Malt Extract Broth immediately and 18 hours post-sonication.
When one of the groups has undergone treatment that influences the measured variable, a
one-sided t-test can be performed. Picking up the example for the two-sided t-test, this would
mean that one of the groups was specially trained before performing the 1Q test. One would
clearly expect that this group has higher average 1Q than the unprepared and untrained group.
One thing has to be noted: When performing a one-sided t-test one has to define the
hypothesis H beforehand, i.e. which of the groups is expected to have the higher or the lower
average, respectively. If the averages turn out the other way, i.e. the sample one had expected
to show the higher average turns out to have a lower average than the other an vice versa, the
difference in averages can be significant (thus the null hypothesis would be rejected), but the
hypothesis still has to be rejected. For comparing means of control groups to the sonicated
groups a one-tailed t-test was used, as the separation process was believed to influence the
measured parameters, i.e. cell viability would be reduced and the UV O.D. would be
increased by sonication, as especially the cells found in the filtrate would have to cross the

pressure antinodes which has been shown to cause damage to yeast cells [31, 32]. Therefore,
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the respective hypothesises H chosen were that the average cell viability found in the
sonicated samples would be lower than that of control groups and that the average and UV

O.D. of sonicated samples would be higher than that of the control groups.

The test statistic is calculated by

B

t = T, ®))
f5_1+s_z
ny nz

where n,; and n, are the sample sizes of the groups x; and x,, respectively. The degrees

of freedom are given as df = %’12_2 [33].

As sampling and pipetting errors are almost unavoidable and the methods used to obtain
data are very sensitive to these, data points that were noticeably higher or lower than the
others were tested by Grubbs’ test for outliers (also known as extreme studentized deviate).

The test-statistic G is defined as

max;=y, n|xi—x|

G = (6)

N

and the null hypothesis that the data contains no outliers is rejected with a significance

level a if

G> N-1 ta/(aN)N=-2 %
VN [N=2+t7 onyN—2

where t, /23y n—2 1 the critical value of the t-distribution with N-2 degrees of freedom at
a level of significance of % All experiments were carried out in triplets therefore N-2 was 1

and a was chosen to be 0.01, hence the level of significance 99%. If an outlier was detected it
was not used for further analysis of the sample. The outliers will be indicated by striking

through in the results section.

2.2.Céll culture and preparation of yeast suspensions
Saccharomyces cerevisiae (baker’s yeast), which is spherical with a diameter of 5-10um,

was bought from the supermarket as block yeast.

For the experiments with wet yeast suspended in different media, about 0.2g of wet yeast
were suspended in 300mL PBS (phosphate buffered saline, 0.9% NaCl, adjusted to pH 7),
H,O tap or PBS 2x (PBS with 1.8% NaCl) which resulted in a final concentration of
4*10° cells/mL.
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For the experiments using cultured yeast, the following cultivation protocol was applied:
A streak was made on a Malt Extract Agar (MEA, Fluka) plate and incubated at 30°C for
48 hours. A single colony was obtained from the streak plate with a loop and inoculated in
Malt Extract Broth (0.4g in 40mL H,O deionized, MEB, Fluka) in an Erlenmeyer flask. The
inoculum was left in an incubator equipped with a magnetic stirrer at 30°C overnight. Then,
10mL of the inoculum were transferred to 190mL of malt extract broth (4g in 200mL H,O

deionized) and left in the incubator for about 55 hours at 30°C.

2.3.Haemocytometer countsand viability

To determine the cell concentration in a suspension, i.e. cells per mL, a “Neubauer
improved” haemocytometer was used. This microscope glass slide consists of 2 chambers of
defined height, which have a grid of perpendicular lines etched into their bottom. A
microscope cover slip is placed on top of the haemocytometer, held at a distance of 0.lmm
over the counting chambers by raised edges. The lines have a well defined distance, so the
squares formed by these lines are of known area. As the exact height of the chamber is know,
one can calculate the aliquot above them. For yeast cells, the number of cells in ten of the
smallest squares, which have an area of 0.04mm?’, is counted in each chamber and the average
between the two counts is taken. The volume over one square corresponds to 4nL, therefore
each cell stands for 250000 cells in one mL. To calculate the number of cells per mL, i.e. cell
concentration, the averaged number counted in the two chambers is multiplied by 25000 (as

one counts 10 squares per chamber which corresponds to a volume of 40nL of the solution).

The viability of the cells was assessed by methylene blue staining (m.b.) as a standard
method for detection of non-viable yeast cells as described by Jorgensen and Hansen [34].
This stain dyes non-viable cells blue, while viable cells remain uncoloured as they reduce the
dye. The dye is mixed with the cell solution 1 in 2 before cell concentration is assessed by
haemocytometer counts. To calculate the cell concentration of the diluted solution, the
number of cells counted has to be multiplied by two, i.e. the average number of cells in the
two chambers has to be calculated by multiplying by 50000 if ten squared per chamber were

counted. The viability is calculated as:
. pe7s Cs
cell viability = (1 — C—) *100% ,
t

where c; is the concentration of stained cells (cells/mL) and c; is the total concentration of

cells in the solution, i.e. stained and non-stained cells.



Materials and Methods 10

It has to be emphasized that the cell viability only gives the fraction of the cells found in
the sample that are viable. When the cell viabilities will be presented in the Results section,
this has to be considered, as the total concentration found in the respective samples can be
different, e.g. the concentration in the filtrate samples is expected to be lower than that of the
retentate, but the cell viability, i.e. the fraction of cells that are not stained blue, can be the
same. Moreover, cells that are possibly ruptured during sonication would not be found in the

sonicated samples.

2.4. Cell damage assessment
To see if cells were ruptured by sonication, the protein content of the suspension was

assessed by measuring the UV optical density (UV O.D.) at 280nm wavelength.
The absorbance A of a liquid is defined as:

| (1)

: —10 —_—

g1oL I OJ
where Iy and I are the intensities of the light before and after the light has passed the
liquid, respectively. Protein, to be more precise specific amino acids contained in the protein,
absorbs light at 280nm resulting in a higher absorbance A, i.e. increased optical density if
more protein is present in the liquid [35]. According to the Lambert-Beer law the relationship
between absorbency and concentration of the absorbing substance is linear and thus the

concentration of protein can be calculated if one knows the absorbance coefficient €.

Before measurement, the samples were spun down in a centrifuge (Hettich) at 6000 rpm
for 10 minutes. Subsequently, the supernatant was collected with a pipette and transferred into
another Eppendorf and kept in a refrigerator until the measurements were conducted. The
measurements were made with a Hewlett Packard 8452A diode array spectrometer. As one
can see in the equation it is necessary to determine Iy, the intensity of the incident light; for
this purpose a “blank* measurement was taken of the quartz cuvette (10 mm path length)
filled with the respective medium the samples were suspended in, i.e. the spectrometer was
blanked with PBS for samples of yeast suspended in PBS, H,O for yeast suspended in H,O,
etc. The samples were vortexed before being carefully pipetted into the quartz cuvette to
avoid bubble formation. Three measurements were made of each sample and the averaged

value was used for further analysis.
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2.5. Separ ation efficiency
To evaluate the quality of the filtration process of the h-shape filter the separation
efficiency was determined. The separation efficiency is a measure of how well cells are kept

from exiting through the filtrate outlet. It is calculated as
. .y i
separation ef ficiency = (1 — C—) * 100%
i

where ¢y is the concentration of the cells found in the filtrate outlet and c¢; is the

concentration of cells entering the filter, i.e. the average concentration of the control and sham

groups.

2.6. Experimental set-up and procedure
After preparation of the respective suspension it was put in a reservoir that was equipped

with a magnetic stirrer to ensure good mixing of cells and the medium.

A control sample was taken (two 1.5mL Eppendorfs for the experiments with wet yeast
suspended in different media and about 15mL in sterilized test tubes when experimenting with
cultured yeast). The h-shape filter was fixed at an angle of -45° to minimize the effect of
gravity with the inlet at the highest point and the retentate outlet at the lowest, i.e. a
downward pointing flow velocity. Bohm et al. [26] present a detailed analysis of the influence

of different angles. In Figure 2 a schematic overview of the experimental set-up is given.

A peristaltic pump (Abimed Mini Plus) equipped with a pump head allowing up to four
tubes to be operated at the same time was used to feed the suspension into the filter. For
reasons of flow uniformity and avoidance of turbulence, the two tubes attached to the
retentate and filtrate outlet were used (see Figure 2). (At first, two peristaltic pumps were
used; one to feed into the inlet and one to pump from one of the outlets, respectively. This
proved to be very instable, as there is a short moment of stalling when one of the cylinders
that squeeze the tube stops squeezing it or starts to squeeze it again. The stalling lead to
unstable flow conditions in the separator and subsequent difficulties in keeping the separation
working. Synchronicity was hard to achieve or impossible, as the pumps were started
manually and often driven at different speeds. A slight improvement could be made by
pumping from both of the outlets, but the most stable conditions resulted from using just one
pump.) The cleared flow-through was set to about 14L/day, corresponding to 4.13 rounds per
minute for this pump head and the chosen tube diameter of 0.8mm. As the volume flow
through the two outlets was set to be the same, this corresponded to a total flow-through of

around 28L/day. The filter was filled inversely, i.e. through the outlets, to facilitate the
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elimination of air in the tubes and the filter. Great attention was being paid to make sure that
no air bubbles were present during sonication, as they could change the properties of the
sound field and act as obstacles for the cells. When the system was filled, a sham-exposed (or
sham, for short) sample was taken. Then the direction of pumping was reversed and the

ultrasound was switched on.

yeast cells troacking
the pressure nodal
planes

pumnp

-

mognetic stirrer

Figure 2: Schematic view of the experimental set-up. The reservoir was equipped with a magnetic stirrer to ensure
good mixing of the yeast suspension. The yeast suspension was pumped into the h-shape filter, which was inclined by -
45°, and the yeast cells were driven into the pressure nodal planes. These acted like rails and guided the cells to the
lower of the two outlets, the retentate outlet. The enriched suspension is represented by dark grey colour. Cleared host
liquid (represented by light grey) left the filter through the filtrate outlet (upper). Samples from the two outlets were

collected after the peristaltic pump.

The frequency was set to approximately 2.1MHz at 3W true electrical power input
(t.e.p.i.). The frequency was adjusted visually, i.e. set to a frequency at which a stable
alignment of the yeast cells in the pressure nodal planes was observed. In all the experiments
the chosen frequency was also a good electrical resonance (cosine of the ratio of admittance

and susceptance equal to 1 or 0.9 as a measure for the resonance).

Two different procedures were followed for sample collection at the outlets:
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In the experiments using suspensions of wet yeast, two 1.5mL samples were collected
from each outlet (retentate and filtrate, respectively) in Eppendorf micro-centrifuge tubes
every two minutes after a stable alignment had been established in the resonator. Thus five

samples could be obtained from each outlet.

When cultured yeast was sonicated in the culture medium, sterilized test tubes were used
for sample collection. The samples were taken from the respective outlets starting at about 4
minutes after the establishment of the stable alignment and about 15mL were collected in

each test tube. This took about 2 minutes.

In Figure 2 the test tubes in which the respective samples were collected are named R for
the sample collected from the retentate outlet and F for the sample collected from the filtrate

outlet.

Due to the relatively small amount of suspension, i.e. 300mL and 200mL for re-
suspended wet yeast and yeast in Malt Extract Broth, respectively, the total duration of one

run was about 10 to 12 minutes.

Haemocytometer counts were performed right after the experiment. Then, the samples
were spun down in a centrifuge (Hettich) at 6000 rpm for 10 minutes and the supernatant was

transferred to a fresh micro-centrifuge tube for UV O.D. measurements.

To investigate if the ultrasonic filtration process had an influence on the cell growth rate,
the cultured cells sonicated in Malt Extract Broth were not only counted right after the
experiment, but also 18 hours post-sonication. After the first analysis (haemocytometer
counts, viability assessment by m.b. staining and preparation of the samples for UV OD
measurements), the remainder of the samples were left under the laminar flow at room

temperature.
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3. Reaults

The results will be presented in different sections for each experimental configuration, i.e.
for the wet yeast suspended in the respective media and the cultured yeast sonicated in Malt

Extract Broth. Immediately after the respective results, these will be discussed.

3.1. Suspensions of wet yeast
Separation efficiency, viability and UV O.D. data for suspensions of wet yeast in PBS,
H,O tap and PBS 2x, respectively, will be given in the following chapters.

3.1.1. Separation efficiency for different host liquids

The following observation was made for all the experimental runs with wet yeast
suspended in the different host liquids: When the ultrasonic field was switched on, the cells
were almost instantaneously driven into the pressure nodal planes and a stable alignment
developed. Over time, the pressure nodal planes in the lower part of the acoustic filter, i.e.
those that would “guide” the cells to the retentate outlet, became more and more populated
with yeast cells, which seemed to be held back in the resonator. Especially close to outlets
cells would also start filling up the pressure nodal planes in the upper part of the filter. A kind
of “plug” of cells appeared to be formed in close proximity to the outlets. This area would be
steadily filled up, until the “plug” would quickly break up and the cells would be dragged into
both outlets.

PBS-suspensions

In Figure 3 the separation efficiency for wet yeast/PBS suspensions is shown at different
times after the ultrasound (US) had been switched on and a stable alignment was achieved.
Run 1 through 3 show a similar change of separation efficiency over time, increasing to a
maximum at 4:00 [min:sec] after the US had been switched on and then gradually decreasing
over time. Only run 4 showed a different progression over time, with a slight decrease in
separation efficiency from 2:00 to 6:00 and a strong increase towards the end of the run. The
average separation efficiency over all times of the four runs was found to be 54.5+/-17.9%. In
Table 2 the exact values of the separation efficiency found at the respective times during the

different runs are listed.
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Figure 3: Separation efficiency found for wet yeast suspended in PBS at different times after the US had been

switched on.

PBS 2x-suspensions

Figure 4 shows the separation efficiencies found in the runs at different times after the US
had been switched on. The highest separation efficiency was achieved in run 3 with 69.9%
however this was also the run with the highest fluctuation of separation efficiencies at the
different times. In run 2 the separation efficiency seems to reach a somewhat stable state at
around 60% after starting at a very low level. This was probably due to difficulties in
establishing a stable alignment of the cells in the pressure nodal planes in the beginning of the

run. The averaged separation efficiency for the three runs was found to be 49.2+/-16.9%
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Figure 4: Separation efficiency for wet yeast suspended in two-fold concentrated PBS (PBS 2x) measured at

different times after the US had been switchen on.

H,0 tap-suspensions

The separation efficiency for wet yeast suspended in H,O tap was very unreliable and
varied greatly between and within run 1 and run 2 as one can see in Figure 5. In Run 3,
however, separation efficiency steadily increased from 18.8% found at time t = 2:00 to 61.7%
at time t = 10:00. A similar development, however with higher fluctuations, was observed in
run 1, separation efficiency was low from the very beginning and increased towards the end
of the experimental run. Run 2 showed a different development, after starting off at the same
low level as run 1 and 3, separation efficiency decreased to values even below 0%, i.e. more
than half of the cells that were entering the separator left it through the cleared outlet. The

average separation efficiency for wet yeast/H,O suspensions was 27.0+/-27.7 % in the three

runs.
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Figure 5: Separation efficiency for wet yeast suspended in H,0 tap at different times throughout the runs. Notice
how the separation efficiency drops below 0% for run 2 — this means that more cells per mL were leaving the resonator

through the filtrate outlet than were present in the original suspension.

Discussion

The highest average separation efficiency was found for wet yeast/PBS suspensions. Wet
yeast/PBS 2x suspensions showed slightly lower average separation efficiency, but the
difference between the averages is not significant. The maximum separation efficiency found
for PBS 2x-suspensions was lower than that for PBS-suspensions, as was the minimum
separation efficiency. For H,O-suspensions separation efficiency varied a lot more than for
PBS- and PBS 2x-suspensions. Furthermore the separation efficiencies found were somewhat

lower than those found for PBS- and PBS 2x-suspensions.

The disappointingly low separation efficiency for yeast suspended in PBS, PBS 2x and
H,O tap, respectively obtained by the h-shape filter came as a surprise after the good results
reported by Bohm et. al. for Spirulina platensis [26]. Apparently, the acoustic contrast factor
between Saccharomyces cerevisiae and the media used is not large enough for the axial
primary radiation force to completely overcome the drag force of the liquid. Even though the
salt content does have an influence on the sound velocity and the mass density of a liquid, and
thus on the acoustic contrast factor (as can be seen in Equation (3)), the change in salinity
from 1 ppt (parts per thousand) for H,O tap (acoustic contrast factor = 0.112) to 9 ppt for PBS
(acoustic contrast factor = 0.114) and 18 ppt for PBS 2x (acoustic contrast factor = 0.106),
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respectively, only reduces the acoustic contrast factor by 4% and 11%, respectively. For these

calculations the speed of sound in PBS and PBS 2x was calculated to be vpps = 1506% and

VUppsax = 1516%, respectively, using Coppens equation at 25°C and Om water depth [36].
Mass density was interpolated between fresh water (mass density prresn water = 1000 %)
and of sea water with a salt content of 3.5% and a mass density of Pgeq water = 1025 %.
Thus mass density of PBS was estimated to be ppgs = 1006% and that of PBS 2x to be

Ppeszx = 1013 %. For the mass density of yeast cells pyeqs = 1114% was used [37] and

the speed of sound was calculated using the compressibility of erythrocytes to be

Vyeast = 16427 [38].

Moreover, the difference in salt concentration changes the osmolarity, i.e. the number for
solute concentration, of the medium. The ion content of PBS corresponds to the ion
concentration normally found inside yeast cells, this means the two are isoosmotic and
isotonic. A good overview of the effect of hypo- and hyperosmotic stress is given by 1. Dawes
in the book “The metabolism and molecular physiology of Saccharomyces cerevisiae” [39].
Morris et al [40] reported the instantaneous loss of intracellular water when Saccharomyces
cerevisae were placed in a 50sm NaCl suspension. Consequently, the cell volume was
reduced by an average of 35%. Stelios et al. reported that cell viability was not affected by a
salt content of 4%, 6% and 10%("/y) in the medium during fermentation for ethanol
production [41]. As the salt content of PBS 2x is higher than the intracellular salt content, i.e.
it is hyperosmotic, it is likely that the cells’ content would be reduced. Thus the acoustic
radiation forces, which depend on the volume of the particles, would be smaller for the cells
suspended in PBS 2x than for those suspended in PBS. The result would be lower separation
efficiency for the PBS 2x-suspensions than for PBS-suspensions. However, no significant
difference in separation efficiency was found for the two media. The opposite holds true for
cells suspended in H,O tap, in which the ion concentration is below the intracellular level, i.e.
H,O is hypo-osmotic. Thus, a net flow of water into the cell would lead to swelling, i.e. an
increase in cell diameter, and consequently to a larger axial primary acoustic radiation force.
Moreover, there is a physiological difference between the cells suspended in the different
media, which could result in different compressibilities of the yeast cells. However, this is not
reflected by the separation efficiency data found. There are no significant differences in the
average separation efficiency in the different media. However, the changes of separation

efficiency during the individual experimental runs is higher for PBS 2x- and H,O tap-
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suspensions, respectively, than for cells suspended in PBS. This could be an effect of the

small difference in acoustic contrast.

The cells were held back in the acoustic filter by the transverse primary acoustic radiation
force. This force arises from the fact that the resonator has a limited area and the energy
density is highest towards its centre. It acts perpendicular to the direction of speed of sound
and results in a concentration of the cells in regions with maximal amplitude within the
pressure nodal planes. Apparently this force is very strong in this set-up and led to the
formation of the “plug” of cells which could be a reason for the low separation efficiencies

observed.

3.1.2. Cdll viability (m.b.)

In Table 1 the average cell viabilities of the respective samples for the three different
media are given. As sham treatment did not change cell viability (two-sided t-test) for any of
the media used, data from both groups was used to check for statistical significance of
differences in cell viability of non-sonicated and sonicated cells, i.e. cells found in the filtrate
and the retentate outlet. When cell viabilities for filtrate and retentate samples, respectively,
are given for single runs, these were calculated as averages over the five samples taken in the

respective run. For the calculation of the t-test, data of all the single samples were used.

For wet yeast suspended in PBS and PBS 2x the viability was found to be around 99% for
control groups and sham exposed cells, remaining at that level for retentate and filtrate
samples. H,O tap proved to be of negative influence on the viability of the cells, however, no
difference between sonicated cells and the non-sonicated groups (control and sham) was
found. A more detailed analysis of the data as well as possible correlations between separation

efficiency and cell viability will be given for the different media.

Table 1: Averaged and rounded cell viabilities for control, sham, retentate and
filtrate samples, respectively, in the different media.

cell viability [%] | control ~ sham retentate filtrate

PBS 99 99 99 99
PBS 2x 99 99 99 99

H,O tap 89 89 88 91
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PBS-suspensions

In Figure 6 the averaged cell viability for yeast/PBS suspensions is shown. The control
samples had the highest average cell viability at 99.5+/-0.6%; sham treatment did not
influence the cells’ viability, which remained at 99.3+/-0.6%. For the retentate samples the
cell viability was found to be 99.0+/-0.1%, omitting one outlier (indicated by striking out in
Table 2) according to Grubb’s test (99% significance level). The filter process led to a very
slight decrease of cell viability for the filtrate samples to 98.5+/-1.1%, however, this was not
significant (t-test). Again, this average was calculated omitting one outlier (also indicated in

Table 2) according to Grubb’s test (99% significance level).
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Figure 6: Average cell viability for wet yeast suspended in PBS. For the retentate and filtrate sample the average

over all times and runs was calculated. Note the relatively small error, i.e. standard deviation.

In Figure 7 the cell viabilities for the two outlets are plotted over the respective separation
efficiencies. There seems to be no monotonic relationship between the cell viability found in
either of the outlets and the separation efficiency. The most obvious thing speaking against
monotonicity is that there are a few filtrate samples (dark grey diamonds) with a viability of
100.0%, however the separation efficiencies found at the respective times varied from 23.2%
to 80.0%. The retentate cell viabilities scatter around a “plateau” at the average of 99.3% for

the different separation efficiencies.
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Figure 7: The cell viabilities of the retentate and filtrate samples of wet yeast/PBS suspensions, respectively, plotted

over the corresponding values of separation efficiency at the time of sample taking.

Table 2: Separation efficiency and the respective cell viabilities of retentate and
filtrate samples of the four experimental runs at the different times — the outliers
according to Grubb’s test for outliers are crossed out.

un time separation cell viability [%]
[min:sec] | efficiency [%] | filtrate retentate
2:00 58.8 100 98.9
4:00 78.7 96.0 99.4
1 6:00 60.0 97.9 98.3
8:00 54.5 98.8 99.2
10:00 34.4 95.7 99.6
2:00 74.8 86:8 98.4
4:00 84.8 95.7 98.3
2 6:00 80.8 100 100
8:00 67.5 96.0 99.1
10:00 28.5 98.1 99.5
2:00 23.2 100 98.4
4:00 59.6 100 99.0
3 6:00 51.7 98.6 99.0
8:00 46.4 96.3 100
10:00 28.5 98.1 919
2:00 52.6 100 99.0
4:00 45.6 99.4 99.1
4 6:00 38.2 99.4 98.3
8:00 56.9 100 99.0
10:00 66.3 100 98.7
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PBS 2x-suspensions

Wet yeast/PBS 2x suspensions were found to have unaffected cell viability as one can see
in Figure 8. Average cell viabilities for controls and shams were 99.5+/-0.8% and 99.0+/-
1.1%, respectively, and remained at that level for retentates and filtrates with 99.7+/-0.2% and
99.2+/-0.5%, respectively.
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control sham retentate filtrate

Figure 8: Average cell viability for yeast/PBS 2x suspensions. As for yeast suspended in PBS, cell viability is high and

is not significantly altered by the filtration process.

In Figure 9 the cell viability is plotted over the respective separation efficiency found for
wet yeast/PBS 2xsuspensions. The rather low cell viabilities found for four of the filtrate
samples (denoted by a circle) are not outliers according to Grubb’s test for outliers. Even
though these values would speak for a monotonic relationship between the two measurands, it
is very unlikely, as cell viabilities of 100.0% were found for several different separation
efficiencies. When omitting these data, the dependence of filtrate and retentate cell viability,

respectively, is similar.
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Figure 9: Cell viability vs. separation efficiency for wet yeast/PBS 2x suspensions. The relatively low cell viability of
four of the filtrate samples (circled) are not outliers according to Grubb’s test for outliers. Concerning the relationship
between filtrate separation efficiency and cell viability it has to be emphasized that most of the samples have a cell
viability of 100% - they are “hidden” behind the semi-transparent retentate data points. The circled data points conceal

the fact that the relationship is basically non-existent.

H,0 tap-suspensions

For cells suspended in H,O tap, Figure 10 shows that the average cell viability was
relatively low and standard deviation was high. For control and sham groups the average cell
viability was found to be 89.5+/-10.0% and 89.2+/-11.9%, respectively. Sonication did not
significantly affect the cells’ viability, as an average of 87.9+/-15.1% of the cells found in the
retentate samples and 91.3+/-9.8% of the cells found in the filtrate samples were viable.
Especially the samples taken in run 2 displayed very low cell viability, as one can see in
Table 3. These values give rise to the high standard deviations found. As for the other runs,
sonication and the separation process did not significantly alter cell viability in run 2.
Retentate and filtrate cell viability were not significantly different from those found in the
control and sham sample. However, average cell viability was found to be significantly higher

for filtrate samples than for retentate samples (99% significance, 2-sided t-test).
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Table 3: Cell viabilities for control, sham, retentate and filtrate samples, respectively,
for each of the three runs with yeast/H,0 tap suspensions. For the retentates and
filtrates the cell viability is given as an average over all the samples in one run.

cell viabilities [%] | control sham retentate filtrate
run 1 99.0 99.5 99.2 99.1
run 2 79.0 76.2 70.8 81.8
run 3 90.5 92.0 93.7 92.8
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Figure 10: Average cell viability for yeast/H,0 tap suspensions. It is obvious that H,0 is not an ideal medium for the

yeast cells, as even the control groups show a lower viability compared to the controls of cells suspended in PBS or

PBS 2x.

The data that represent the samples of the second run are circled in black in Figure 11.
These data are not outliers according to Grubb’s test for outliers which is due to the way the
test is works: the 5 values make the standard deviation s very large, so that G is a small
number which makes the significance condition given in the Equation (7) is unlikely to be
fulfilled. Figure 11 shows the cell viabilities of the samples taken from the respective outlets
over the separation efficiencies found at the corresponding times. The circled data points are
those found in run 2. When omitting these, the connection between filtrate cell viability and
separation efficiency is clearly not monotonic. The same is true for dependence of the

retentate cell viability on the separation efficiency.
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Figure 11: Cell viability for the filtrate and retentate samples, respectively, over the corresponding separation

efficiencies for wet yeast/H,0 tap suspensions. The data points of experimental run 2 are encircled by the black ellipse.

Discussion

As already mentioned, sonication did not influence cell viability in any of the media used.

This is in accordance with a previous report about yeast cells subject to ultrasonic plane wave
fields by Radel et al. [22].

There seems to be no monotonic relationship between the viability of the yeast cells
found in the filtrate and the separation efficiency for any of the three media used, i.e. no
viability specific retention could be detected. In run 2 of the H,O tap-suspensions cell
viability was already low for the control and sham-exposed samples and it seems likely that
the low cell viability gives rise to the extremely low separation efficiencies found”. This
would speak for viability specific retention, however not in the sense it was expected to work,
i.e. viable cells are retained better than non-viable cells. An interesting fact is that the average
cell viability is significantly larger for the filtrate samples than for the retentate samples (two-
sided t-test, 95% significance level) (see Table 3 — the standard deviation for filtrate samples
is s = 2.7%, while for retentate samples it is s = 9.0%) — that would suggest that the non-
viable cells are ruptured when moving through the pressure anti-nodes to reach the filtrate

outlet and hence are not found there anymore. The larger fraction of non-viable cells present

2 It has to be emphasised that a new package of fresh yeast, i.e. freshly bought from the supermarket with a best
before date at least two weeks after the experiment, was used for all the experimental run and that a nice and
stable alignment was observed during experimental run 2.



Results 26

could have an influence on the acoustic radiation forces acting on all the cells, thus cell

separation efficiency could be reduced.

3.1.3. Optical density (UV O.D.)

Possible cell leakage and rupture, which would lead to an increase in protein content of
the supernatant, were assessed by comparing the UV O.D. of control and sonicated samples,

respectively.

When looking at averaged UV O.D. values found in the different media before and after
sonication in Figure 12, a few things become apparent. Firstly, the wet yeast/H,O tap
suspension shows the smallest UV O.D. averaging to 0.05+/-0.03 for control and sham
samples and 0.04+/-0.02 for the sonicated samples. Secondly, standard deviations are quite
large; again especially for the suspensions in H,O tap. Furthermore, the average UV O.D. for
wet yeast/H,O tap and wet yeast/ PBS 2x suspensions, respectively, is basically the same for
control and sonicated samples. On the contrary, for the wet yeast/PBS suspensions, the
average control UV O.D. is 0.05+/-0.01 while the average sonicated UV O.D. is higher, being
0.08+/-0.02. According to Student’s t-test, this difference of averages is significant at a level
0f 99% (one sided).

UV O.D. 280 nm
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Figure 12: UV O.D. for the three different media. As control the average of control and sham samples of all the runs
with a specific medium was taken; error bars indicate the standard deviation. The sonicated value was calculated by
averaging over all the filtrate and retentate samples of the runs with the respective media. Again, the error bars

correspond to the standard deviations.
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The UV O.D. values for the different media and possible connections with separation

efficiency will be presented in the following three chapters.

PBS-suspensions

The UV O.D. of control, filtrate and retentate samples taken at the indicated times
averaged over three experimental runs (UV O.D. was not assessed for run 1 as the UV-vis
photo-spectrometer was not available at the time of the experimental run) did not vary greatly
over time (Figure 13). Filtrate and retentate UV O.D. were not significantly different from
each other when comparing them at specific times after the US had been switched on or when
averaging over all times for filtrate and retentate, respectively (two-sided t-test). Thus, for the
analysis of relationship with separation efficiency the average of both outlets was taken. As
mentioned before, the control UV O.D. is significantly lower than the average UV O.D. of the

two outlets.

In Figure 14 the separation efficiency at the different times of sample taking is plotted
along with the respective UV O.D. values of the sonicated samples, i.e. the average UV O.D.
of filtrate and retentate samples. Even when taking into account the different scales of the
respective y-axis, separation efficiency shows a much greater variance than UV O.D. This
becomes more obvious when looking at the averages and relative standard deviations (RSD)
listed in Table 4: while the RSD for the separation efficiency varies from 18.6% to as high as
53.2% while for UV O.D. it varies between 14.9% and 36.7%. This is already one indication

that a strong relationship between UV O.D. and separation efficiency did not exist.

Table 4: Average separation efficiency and UV 0.D., respectively, and the relative
standard deviations of those for the samples taken at the indicated times.

time [minsec] | f;eclj:;it;’[ﬁ ] RSDI%) UV O.D. RSD [%]
2:00 50.2 51.6 0.09131 347
4:00 63.3 313 0.06789 245
6:00 56.9 38.2 0.06457 28.0
8:00 57.0 18.6 0.07724 36.7
10:00 41.1 53.2 0.07198 14.9
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Figure 13: Averaged UV O.D. for control, filtrate and retentate samples, respectively, for wet yeast/PBS suspensions

taken at the times indicated on the x-axis after the US had been switched on.
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Figure 14: Comparison of the average separation efficiency and average 0.D. (of all sonicated samples) for wet

yeast/PBS suspensions.

PBS 2x-suspensions

For wet yeast/PBS 2x suspensions, UV O.D. values were relatively stable over time, not

changing a lot between the different times at which samples were taken within one run and
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when comparing the samples taken at the same time in the different runs, respectively (see
Figure 15). This lead to small standard deviations and only small differences between the
average UV O.D. values found at the different times for filtrate and retentate samples,
respectively. One sample (filtrate @ 10:00 after US on in run 1) was neglected as an outlier
according to Grubb’s test (99% significance). Again, the UV O.D. values of filtrate and
retentate samples were not significantly different from each other, so their average was used
for further analysis (marked as “sonicated”). Also, no significant difference between control

samples and sonicated samples could be detected.
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Figure 15: UV 0.D. of the samples of PBS 2x-suspensions taken at the time indicated. The control is an average of
control and sham samples taken before the experimental set-up was filled and the US had been switched on,

respectively.

In Figure 16 average separation efficiency and the corresponding average sonicated UV
O.D. for the different times are shown. Due to the large standard deviations of the separation
efficiencies, no connection between separation efficiency and UV O.D. could be found. This
becomes even more apparent when analysing a scatter plot of the two measurands (not

shown).
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Figure 16: The separation efficiency (bars) and the UV 0.D. (squares) measured when filtering wet yeast/PBS 2x

suspensions plotted over time.

H,0 tap-suspensions

The UV O.D. values of wet yeast/H,O tap-suspensions were rather low and showed large
variance. The average retentate UV O.D. was found to be at all times larger than the average
filtrate UV O.D. (Figure 17), nevertheless the difference between the retentate and filtrate UV
0.D.s, respectively, was not significant. The standard deviations were also larger for the
retentate samples than for the filtrate samples. For filtrate and retentate samples the average

UV 0O.D.s were not significantly different from those found in the sham and control groups.

Figure 18 shows the average UV O.D. of the sonicated samples at the indicated times and
the corresponding average separation efficiency. The development over time looks quite
parallel for the two measurands, except for the samples taken at t = 2:00. For these, the
separation efficiency is very low with a relatively small standard deviation (18.2% with a
relative standard deviation (RSD) of 38.2%, which is low compared to the RSDs of separation
efficiencies at the other times of assessment), while average UV O.D. was comparatively high
(compared to the average UV O.D.s found for the sonicated wet yeast/H,O tap samples).
Plotting separation efficiency over UV O.D. revealed that there was not monotonic

relationship between the measurands (not shown).
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Figure 17: The change of average filtrate and retentate UV O.D., respectively, of wet yeast suspended in H,0 tap

over time. Especially the retentate standard deviation is quite large.
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Figure 18: Average UV 0.D.s and separation efficiencies found at the indicated times after the US had been

switched on for wet yeast/H,0 suspensions

Discussion

As UV 0O.D. is a measure for protein in the supernatant of the samples, a rise in UV O.D.

after sonication would correspond to cell leakage induced by the separation process. The
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reason for such a leakage could be the large pressure changes that the yeast cells undergo

when moving from one pressure nodal plane to another [8].

In the h-shape filter, however, only PBS-suspensions show a significant increase in UV
O.D. after sonication compared to control and sham-exposed groups. Even though the
difference of average UV O.D. before and after sonication is very small, especially in
comparison to data reported by Radel [8] in a batch set-up that showed turbulent behaviour in
a lager sonication chamber for longer periods of time, this increase can be interpreted as a
result of cell leakage. The fact that the PBS 2x- and H,O tap-suspensions don’t show an
increase in UV O.D. after sonication could have physiological reasons: a possible explanation
for the absence of cell leakage could be that the yeast cells are subject to stress due to the
osmolarity of H,O tap and PBS 2x, respectively. This stress could lead to a strengthening of
the cells and subsequently fewer cells would be ruptured by the additional stress induced by

the acoustic radiation forces (and the associated pressure differences in the internodal space).

As mentioned before, all the UV O.D. values detected in run 2 of the wet yeast/H,O tap-
suspensions were lower than those found in the other runs (also those of control and sham
samples). The cell viability was lower than that of the other runs of H,O-tap suspensions as
well; again, at all times and control and sham samples, respectively, too. Maybe the cells used
for the suspension were more robust than the ones used in the others, thus, instead of breaking
up when non-viable, their cell membrane remained intact. This would explain both the low

UV O.D. values and the low cell viability.

3.2. Suspensions of cultured yeast sonicated in Malt Extract Broth

The second set of experiments was conducted with cultured yeast suspended in the Malt
Extract Broth it had been cultured in. Findings of separation efficiency, cell viability and cell
growth, respectively, following sonication will be given. UV O.D. measurements were
conducted for all the experimental runs, the data however, is of no use as Malt Extract Broth

contains such a lot of protein that the photo-spectrometer is basically blind.

In these experiments, only one big (10-15mL) sample was taken from retentate and
filtrate outlet, respectively, due to the larger amount of suspension needed to monitor growth
after sonication. In contrast to the results given before, where samples were taken every two
minutes after US had been switched on, thus giving a development of the respective

measurands over time, the results given in this section can be considered as time-averages.

One experimental run did not show stable alignment during sonication (run 2), but the

cells were turbulently driven through the resonator. In another run (run 4), turbulent behaviour



Results 33

could be stopped by switching the US off and on again. The averages given in the following
chapters will always be taken over the runs that displayed a stable alignment unless indicated

otherwise.

For experimental run 4 through run 7 additional cell counts were performed 18 hours after
the US had been switched on for growth assessment. A comparison between the data found
right after sonication and the data found 18 hours post-sonication will be given in the

respective chapters.

3.2.1. Separation efficiency
Rather high separation efficiencies were found for cultured yeast suspended in Malt

Extract Broth. The average separation efficiency found was 87.3+/-5.8%.

Table 5 shows the separation efficiencies found in the single experimental runs. As
mentioned before during run 2 a stable alignment was not observed. The cells were driven
through the resonator. Turning the US off and on again and changing the driving frequency
did not lead to an alignment of the cells. The turbulent behaviour lead to a separation
efficiency of -63.7%, i.e. the set-up was not working as a filter. The cell concentration found
in the retentate sample was 3.55%107cells/mL and in the filtrate samples it was
4.18*10"cells/mL. Run 4 showed turbulent behaviour in the beginning, but a stable alignment
could be obtained by switching the US off and on again. Samples were taken shortly after the
stable alignment was visible and about 4 minutes later. Thus, there are two values given for
run 4, one for stable alignment and one for turbulent behaviour, respectively. Even though
separation efficiency increased from 0.2% to 79.4% for this run, it remains the lowest value

found for non-turbulent runs.

Table 5: Separation efficiencies found in the respective runs for cultured yeast
suspended in PBS.

separation efficiency [%] | runl run2 run3 run4 run5 run6 run?

stable alignment 80.9 88.2 794 931 9211 89.7

turbulent -63.7 0.2

Discussion

The separation efficiencies found for cultured yeast sonicated in Malt Extract Broth are
high compared to those found for wet yeast suspended in PBS, PBS 2x and H;O tap,
respectively (see chapter 3.1.1). The parameters of the ultrasonic field, i.e. frequency and

energy density, were not changed. There are three possible reasons for this:
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1. The acoustic contrast factor of Malt Extract Broth and cultured yeast is higher than

that of the other media and wet yeast.

2. The size distribution of the cultured yeast cells shifts towards larger cells compared to

that of wet yeast, which would increase the primary acoustic radiation force.

3. Not being in stationary phase as long as wet yeast from the supermarket could give

rise to different acoustic properties of cultured yeast.

Of course the higher separation efficiency could also be due to a combination of any of

these possible factors.

As a possible field of application for the ultrasonic h-shaped filter is in harvesting cells
from perfusion-bioreactors, the separation efficiency of yeast cells from Malt Extract Broth is
more important than that of yeast cells from PBS, H,O tap and PBS 2x, respectively.
However, separation efficiencies around 90% are rather low for terrestrial commercial
applications, as separation efficiencies of around 99% can be reached by systems that employ

Ultrasonically Enhanced Settling [8].

As one would expect, the separation efficiency was greatly reduced when cells were not
stably aligned in the pressure nodal planes of the ultrasonic standing wave field. The Stokes’
(drag) force then plays a major role in the separation of the cells into the two outlets. As the
volume flux through both outlets was set to be the same, the suspension would be divided
equally between the two outlets. However, the diameter of the filtrate outlet is only half that
of the retentate outlet, so the flow velocity through the filtrate outlet is two times bigger than
that through the retentate outlet. The higher cell concentration would be expected in the
filtrate outlet, as the drag force is a function of velocity. This is reflected by the fact that in
run 2, in which stable alignment could not be established, the cell concentration found in the

filtrate outlet is higher than that found in the retentate outlet.

3.2.2. Cdll viability (m.b.)

The cell viabilities found right after sonication in the different runs are shown in Table 6.
Average control cell viability was high at 98.5+/-0.7% and was not significantly changed by
sham exposure (97.7+/-2.7%). Cell viability remained high for the retentate samples,
averaging to 97.9+/-2.4%. For the filtrate samples the average cell viability was found to be
93.6+/-5.5% which is lower than the average cell viability of control and sham, however,
insignificantly. An outlier was detected using Grubb’s test with a level of significance of 99%
(control run 1); it was omitted in further calculations and is indicated by crossing out in

Table 6.
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When stable alignment of the cells was not possible, cell viabilities of the sonicated cells,
1.e. those found in the filtrate and retentate samples, decreased drastically. The average cell
viability found for the “turbulent” retentate samples is significantly lower than that for the
retentate samples collected when stable alignment was present (one sided t-test, significance
level of 99%). The same is true for the “turbulent” filtrate samples; again average cell
viability is significantly lower than that found for filtrate samples of runs with a stable

alignment of the cells.

Table 6: Cell viabilities found immediately after the US had been switched for the
different runs in the respective samples. According to Grubb’s test for outliers, the

cell viability found for the control sample in run 1 is an outlier at a significance level
of 99%.

cell viability [%] runl  run2 run3 run 4 run 5 run6  run?7
control 885 98.0 98.3 99.4 99.4 97.8 98.2
sham 94.8 98.4 100.0  100.0  100.0 97.6 93.3
retentate 93.6 99.3 99.6 99.6 98.4 96.9
filtrate 86.7 88.2 94.6 93.1 100.0  99.1
ret turbulent 65.5 85.8
fil turbulent 67.7 81.8

Figure 19 shows the average cell viabilities found for these four runs immediately and
18 hours after sonication are shown. The first thing one notices is that the average cell
viabilities for all the respective groups are slightly higher 18 hours post-sonication than
immediately post-sonication. The differences are not significant according to Student’s t-test,
however. When comparing the cell viabilities of the corresponding samples immediately after
sonication and 18 hours after sonication one finds that only for the retentate samples’ cell
viabilities were (slightly) higher in the later count for all the runs. The cell viabilities found in
the filtrate samples basically didn’t change during the 17 hours after sonication for run 4 and
run 6, while for run 5 cell viability increased from 93.1% to 100.0% and in run 7 it decreased
from 99.1% to 95.5%. For the control and sham samples the development is similar to that
found for filtrate samples: The changes are slight and are both positive and negative.
Furthermore, the standard deviations of sham, retentate and filtrate samples, respectively, are
lower 18 hours after sonication than immediately after sonication. The average cell viability
18 hours after sonication of retentate samples is significantly higher than that of control and
sham samples counted 18 hours after sonication. For filtrate samples the average cell viability

is not significantly different from that of control groups at both times.
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For the cells that were driven through the resonator in run 4, cell viability decreased from
85.8% to 81.2% for the retentate sample and from 81.8% to 70.8% for the filtrate sample,

respectively.

Table 7: Cell viabilities found 18 hours after the US had been switched on, i.e. after
sonication, for the different runs in the respective samples.

cell viability [%] run 4 run 5 run 6 run 7
control - 98.0 994 994
sham 100.0 99.0 98.9 98.9
retentate 100.0 100.0 994 994
filtrate 94.2 100.0 100.0 95.5
ret turbulent 81.2
fil turbulent 70.8
100.0 T T——= = .|.
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Figure 19: The average cell viabilities found for run 4 through run 7 (cultured yeast sonicated in Malt Extract Broth).
The dark grey bar shows the cell viabilities found immediately after the US had been switched on while the light grey bar

shows the averages found 18 hours after sonication.

Looking at cell viability and separation efficiency of all seven experimental runs,
including the runs that did not show stable alignment, one finds rather good correlation
between the two measurands. The turbulence which led to low separation efficiency and cell
viability, respectively, makes a linear dependence of the two values likely. When omitting
these values however, the dependence of the two measurands is clearly not monotonic

anymore.
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Figure 20: Cell viability of filtrate and retentate samples plotted vs. the respective separation efficiency found for

cultured yeast suspended in Malt Extract Broth.

Discussion

Depending on which data one takes into account two different results were found: When
only analysing the runs that were counted immediately and 18 hours post-sonication, i.e. run 4
through 7, cell viability assessed immediately after sonication remains unaltered by
sonication. No significant difference in cell viability between control groups and sonicated
groups was detected. This is also true when looking at all the runs that showed stable

alignment at least temporarily (run 1 and run 3 through run 7).

The most interesting phenomenon observed were the runs that showed turbulent
behaviour. The reason for the turbulence is not clear, but a similar behaviour was reported by
Radel et al. when yeast cells were suspended in water rich ethanol mixtures [42]. There, a
stable alignment of the cells was not possible due to the addition of 12% “/, of ethanol to the
water the cells were suspended in. This caused the cells to be turbulently driven through the
resonator. As ethanol was not deliberately added in the experiments conducted here, it is
possible that the surface of the culture medium in contact with air was not large enough to
ensure sufficient oxygen supply of the yeast cells’. This would be an explanation why ethanol

could have been produced during cultivation. In another work Radel [8] showed that stable

? Thus the cells were anaerobically fermenting the Maltose contained in Malt Extract Broth to ethanol and
carbon dioxide.
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alignment was present as long as the ethanol concentration in H,O stayed below 8% (*/y) and
in saline (0.9% NaCl) below 15% (*/y), respectively. As the natural limit of ethanol production
of Saccharomyces cerevisiae is around 12% ('/y) ethanol, it is possible that the threshold of
8% ('/y) was reached. The only thing that remains without explanation is why only two out of
seven runs showed turbulent behaviour if indeed the lack of oxygen supply was the reason for
the turbulences. Possibly the cotton plugs used to close the Erlenmeyer during cultivation
were too dense in the runs that showed turbulent behaviour, hence inhibited the oxygen

delivery.

Also, cell viability was greatly reduced in the samples collected from the outlets when
stable alignment was not present. Again, this is in accordance with the results found by Radel
[8, 32] and it is another indication that yeast cells that leave the protective area of the pressure
nodal planes are subject to damage. In this case it is clear that the reduced cell viability is a

consequence of the cells’ being turbulently driven through the ultrasonic resonator.

Cell viability did not change significantly when comparing counts made immediately
after sonication and 18 hours after sonication. It could even be the case that the fraction of
viable cells becomes larger, as non-viable cells might degrade over time (that would explain
the mild increase of average cell viability when comparing the counts immediately and
18 hours after sonication). An indication for this is the fact that average retentate cell viability
18 hours post-sonication is significantly higher than that of control groups counted 18 hours
after sonication. The hypothesis made in the Introduction, i.e. that cell viability would be
reduced by sonication, is thus could not be confirmed when taking into account the

development over time.

The correlation between cell viability and separation efficiency is very high for this
experiment, especially for the retentate cell viability and separation efficiency. Due to the fact
that cell viability decreased when the cells were driven through the resonator and the
separation efficiency was consequently greatly reduced as well, a great range of values could
be considered. As this is represents a very special case of the interaction between ultrasonic
plane wave field and the yeast cells, it shouldn’t be taken into consideration when calculating
the correlation of separation efficiency and yeast cell viability. When omitting these data, the

relationship becomes non-monotonic.

3.2.3. Growth stimulus
When comparing the cell concentration of the respective outlets immediately after

sonication and 18 hours after sonication for the runs that showed stable alignment, an increase
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of averaged concentrations 18 post-sonication can be seen (see Figure 21). The difference
between the averages is significant for the retentate samples, for which an average of
6.35%107+/-6.56*10°ells/mL  was counted immediately after sonication and
7.88%107+/-3.4*10%ells/mL 18 hours after sonication, respectively. That means that in the
second count the cell concentration had increased by an average of 24% compared to the first
count. This is only the second largest increase of cell concentration, as the number of cell/mL
in the filtrate outlet increased by an average of 100%. Due to the very small total number of
cells found in all the filtrate samples and its great variance, this increase is, however, not
significant. For the control and the sham groups, cell concentration increased by 13% and 6%
on average, respectively. Again, these increases are not significant according to Student’s t-

test.

The cell concentrations found for the samples that were turbulently driven through the
resonator in run 4 were as follows: 3.88*10cells/mL and 3.45%10 cells/mL for the retentate
immediately and 18 hours after sonication, respectively, and 3.58*10’cells/mL and
4.20%10"cells/mL for the filtrate immediately and 18 hours after sonication, respectively. As
only one of the runs in which the cells were driven through the resonator was counted

18 hours after sonication, no reliable statistics can be given for these.
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Figure 21: Average cell concentration found in the respective samples immediately post-sonication (dark grey bars)
and 18 hours post-sonication (light grey bars) of cultured yeast suspended in Malt Extract Broth. The data found when

the cells were driven through the resonator were omitted. The error bars indicate the standard deviation.
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Discussion

The fact that the cell concentration in the retentate sample had increased by an average of
20% during the 17 hours between the respective counts, indicates that the cells are still able to
reproduce after sonication. It seems that they even do so more productively than the un-
sonicated cells of control and sham groups. Furthermore, average cell viability of the retentate
sample 18 hours after sonication is significantly higher than that of control groups determined
at the same time. This could be an indication that the non-viable cells lysed within the
17 hours between the counts. They could thus provide nutrition for the viable cells which the

control and sham groups lack.

Also, the stress induced on the cells that undergo filtration by sonication could stimulate
the cells to grow. However, as the cultured yeast had gone into stationary phase before
sonication, it is very unlikely that there would be enough nutrition for the cells to replicate or

too many end products that would limit cell reproduction.

An increase of microbial productivity by ultrasonic irradiation has been reported before

for Saccharomyces cerevisiae and other organisms [43, 44].

As only one run that showed turbulent behaviour was counted immediately and 18 hours
after sonication, no reliable conclusions can be drawn for the long term effects of the

turbulence on cell viability.
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4. Conclusions

The ultrasonic h-shape filter was found to be suitable for the separation of cultured yeast
cells from Malt Extract Broth. An average separation efficiency of 87.3+/-5.8% was found.
For the filtration of wet yeast suspended in PBS, PBS 2x and H,O tap, respectively, the
acoustic and flow parameters need further optimization. With settings used in this report,

separation efficiencies were found to be rather low and unstable over time.

Cell viability was not affected by sonication for wet yeast in the respective host liquids
and for cultured yeast in Malt Extract Broth, respectively. The hypothesis that the cells found
in the filtrate outlet would show damage, i.e. lower cell viability, because they would have to
cross regions with high pressure amplitudes to reach this outlet could not be verified
experimentally. The filtrate cell viabilities found in all the experiments were not significantly
different from the control and sham cell viabilities. Furthermore, retentate and filtrate cell
viabilities were found to be the same, thus cell viability specific separation as reported for
mammalian cells by Gaida et al. [45] could not be verified. Cell viability remained constant
for long periods after sonication for cultured yeast sonicated in Malt Extract Broth, thus it can
be concluded that the ultrasonic filtration process has no negative long-term effects on cell
viability. The negative effect of the turbulence which was observed in two runs of cultured
yeast suspended in Malt Extract Broth on cell viability were apparent, however, long term

effects were not investigated.

Rupturing of cells, corresponding to an increase in UV O.D., was not detected for
PBS 2x- and H,O tap suspensions. However, a significant increase in UV O.D. was found for
the cells sonicated in PBS. As the increase was very small, one can conclude that only a
relatively small number of cells were ruptured during sonication. It seems the stress induced
on the cells by being suspended in a hypo- or hyperosmotic medium, respectively, i.e.
H,O tap and PBS 2x, lead to a strengthening and thus fewer cells were ruptured when

sonicated in these media.

For the cultured yeast sonicated in Malt Extract Broth a significant increase in cell
concentration was found in the retentate samples when comparing the counts immediately
after sonication and 18 hours after sonication. The cell concentration had increased by an
average of 24% during the 17 hours. For control, sham and filtrate groups, respectively, the
increase was smaller and not significant. It seems that the ultrasonic irradiation stimulates
cells growth either by breaking up dead cells, hence providing nutrition, or by inducing

physiological stress on the cells that triggers cell growth.
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5. Outlook

The h-shape filter proved to be a good tool for the separation of cultured yeast from Malt
Extract Broth, however, at the used settings, separation of wet yeast from PBS; PBS 2x and
H,O tap was not very satisfactory. This could surely be improved by optimising the acoustic
parameters and the ratio of flow through the two outlets. Also, it would be interesting to
further investigate the reasons for the difference in separation efficiency of cultured yeast and

wet yeast.

The reason for the turbulent behaviour which was observed on two occasions for cultured
yeast suspended in Malt Extract Broth would definitely be worth further investigation. The
alcohol content of the solution could be measured before starting sonication, to if was indeed
that reason for turbulence. Also, the long term effect of being turbulently driven through the

sound field would be worth further research.

Further examination of the growth stimulus induced by ultrasonic irradiation should be

performed to assess the effect on the cells found in the filtrate.
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