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Preface
Judo is our passion and Japan the land of our dreams. 23'd of October 1997 a dream came true. My
girlfriend and I went to Tsukuba, Japan the land of the rising sun, the land where judo was created.
The reason of this "adventure" was my final project to graduate at the University of Technology in
Eindhoven, the Netherlands and to write my Master of Science thesis. Prof. dr. ir. P.P.J. van den Bosch
arranged the opportunity to go to Tsukuba to work with Dr. H. Kuriyama at the Biochemica!
Engineering Labaratory at the National Institute of Bioscience and Human technology.
Six months we lived, worked, traveled, and enjoyed Japan and the Japanese. These six months were a
great experience that I will never forget. I want to thank all the people who made it possible for me to
go to Japan, the foundations who gave me the necessary financial support and the people who
supported me. I want to thank Dr. Marc Keuiers for his advises and mediation with Dr. Hiroshi
Kuriyama. Dr. David Lloyd I like to thank for his theoretica! contribution and Hilde thanks for all your
care and support during our stayin Japan.
Finally, I want to thank Dr. Hiroshi Kuriyama for his hospitality and Dr. Douglas B Murray alias
Dougie who guided my through the "Japanese way of life" and who taught me "the basic (all in the
wrist) biochemistry". I enjoyed the time working with all of you and thank you for all the support you
gave me.
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Summary
At the Biochemica! Engineering Laberatory of the National Institute of Bioscience and Human
technology in Tsukuba, Japan, autonorneus metabolic oscillations in yeast cultures are studied. 40 to
80 minute oscillations occur when Saccharomyces cervisiae IF0-0233 yeast is cultivated using ethanol,
glucose, or acetaldehyde as carbon source. During these oscillations, ethanol is converted into
acetaldehyde. To convert ethanol to acetaldehyde, NAD is converted into NADH. To understand
these oscillations NADH measurements ·are required. Previous attempts to analyze the amount of
NADH with a complex sampling technique failed.
A fluorometer can provide the necessary information about the NADH concentratien in the yeast
culture. The fluorometer uses the fluorescence property of the NADH compound. When NADH is
exposed to light of 365nm, the atoms become excited. When the electrens fall back to their original
energy level, light of a Jonger wavelength (460nm) is emitted. The intensity of the emitted light
represents the amount of NADH present. The excitation light is guided into the solution through an
optica} fiber. The excitation light is scattered by the yeast particles in the solution and the reflected
light and the emitted light is guided back by a second optica! fiber to the photo multiplier tubes. This
optica! way to measure the concentratien of a compound is very sensitive to any disturbance in the
solution. Air bubbles and other kinds of disturbances, absorb the excitation light and influence the
measurements.
An analog to digital converter is used to digitalize the analog signa! of the fluorescence, reflectance and
the light intensity and a program is written to store the data and to integrate the data with the data
acquisition system. A lamp compensation unit on the fluorometer provides important information
about the light intensity of the lamp and compensates the fluorescence and reflectance signa} for long
term drifts. The extra information from the lamp compensation unit appeared to be very useful to
distinguish signa! changes from light intensity disturbances. Techniques like signal drift compensation
and smoothing are described to analyze and interpret the data from the fluorometer.
Tests with different cell densities show correlation' s between the reflectance signa! and the cell
concentratien that can be used to monitor the cell growth during the fermentation process. pH changes
show influences on fluorescence and reflectance signals. Fluorescence measurements in nonoscillating yeast cultures, show an increase of the fluorescence signa! under nitrogen aeration and a
decrease of the fluorescence signa! when oxygen is used for aeration. This observation is theoretica!
explainable and proves the working of the fluorometer.
Experiments are carried out to find the optima! conditions to measure NADH oscillations. Finally, the
system is able to measure the redox state of the NAD, NADH couple continuously on-line by
measurement of fluorescence (365 ~ 460nm). Maximum NADH fluorescence is observed in each
cycle as respiration slowed to its minimum (i.e. as dissolved oxygen reached a maximum).
Fluorescence then decreased as respiration increased to its maximum rate. Recovery of NADH
occurred in a biphasic manner as respiratory chain activity slowed, so that a secondary maximum of
fluorescence was recorded between peaks of dissolved oxygen. The most important finding is that the
basic mechanism of this oscillation is considered to be periodical inhibition of the respiratory chain.
The carbon flux change during the oscillation was considered as the result of respiratory activity
change through NADH/NAD balance change.
Data from the fluorometer in combination with other data could provide new hypothesis of the
asciilation mechanism. Based on this hypothesis mathematica! modelîng, biochemica! analysis and
genetic investigation will be carried out and the real mechanism of the oscillation is expected to be
cleared.
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Chapter 1
Introduetion
1.1

Oscillating yeast cultures

The Biochemica! Engineering Labaratory at NIBH studies oscillations in yeast. Researchers
discovered synchronization of the cells in ethanol, glucose, and acetaldehyde medium [3],[8],[ 14 ]. Due
to the synchronization of the cells, oscillations of the dissolved oxygen (DO) become visible (figure
1.1 ). Certain amounts of cells simultaneously take up oxygen so that DO decreases and increases when
the oxygen uptake of the cells stops. The actual amount of cells in the solution that are synchronized is
unknown. The period of the oscillations varies from 40 to 80 minutes depending on various factors.
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Oscillating DO

If the cells are synchronized, then there has to be a synchronization of the tricarboxylic acid (TCA)
cycle. This metabolism is solely based in the mitochondria, the place where energy is produced in
cells. During these oscillations, there are also oscillations measured in the ethanol and acetaldehyde
uptake (figurel.2).
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There is a constant interaction between ethanol and acetaldehyde (figure 1.3). Depending on the
concentration of ethanol, acetaldehyde, NAD, and NADH, ethanol will be converted into acetaldehyde
or acetaldehyde into ethanol. During this conversion, there is also an interaction between NAD and
NADH. Therefore, if ethanol and acetaldehyde oscillate, NADH should also oscillate. Why the
ethanol uptake is inhibited is yet unknown. NADH measurements could give some new insights.

Nz_:;pH

Ethanol

~ Acetaldehyde

ct

~

NAD
Figure 1.3

1.2

NADH

NADH production when ethanol is converted into acetaldehyde

Fluorescence and fluorophores

Many substances will emit light of a Jonger wavelength after absorbing light of a shorter wavelength.
If there is no measurable time delay, the process is called fluorescence. A substance with the property
of fluorescence is called a fluorophore. When a fluorophore is excited with light of an appropriate
wavelength, the molecule is charged and raised from its ground state to an excited state. When the
molecule returns to its ground state, energy is released as heat and as light of a lower energy (Jonger
wavelength) than used to excite the molecule. Every fluorophore needs a specific wavelength to get
excited, corresponding to the energy quanta needed to go to a higher energy level. For example the
fluorophore NADH gets excited with a wavelength of 365nm and emits a wavelength of 460nm. The
intensity of the emitted light is a measure of the amount of NADH present.

1.2.1 Nicotinamide Adenine Decleotides (NAD)
With fluorescence measurements it is possible to observe the redox potential of the pyridine
nucleotides. The reduced pyridine nucleotides (NADH) are fluorescent but the oxidized pyridine
nucleotides (NAD) are not. In cellular systems, the total number of pyridine nucleotides (NAD and
NADH) is constant. An increase of the fluorescence intensity indicates an increase of NADH. A
change in fluorescence for a given population is an indication of the change of NADH and hence the
redox potential of the NAD I NADH couple.

1.3

Off-line NADH measurements

To determine the NADH level in the fermentor a sampling method is used. Every 4 minutes a sample
is extracted from the fermentor to analyze afterwards. The sampling and analyzing method is a
complex and time-consuming process. lt takes about 4 hours to analyze the samples, but the deviation
of the samples is too large. All kind of different compositions are tried to keep the sample in an
optima! condition to analyze it, but there is still no indication of any oscillations.

1.3.1 The data acquisition system
Appendix A shows the setup of the system [15] where a fermentor is used to grow yeast cells. To get
the cells oscillating, glucose is added at a continuous feeding rate and pH, temperature, agitation, and
aeration are kept at a constant level. Scales are used to measure the NaOH feeding to control the pH
level and the feeding rate of the glucose. There are three probes (pH, DO, T) and two scales (glucose
feeding and NaOH addition) used to monitor the process.
The probes have an analog output and the scales have a RS232C output. The analog outputs are
connected to a YEW 3801 Chart Recorder. The recorder has 30 analog inputs and each input can be
set to a different range. The recorder converts the analog signals into an 8 bit digital signa! and sends it
to a computer by a General Purpose Interface Bus (GPIB). The recorder scans its inputs one by one
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and it takes at least 6 seconds to scan the inputs. The RS232C outputs from the scales are directly
connected to the computer for bi-directional communication. Beside the probes and scales there is also
a gas analyzer connected to the fermentors. Every 30 seconds the values of the probes and the scales
are stored in a computer and every 24 hours the data is saved into a text-file.

1.3.2 Sampling and analyzing
Samples are taken from the fermentor to get information about the concentration of ethanol,
acetaldehyde, and NADH. Every 4 minutes a sample is extracted from the fermentor during two
oscillation periods. 24 samples are taken over a period of 96 min. Immediately after the extraction, the
sample is added to a lactate dehydrogenase (LDH) solution, put in a shaker for 4 minutes, and stored in
an -80°C refrigerator to keep the sample in an optima! condition.
When all samples are extracted, the samples are melted and frozen three times to break down the yeast
cells so intracellular compounds are released. An NADH-standard is used to calibrate the samples and
to verify the background signa!. The solution with the same composition as the samples is diluted to
100, 50, 25, 20, 15, 10, 5 and 0 ~ (micro Mole). The interval is small at the end because this is the
range where the values of the samples will be. Every standard and every sample is divided into three
"sub" -samples.
Finally, there are 24 standards and 72 samples to analyze. Next, a fluorospectro-meter measures
NADH level of every sample. The NADH values are displayed on a monitor after a few minutes.
enzyme (lactate dehydrogenase) is added to neutralize the NADH. To check· the influence of
enzyme the standards should be zero and the value of the samples after adding the enzyme is called
background signa!.

the
An
the
the

It takes a lot of time to sample and to analyze the samples and still there is no indication that shows that

the NADH level oscillates, because of the deviation of the samples. The low sampling rate and
chemica! reactions during the preparation of the samples could be the reason for the poor results.

1.4

Continuous, online NADH measurements with the fluorometer

A dual channel, fiber optie fluorometer was designed at the Research Instrumentation Shop of the
University of Pennsylvania School of Medicine to measure the NADH fluorescence during a
fermentation process. The system consists of an optica! part where light from a lOOW Mercury ARC
lamp is focused and the 365nm speetral lines are filtered. The light is guided into the solution by an
optica! fiber. A second optica! fiber guides the fluorescence light at 460nm and the reflectance light at
365nm back to the system where it is filtered and amplified by photo multiplier tubes (PMT's). A
control panel displays the intensity of the emitted light. A more detailed description of the working of
the fluorometer will be given in chapter 3.
With this fluorometer, it is possible to measure the NADH fluorescence in the fermentor online during
the process. The output of the fluorometer is digitized and stored in a text-file. This data can be added
to the data from the DAS (Data Acquisition System).

1.5

Conclusions

The existing sampling method is not reliable to measure NADH in oscillating yeast culture. A
t1uorometer is able to measure the NADH level ONLINE using the fluorescence property of NADH.
Because of the low fluorescence intensity of NADH is it necessary to find a method to measure the
signa! in a pool of disturbances caused by agitation, aeration, environmental light, and temperature
changes in the room. An ADC-board and a special designed program are able to digitalize the analog
signa! of the fluorometer and to store the data in a text-file. Together with the data from the DASsystem is it possible to analyze the redox potential of the NAD I NADH couple.
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Chapter 2
Factors affecting culture fluorescence
2.1

Introduetion

This chapter discusses some of the factors that can influence fluorescence. There are several problems
in using NADH fluorescence. For example, the quanturn efficiency of NADH is very low and its
fluorescence signa! is therefore often very weak. Furthermore, NADH fluorescence is extremely
sensitive to cellular metabolic states and environmental conditions [6]. Therefore, the practical
applications of culture fluorescence are very limited.
Generally, the following factors influence culture fluorescence [5]:

•

•
•
•
•

•
•
•

2.2

•

Agitation and aeration rates
Probe position
Geometry of fluorescence probe
Medium pH
Temperature
Inner filter effect
Cascade effect
Cell concentration

•
•
•
•
•

•
•

Cellular metabolic state
Substrate concentration
Product concentration
Dissolved oxygen concentration
Environmental temperature
Medium viscosity
Metal ion concentration
Background fluorescence

Aeration and Agitation

Agitation and aeration affect the fluorescence signa! intensity as well as the signa! to noise ratio.
Fluorescence measurement is an optica! technique, therefore air bubbles will affect the fluorescence
signa! by absorbing some of the excitation and emission energy. The size, number and distribution of
air bubbles make the fluorophore solution heterogeneaus increasing the signal-to-noise ratio of the
signa!. Agitation changes the viscosity of the solution quenching the callision of fluorophores, but is
essential for the experiments. Changing the agitation-speed causes the fluorescence measured in the
fermentor to change dramatically. Coppella and Rao [2] discussed a possibility by using a recycle
loop. The fluorescence measurements in the recycle loop were verified to be representative for the cell
sample and the recycle loop did not affect cell metabolism. By using the recycle loop it is possible to
isolate the measurements from room light and eliminate the effects of aeration and agitation by using a
debubbler in the recycle loop (figure 2.1).
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Fluorescence measurement in the fermentor
compared to fluorescence measurements in
the recycle loop at different agitation rates.
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The fluorescence intensity in the recycle loop is not affected by the agitation. When there is no
agitation the fluorescence intensity in the fermentor and in the recycle loop are the same. Chapter 7
describes the construction of a recycle loop, used in several experiments.
Liet al [5] show results how the fluorescence signa! is influenced by aeration and agitation. When the
aeration rate increases, the amount of air bubbles in the salution -increases and the fluorescence signa!
becomes noisier (figure 2.2).

c

300317 3!3 !e057 383400417433oGl467~SO()frfot

Wavelength

D

Figure 2.2:

2.3

Influence of probe position, agitation, and aeration rates on
the fluorescence intensity of a 2E-6 pyridoxine concentration.
a) The influence of agitation on top and side entering probes.
b) The influence of aeration on top and side entering probes.
c) Top entering probe, agitation 400rpm, NO aeration.
d) Top entering probe, agitation 400rpm, aeration JSOmllmin.
e) Side entering probe, agitation 400rpm, NO aeration.
J) Side entering probe, agitation 400rpm, aeration JSOmllmin.

Probe position

The influence of aeration and agitation differ with the probe's position. When the probe enters the
salution from the top, air bubbles in the salution rise and settie against the surface of the probe. Lot of
the excitation and emission energy will be absorbed and the signa! becomes noisy. Figure 2.2c,d shows
a signa! from a top-entering probe in a salution without (2.2c) and with (2.2d) air bubbles. The
increase of the noise is very clear. If the probeenters the salution parallel to the surface of the solution,
the air bubbles can not settie against the surface of the probe. In this case, there is hardly any
difference between the signals measured with a side-entering probe in a salution with or without air
bubbles (2.2e,f).

2.4

Path length

The path length is the distance over which the probe detects changes. Two path lengths can be
distinguished. The first is caused by geometrical restrictions like the fermentor walls and haffles that
restriet the length to which light can traveL The second path length is the effective distance where the
probe can measure changes. This path length depends on the so-called "inner filter effect", which
limits the penetration depth of the excitation light into the cells. The inner filter effect occurs when
sarnething interferes with the excitation (or emission) radiation by absorbing some of it. This effect
occurs in almast every fermentation process and within cells.
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2.4.1 How to determine the probe's path-Iength
Coppella et al [2] describe an experiment to determine the path-length of the probe. They put the
solution into a blackbox, where light could not affect the measurements. They put the blackbox on a
screw jack. The distance from the bottorn to the tip of the probe was adjusted by using the screw jack.
They started the measurements with the probe touching the bottorn of the flask. They lowered the
blackbox by turning the screw jackuntil the probe's signa! saturated (figure 2.3). From the point where
the signa! saturated, the fermenter did not affect the probe's signa!. The distance from the bottorn to
the tip of the probe, at the point where the signa! saturated, was called the path-length of the probe.
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pH and temperature

pH and temperature are important environmental parameters and influence fluorescence. There are two
reasons why they affect fluorescence. Firstly, the fluorescence intensity of some fluorophores changes
with pH and temperature, because electron configuration, fluorophores charge, and solution viscosity
changes. Secondly, these parameters influence metabolism, which alter the concentratien of the
fluorophores.

2.5.1 pH
The pH influences the fluorescence intensity of a fluorophore by changing the molecular charge,
interaction with solvent and hydrogen-bonding ability of the fluorophore, [5]. Li et al [5] tested the
influence of pH on NADH. Their condusion was that changes in PH-levels hardly affected the
NADH-fluorescence intensity. Section 6.1.4 however, shows that pH changes definitely influence the
reflectance signa!.
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2.5.2 Temperature
Temperature changes the fluorescence intensity of fluorophores by changing energy levels of ground
and excited states of the fluorophores and solvent viscosity, [5]. For most fluorophores, fluorescence
intensity decreases with an increase of temperature. Li et al [5] showed that the fluorescence intensity
decreases linearly with· an increase in temperature over a temperature range from 20 to 50°C at two
different NADH concentrations (figure 2.4)
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2.6

Effects of temperature on NADH fluorescence
intensity in buffer at two different NADH
concentrations (4E-5 Mand 2E-5 M).

Inner filter effects

The absorption of excitation and/or emission radiation by compounds or the fluorophore itself, or the
scattering of this radiation by particles, can cause a decrease in fluorescence, [5]. These effects are
called the inner filter effects. Dissolved chemieals absorb light and light can be scattered by particles
reducing the excitation light from the probe. Li et al [5] made a model to calculate the inner filter
effect. They did the following experiment to test the model. They made a salution of 3,5dinitrosalicylic acid (DSA) on three different NADH concentrations. DSA strongly absorbs light at the
330-380nm range. and therefore reduces the excitation energy of NADH. DSA completely dissolves in
water, therefore there is no light-scattering in the DSA-NADH system. Their results were as they
expected, if the absorption increased the fluorescence intensity decreased (this is an application for the
reflectance PMT, which can measure the absorption by subtracting the reflection intensity from the
excitation intensity). The inner filter effect is investigated by a lot of researchers and compensation
algorithms [4] and the interference with the measurements [9] are described is several papers.
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2.7

Cascade effects

Cascade effects are a kind of energy transfer between fluorophores. When a fluorophore is excited,
other fluorophores may be excited as well, because the excitation wavelength is in the range of the
emission range of the fluorophore that is excited. In turn, this fluorophores ernission wavelength could
excite a third fluorophore and so on. This effect is called the cascade effect.
The "excitation band" of NADH partly overlaps with the ernission band of tryptophan. If a proper
excitation wavelength is chosen, the energy-transfer between the two fluorophores can be rninimized.
In case of NADH and tryptophan we can excite NADH at 365nm. At this wavelength tryptophan does
not fluorescence. Li et al [5] show results of an experiment with an NADH-tryptophan salution (figure
2.5). Depending on the ratio between the amount of tryptophan and the concentration of NADH the
fluorescence intensity increased or decreased.

Figure 2.5:

The cascade effect of NADH-tryptophan solution.

During fermentation, it has to be deterrnined if the cascade effect is a problem. Many different
wavelengths excite a particular fluorophore. The fluorescence intensity can be very different when
excited at different wavelengths, but the ernission profile and emission-range remains about the same
(figure 2.6).
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Riboflavin emission spectra for different wavelength
excitations. The intensity changes, but the profile
remains the same.
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2.8

Optima) excitation wavelength

In a real fermentation process, more than one fluorophore is involved. It is now very important to
select the right wavelength to excite a particular fluorophore.
For example, The fluorescence emission spectra of NADH and riboflavin overlap if we both excite
them at the wavelength of 365nm. However, NADH does not fluorescence if we excite it at 404nm,
while riboflavin strongly fluorescences (figure 2.7). Therefore, an excitation wavelength of 404nm
should be used, because at this wavelength NADH does not interfere with the emission spectra of
riboflavin.
IIAD{Pll

Ulloflavlll

Figure 2.7:

Maximumfluorescence output
ofJour fluorophores at various
excitation wavelengths.

When riboflavin emission is relatively strong and NADH emission is relatively weak, riboflavin will
interfere with the NADH signa! when excited at 365nm. Therefore excitation of NADH at 334nm, will
also excite pyridoxine but with minimal riboflavin excitation.
Li et al [7] studied a yeast culture and examined the results of exciting a fluorophore at different
wavelengths. If they excited NADH at 334nm and at 365nm they saw a big difference between the
fluorescence intensity. The fluorescence intensity at 334nm was much stronger compared to the
365nm excitation. The strong pyridoxine fluorescence interferes with NADH. In this particular case
excitation at 365nm gives a better indication of the NADH level, because the riboflavin fluorescence
intensity at 365nm is very weak. There is no difference for riboflavin excited at 365nm and 404nm
because the NADH fluorescence signa! was relatively weak. Although the fluorescence intensities are
very different when a fluorophore is excited at different wavelengths, the emission profile remains the
same
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2.9

Cell concentration

Yeast cells in a solution scatter the excitation light. The higher the cell concentratien the higher the
amount of the scattered light. There is a correlation between the amount of the scattered light,
measured with the reflectance PMT and the cell concentration. In chapter 6 experiments are discussed
that show that a correlation exist.
The cells however, produce NADH. The higher the cell concentration, the higher the concentratien of
NADH. Unfortunately, NADH has a much weaker fluorescence intensity compared to riboflavin at the
same concentratien and excitation conditions. Therefore, the NADH-fluorescence signa! is a very
weak signa!. It is difficult to find a relationship between the fluorescence signa! and the actual amount
of NADH present in the solution. Figure 2.8 show the relationship between fluorescence intensities
and fluorophore concentrations measured with an NADH probe.
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Relationships between fluorescence intensities and
fluorophore concentrations measured by an NADH probe.

2.10 Light interference
Light excitation and emission are the principles of fluorescence measurements. It is very important
that no environmental light can enter the probe. Therefore, it is recommended to carry out the
experiments in a blackbox environment where no light can interfere with the measurements.

2.11 Conclusions
In order to get an accurate indication of the NADH present in a solution, many factors have to be taken
into account. Some of the "side"-effects like inner filter effect and the cascade effect can not be
prevented, but should be watched when the data is analyzed.
Other factors like agitation and aeration are necessary for the experiment and can not be changed, but
careful positioning of the probe, could keep the influences to a minimum. The higher the aeration and
agitation rates, the noisier the fluorescence signa! will be. Position the probe somewhere in the
fermentor where agitation and aeration is kept to a minimum. Another possibility is to created
artificially a spot in the fermentor like Coppella and Rao [2] did with their recycle loop.
The way the probe enters the fermentor can already reduce the noise a lot. A side-entering probe
parallel to the liquid level has a better signa! to noise ratio compared to a top-entering probe. The
distance from the prohe-tip to any obstacle in the fermentor should be long enough, so the geometrical
boundaries of the fermentor will not affect the measurements. These simpte considerations can
improve the quality of the fluorescence signa] enormously.
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Chapter 3
Probe properties
3.1

The dual channel fluorometer

The fluorometer [ 12], [ 13], and [17] is an instrument that uses the fluorescence property of compounds.
Every compound needs a specific amount of energy to get excited. When the electrons fall back to
their original energy level, they emit light of a longer wavelength. The fluorometer is able to excite a
fluorophore and to measure the emitted light of a longer wavelength. The intensity of the emitted light
is a measure of the concentration of that specific fluorophore.

3.1.1 The optical system
Figure 3.1 shows the optica! part of the fluorometer (in this picture the lamp compensation unit (LCU)
is not illustrated). A reflector and a lens in the lamp house focus the light from a 100-Watt mercury are
lamp. A corning glass filter is used to filter the excitation wavelength of 365nm. The light enters the
LCU (lamp compensation unit) where a beam splitter reflects a small percentage of the UV excitation
beam to a photo diode. The signa! of the photodiode is proportional to the light intensity of the
excitation beam. Any change in the light intensity of the excitation light influences the fluorescence
and the reflectance signa!. The fluorometer has a special option to eliminate small fluctuations in the
light intensity. In compensated mode, the outputs of the reflectance and fluorescence photomultiplier
tubes (PMT's) are divided by the photodiode signa!. This way, slow changes of the light intensity due
to long-term drift is compensated.
Next, the light is guided into the yeast broth by an optica! fiber. At the end of the optica! fiber, the
emerging energy excites NADH. A second optica! fiber is used to conduct the reflected light and
fluorescence light back to a second beam splitter. Here 10% of the light is reflected to the reflectance
filters and the reflectance-PMT, where 90% passes straight through to an emission filter and to the
fluorescence-PMT.
A part of the light is reflected by yeast particles. The reflectance-PMT has the same filter as the
excitation light (365nm). The measurement of the reflectance-PMT is an indication of amount of light
that is scattered and reflected from particles in the broth. This is called the background signa!, and
gives an indication of the yeast concentration in the broth.
The fluorescence signa! is the light whose wavelength has been changed by the NADH-fluorescence in
the cells. The fluorescence-PMT has an emission filter with a central wavelength of 460nm, the
fluorescence wavelength of NADH. Two Kodak Wratten Gelatin filters (2E and 47B) are used
together to get a central wavelength of 460nm.
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OI'IICi\L ASSEMBLY FOR DUALCHANNEL
FIBER OPTIC FLUOROMETER

Lamp campensatien option is nat ülustrated
To !l;mplot Surface...,.

Figure 3.1

Optica[ part of the fluorometer

3.1.2 The control panel
Figure 3.2 shows the control panel of the fluorometer. The fluorescence-PMT is connected to the Achannel and the reflectance-PMT is connected to the B-channel, the signal of the photo diode is
connected to the C-channel. The signals from the PMT's and the photo diode are displayed on the
control panel.
On the control panel, the sensitivity of the PMT's can be changed. The sensitivity controls the voltage
on the PMT' s. The amplification of the PMT is proportional to the applied voltage. The voltage can
be changed from -300V to -900V. The change in voltage represents a sensitivity change of four orders
of magnitude.
The term bandwidth on the control panel corresponds to how fast the electranies can respond to the
probe's signal. For example: if the bandwidth is set to 10Hz, it means the electranies can measure
signals from OHz (DC) to 10Hz. The frequency range is always from OHz (DC) to the frequency
marked on the panel. In practice, the bandwidth switch controls the noise of the signal. 100Hz results
in a very noisy signal compared to 0.1 Hz.
The output voltage range of the probe can be changed with the expansion. The maximum range is from
-IOV to +10V. This range corresponds with a reading from -200% to +200% on the meter on the
control panel. The smallest change is 0.5mV/%.
There are three kinds of "check buttons" present on the panel. These buttons are provided to verify the
settings of the fluorometer. The check ZERO is used to obtain a zero-signal without turning the high
voltage of. The check 100% is used to provide 100% signals to channels A and B to calibrate a
recording device. Finally, the check HV is used to display the voltage applied to the PMT's.
The fluorometer is equipped with a LCU. In the uncompensated mode, the output of the channels is
directly proportional to the PMT's input signal. A disadvantage of this mode is the change of the
fluorescence signal due to changes in light intensity of the excitation light. In compensated mode the
output of the channels is proportional to the PMT input signal divided by the photodiode signal (Cchannel). Now the output signals of channel A and B are relative to the intensity of the excitation light.
This mode is used to reduce "are flicker" and intensity changes in time.
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If the sensitivity of the PMT's is too high, the meter on the control panel goes out of range. With the

"blank suppression" it is possible to suppress the output signal. In fact, the DC component of the signal
is suppressed with a negative voltage. This option is used to cancel out the background or non-specific
fluorescence (i.e. fluorescence from other substance than NADH, because the different emission
spectra overlap). Figure 3.2 shows the control panel of the fluorometer.
00.1.1. CI!ANIIEL LAMP
S!:NSITMTY
A HV

8

ElliDWIDTH
l!Z

10100
10
.J

Bll!IK:
SUPP_

8

CHECS:
ON

cfl
OPT
A
HVOliTPUT

@

=

OOMP

©

cfl

COKPEN'SA TEil n.UOROMlTI:R
ElCPAH"SlOK
BLANK
SOJ'P.

BANDWIDTE
HZ

EXPAHSIOH

s

10 20

2050
1

100

10100

I

CHECK

Cmx:K

10()-.4

~HV

@

@

I
M!TlR
B

"Oe

CHECK

\0

EHV

CHECK
ZERO

@

@

OUTPUT
A

@

@

UNIVEI!SITY OF PEHNSYL HKIA

Figure 3.2

INPUT

@

OUTPUT

c

@

2050 8
1

1(10

CHECK
COMP.

100"/.

cfl

@

fr!PIIT

@

BHV

10 20

OUTPUT
B

OH

cfl
OIT

UKCOMP.

UHCOMP.
fr!PUT

8

s

SENSITIVITY

@

B
HVOUTPUT

@

B!Oio!J!Jl!C.I.L !IIITRUIIDIT.I. TION GROUP

The control panel of the fluorometer

3.1.3 Probe setup
To measure the oscillations with the fluorometer it is necessary to use the right settings. Many experiments
and a small modification of the detection range were necessary to obtain a good signal. Before starting an
experiment with the fluorometer, the lamp-temperature has to be stable. Therefore, check if the lamptemperature does not rise anymore and if the light intensity does not change. It will take about three hours
before the temperature in the box and the light intensity are stable.
The selection of the right sensitivity is essential to measure any oscillation. The selection of the
sensitivity depends on the circumstances. The transparency of solution, dry cell weight, aeration,
agitation are the parameters that can limit the maximum sensitivity. A sensitivity of at least -830V is
needed to measure the oscillations. The blank suppression and the light intensity can be adjusted to
reach the required sensitivity.
If the sensitivity is increased, the fluorescence signal will increase until it goes out of range. The blank
suppression can "shift" the fluorescence signal back to zero. lt is possible to "shift" the fluorescence

signal 200% with the blank suppression. The higher the light intensity, the stronger the fluorescence
signal. A decrease of the light intensity (unfocus the lamp by adjust the X or Y position of the lamp in
the lamphouse) allows a higher sensitivity. To keep the noise toa minimum the expansion is set to xl
and a bandwidth of 0.1 Hz is used. If very fast changes need to be measured (for example NADH
injections in low pH solutions) a higher bandwidth can be used [13], [17].
When measuring a weak fluorescence signal over background noise, the measurements will show a
sloping base line. This "shift" is caused by the low level fluorescence or scattering. If the signal tend
to go out ofrange (-200%) an adjustment is needed. It is preferred to adjust the signal by reducing the
blank suppression. This adjustment does nat affect the sensitivity of the probe; it only shifts the signal.
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It is a "game" to play with the sensitivity, blank suppression, and light intensity to get the optima!
setting.
For general measurements of NADH during oscillations the following settings are
recommended:
Channel A (Fiuorescence)
HVA [V]
-830
Blank
Max
Expansion
x1
Bandwidth [Hz]
0.1Hz
Comp/Uncomp
Comp
Offset[%]
Variabie

Channel B (Reflectance)
HVB [V]
-500
Blank
Variabie
Expansion
x1
Bandwidth [Hz]
0.1Hz
Co mp/U ncomp
Comp
Offset[%]
Variabie

Channel C (Li ;.t intensity)

Offset[%]

15-20

HVAJB, Blank, and U are more or less "related", just compromise.

Table 3.1:

3.2

Recommended settings for NADH measurements during oscillations

Mercury are Lamp

As a light source, a high pressure Mercury lamp is used. The Mercury lamp has a characteristic
emission spectra suitable to excite the most common fluorophores. 365nm is one of the wavelengtbs
where the spectrum shows a large emission.
The lamp consists of a cathode and an anode facing each other in a glass bulb filled with Mercury gas.
When a high voltage is applied to the electrodes, electrans are discharged from the cathode in the
direction of the anode and electric currents starts to flow between both electrodes. When the Mercury
atoms collide with these electrans they get excited. When the excited mercury atoms fall back to a
lower energy level, they emit light. The maximum intensity is located around the cathode, and
decreases towards the anode.
The stability of the light is very important especially for fluorescence applications. The light stability
can be classified into two categories. The first called "DRIFT" is a long-term instability caused by
aging. This drift is mainly caused by changes in thermal electron emission characteristics of the
cathode, changes in gas pressure, and blanking of the glass bulb.
The second called "FLUCTUATIONS", is a short-term instability, mainly caused by fluctuations in the
power supply and variations in the temperature caused by airflow around the lamp bulb. When the
lamp approaches the end of its life, fluctuations occur due to a "discharge point shift". The distance
between the cathode and the anode increases when the cathode wears. When the distance increases the
light are becomes instable.
New lamps are specially designed to minimize the wear of the cathode and therefore the fluctuations.
The cathode is larger, so if the cathode wears, the distance between the cathode and the anode hardly
changes. These kinds of lamps have less ARC movements and therefore the light intensity is more
stable.
The most unreliable part of the system is the lamp. Lamps become noisier as they age. New lamps
typically have noise fluctuations of ± 0.5% in a lHz bandwidth. The purpose of the compensation
option on the control panel is to reduce long term drifts in baseline. It will not reduce noise. No rules
can be given about the lifetime of the lamp. Some lamps become too noisy in 100 hours, some in 400
hours. On occasion even new lamps exceed the typical noise specification. If the lamp is not stabie
anymore due to aging, the signa! to noise ratio decreases. From this point, it is necessary to change the
lamp.
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3.2.1 Airflow and temperature changes
The mercury lamp is mounted in a Nikon lamp house. When airflow passes the lamphouse, it decreases the
temperature of the lamp causing an increase of light intensity. The air-conditioning in the room causes
airflow through the room that influences the light intensity. To eliminate this effect a cardboard box is
designed around the optica! part of the probe. This box protects the lamphouse against direct exposure to
the airflow caused by the air-conditioning and open/closing of the door.
Despite the fact that the lamphouse is shielded from the airflow of the air-conditioning, the temperature in
the box still oscillates with an amplitude of 0.5 °C. This asciilation has ho wever very little influence on the
measurements.
When starting an experiment the temperature in the box will rise, while the light intensity will decrease.
Wait until this effect setties before starting the experiment. In summer, the temperature in the box could
rise to dangerous levels. It is advisable to keep the temperature lirnited to a maximum of 45 degrees
Celsius.

3.2.2 Environmentallight
Fluorescence measurement is an optica! measuring method, therefore the probe's tip has to be isolated from
any light coming from outside. Only the excitation light of 365nm may enter the solution. To prevent
room light to influence the measurement, the fermentor is painted black. Some light can enter the
fermentor trough the condenser and injection holes on the top of the fermentor. However, this influence
can be neglected, but if there is any doubt, the fermentor can be covered with a black cloth.
Light also enters the system trough the ventilation holes in the lamphouse. Room light increases the
intensity of the excitation light and influences the measurements. The box around the optica! part of the
system prevents light to enter through the ventilation holes of the lamphouse.

3.2.3 The "BOX"
The optica! part of the probe is shielded from the rest of the room by a cardboard box. This box has three
major purposes:
1.
2.
3.

Prevent room light to enter the system through the ventilation holes of the lamphouse.
Proteet the optica! part of the system from the airflow in the room caused by the air-conditioning,
people passing, and opening/closing the door.
To decrease the temperature changes around the lamphouse caused by the temperature regulation
system in the room.

Unfortunately, the box has two disadvantages:
1.

2.

In summertime, the temperature in the box can rise to dangerous levels.
The warming up time of the box (lamp) is about 3 hours.

To speed up the warming up time, a smal! "CPU"-fan can be mounted on the lamphouse to cause a
constant airflow and to limit the maximum temperature of the lamp. However, beware of cooling down the
lamp TOO much, because in that case the emission spectrum of the lamp will change. The best solution
will be a good temperature regulation system in the entire room.
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3.3

Filters

Excitation filters to isolate a wavelength to excite specific fluorophore and ernission filters to filter the
wavelength of the fluorescence are needed. If the transmission profile of the excitation filter is too
large, other fluorophores may be excited as well and if the profile is too small, the fluorophore is not
excited at all. Sometimes, multiple filters are required to measure at different wavelengtbs to eli'minate
the influence of other fluorophores.

3.3.1 Measuring a fluorophore
In a yeast broth, there are many different fluorophores present. Four of the most important
fluorophores in the broth are Trytophan, NADH, Pyridoxine, and Riboflavin. If only one fluorophore
has to be monitored, it is necessary to use the right excitation and emission filters for that specific
fluorophore. There are some complications if only one fluorophore is monitored, because the four
fluorophores mentioned before can influence the emission signa! of each other. The cascade effect and
inner filter effect described in chapter 2, are two examples of interference of other fluorophores.

3.3.2 Excitation properties
Every fluorophore has a characteristic excitation profile and can be excited at different wavelengths.
Figure 3.3 shows the excitation profiles of the four major fluorophores.
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Figure 3.3
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Fluorescence intensity at different excitation
wavelengths of the Jour major fluorophores.

There is an overlap of the excitation profiles. For example, if NADH is excited at 365nm, riboflavin is
excited as well. On the other hand, NADH does not fluorescence at 404nm while riboflavin strongly
fluoresces. 1t depends on the application which wavelength to use for a particular fluorophore.
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3.3.3 Emission properties
Theemission profiles of the four fluorophores are shown in tigure 3.4.
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Fluorescence intensity at different emission
wavelengtbs of the Jour major fluorophores
excited by Hg are lamp spectrallines.

Also in this case there is an overlap of the emission profiles. lt is therefore very important to choose
the right emission filter to monitor a particular fluorophore.
The emission intensity of NADH is much lower compared to other fluorophores at a specific
concentration. A relative HIGH concentratien of NADH is required to get a fluorescence intensity
compaired with the fluorescence intensity of the other fluorophores. Therefore, it is difficult to
measure the NADH fluorescence in a noisy environment.

3.3.3 Emission intensity
If a fluorophore is excited at different wavelengths, the fluorescence intensity will change, but the emission
profile will stay the same. Figure 3.5 shows the emission profile of riboflavin for different excitation
wavelengths.
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Riboflavin emission profile for different excitation wavelengths.
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3.3.5 Multiple excitation fluorometry
Li et al [2] used a filter wheel to monitor different fluorophores and to monitor the emission of
fluorophores at different wavelengths. The results from the experiment show that it is very important
to monitor also other fluorophores whose emission spectra overlap with the one of interest. Figure 3.6
shows one of the experiments of Li et al [2] where NADH is monitored at 334nm and 365nm.
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The NADH spectrum at 334nm is much stronger compared to the spectrum at 365nm. This is caused by
the strong pyridoxine fluorescence that interferes with the NADH fluorescence when NADH is excited at
334nm. In this particular case, NADH fluorescence at 365nm gives a better indication of NADH levels,
because riboflavin fluorescence is very weak: compared to the NADH fluorescence at this wavelength.

3.3.6 Used filters
Corning glass 5 840 and 9782 filters are used to isolate the 365nm spectralline of the mercury are lamp
used for excitation. The 5840 filter transmission at 365nm is 55%. Unfortunately, this filter begins to
transruit around 660nm where the PMT still has some sensitivity. The signa! at 660nm is a component
of stray light.
The Corning glass 9782 transmits approximately 10% at 365nm but has virtually zero transmission in
the red region where the PMT's are still active. If the high voltage of the PMT is low (say 300 to 400
volts) it is recommended to use both filters together in the excitation and reflectance applications.
The combination of the two Kodak Wratten gelatin filters 47B and 2E filters has a center wavelength
between 450nm and 460nm. These filters were selected by Dr. Britton Chance more than 30 years ago
and were optima! for his applications. The gelatin filters absorb moisture over time. A visual
inspeetion will quickly reveal their condition. If they starttolook all wrinkly, they need to be replaced.
The relative humidity will determine their lifetime. The spare filters should be stored at a dry location.
A schematic overview of the filters and the wavelengths used in the system is shown in appendix B.
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3.3.7 Filter recommendations
It is hard to determine which filter is the best one to measure NADH. Other fluorophores present in the
yeast broth can influence the signal. The optima! excitation wavelength for NADH is probably 340nm
(figure 3.3). At this wavelength, riboflavin and pyridoxine have relative low fluorescence intensities.
The optima! ernission wavelength is probably 475nm (figure 3.4). At this wavelength, riboflavin and
pyridoxine have very low fluorescence intensities. NADH has a very low fluorescence intensity compared
to the other fluorophores so the selection of the filters is crucial to get an accurate and reliable
measurement.
There are more fluorophores in the yeast broth present who can influence the measurements. At this
moment, it is unknown which fluorophores that are. Literature research and many experiments have to be
done to learn about the composition of the fluorescence signa! measured during oscillating yeast cultures.

3.4

Conclusions

In order to measure the weak NADH fluorescence signa! in a very noisy environment, the fluorometer
has to be set up as accurate as possible. The selection of the sensitivity is crucial for a successful
experiment. Blank suppression and adjustment of the light intensity can help to obtain the required
sensitivity.
The selection of the filters is very important. Several commercial NADH probes use filters that permit
a relatively wide range of wavelengths to excite the culture fluorophores. The ernission signals contain
not only the NADH fluorescence wavelengths but also the emission wavelengths of several other
cellular fluorophores. More information can be obtained by monitoring fluorescence signals in a
fermentation process by using multiple narrow-band excitation light [6]. Specifically other key
fluorophores in cells such as pyridoxine, tryptophan, and riboflavin can and should be monitored as
well to cancel out influences of these fluorophores.
The lamp of the fluorometer is very sensitive to airflow and temperature fluctuations. A cardboard box
around the optica! part of the fluorometer solves many of the problems, but could be improved. The
stability of the lamp used in the fluorometer is not so good. Larups became noisy after 170 hours and
several experiments showed light instability every hour. lt will be worthy to pay a lot of attention to
improve the lamp stability. New larups from other manufacturers could betried as well.
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Chapter 4
Data acquisition
4.1

Analog to digital conversion

The output signals of the control panel are analog signals. To analyze the signals they have to be
digitized and stored in a text-file. An analog to digital converter board (ADC-board) is able to make
this conversion. To get an accurate conversion the sample-rate, resolution, and input range of the
ADC-board has to be specified. Experiments with the fluorometer are used to deterrnine the
specifications of the ADC-board.

4.1.1 Relationship between NADH-change and output voltage
The relationship between the NADH change in rnicro-Mole (IJM) and the output voltage in Volts (V) is
hard to deterrnine. The calibration depends on several factors such as the lamp condition, light scattering,
PMT sensitivity, and density of the solution. It is necessary to develop a calibration procedure to calibrate
the probe before an experiment is started. In chapter 5, three calibration methods are discussed. A known
concentration of NADH salution is added to a non-acid solution, in order to get a rough idea of the relation
between 1JM and output voltage. These experiments measure extra-cellular NADH changes instead of
intra-cellular NADH changes that are caused by the cells metabolism. A change of 3.31JM equals roughly
lOmV if the sensitivity is in the range from -650V to -730V and with maximal the blank suppression.

4.1.2 NADH-concentration
The sampling method used to deterrnine the NADH concentration shows a change between 61JM and 81JM
during one asciilation (figure 4.1).
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4.1.3 Noise
There are two types of noise. The first type is the system-noise produced by the lamp and electronics.
The second type is the environmental-noise caused by the agitation, aeration, and other experimental
factors. The environmental-noise is much higher than the system-noise. Therefore, the system-noise
can be neglected for the moment. From the experiments it is possible to give a rough indication of the
environmental-noise.
Bandwidth
[Hz]

Agitation
[rpm]

Noise
[mV]

0.1

MIN
150
300
MIN
150
300
MIN
150
300
MIN
150
300

40
400
400
400
1200
1400
1840
2200
2800
1840
2200
2800

1

10

100

Table 4.1

Table 4.2

The relationship between environmental-noise and agitation rates measured at
different bandwidth measured in a small fermentor with 300ml water.

Bandwidth
[Hz]

Agitation
[rpm]

Noise
[mV]

0.1

500

25-30

The relationship between environmental-noise and agitation rates measured in a
small fermentor with 2.77g!l yeast in YMPD-medium.

The noise is directly proportional to the square root of the bandwidth. Therefore, the bandwidth has to
be as low as possible in order to minimize signal-to-noise ratio.

Noise

= .JBandwidth

On the other hand, if the bandwidth is too low, dynamic errors are introduced [13]. The NADH
changes very slowly, therefore it is no problem to use a bandwidth of 0.1Hz.
For the moment the following assumptions are taken:
•
•

4.2

Environmental-noise = 25-30 mV
= 10mV
3.3!JM NADH

ADC properties

With the model of the signa! mentioned above it is possible to specify the properties of the ADC-board.
The voltage range, sampling rate, input channels, and resolution are the most important properties of
the board. The software has to be compatible with Windows 95 and easy to use. If it is possible the
board has to be compatible with Lab View, a possible option in the future.
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4.2.1 Voltage range
The range of the fluorometer is from -199,9% to 199.9%. The output voltage depends on the selection of
the expansion on the control panel. The output voltage is detennined by the following equation:

Output[V]

.

meter reading

=0.05 x expanszonx - - - - 100

The range of the output voltage is from -lOV to +10V. If a high sensitivity is necessary, the DC offset
moves to a higher voltage. It is possible to suppress the DC component by using the blank suppression.
Depending on the sensitivity, blank suppression, and the expansion factor, the DC component varies
from-10 to +lOV.
Therefore, the ADC only needs an input range of 20V (-1 OV to + 1OV). A smaller range could also be
used, when the expansion is reduced. To digitalize a large range, more bits are necessary compared to
a smaller range. It will be nice if the ADC has a variabie input range to select a specific range.

4.2.2 Sampling rate
The YEW -recorder is able to sample every six seconds. The available DAS however, only stores every 30
seconds a sample. This sample rate is too slow to monitor the fluorescence signal. When the probe is used
to monitor NADH changes, the fluorescence signal has a big standard deviation, depending on the
bandwidth used to monitor the changes. To eliminate the noise, a higher sampling rate is needed.
Experiments show changes of 40mV in 6sec when the bandwidth was O.lHz, at 500rpm and 50ml/min
aeration. To detect 1mV changes it is necessary to sample 40 times every 6 seconds, that is about 7 times
every second (7Hz). The sampling rate of a simple ADC-boards is already much higher, so any sampling
rate around 15kHz will do.

4.2.3 Input channels
Fluorescence, reflectance, and light intensity are the three outputs of the control panel. To analyze NADH,
at least three ADC inputs are needed.
For the experiments it is useful to monitor various signals like DO, pH, temperature, and feeding rates. The
feeding rates are measured with scales that are connected to the data acquisition computer by an RS232
interface. DO, pH, and temperature are analog outputs and maybe in the future it is prefeered to digitalis
these outputs also with an AD-converter, but fore the time being, the YEW -recorder will be used to
digitalis them.
To monitor one feementor at least 6 analog inputs (Fluorescence, reflectance, light intensity, DO, pH,
and temperature) are needed. Multiple input ADC-boards multiplex the inputs, soa higher sampling rate
is required!
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4.2.3 Resolution
To convert the analog signa! into a digital signa! it is necessary to determine the step size. The step
si ze depends on the amount of bits that is used to convert the signa!.

Table 4.3

Bits

Steps

8
10
12
16

256
1024
4096
65536

Step size on 20V range
[mV]
78.125
19.531
4.883
0.305

Relationship between step-size and the amount of bits

If it is possible to compress the output range, smaller changes could be detected, but the experience
from the experiments shows that sametimes it is necessary to measure above 100%. The choice of the
step size depends on the relationship between the NADH-change, output voltage, and the noise on the
channels. If 3.3!-IM equals 10mV, it is possible to detect O.lJ..LM changes (0.3mV) only with 16 bits
resolution.

4.3

ADC specifications

Consiclering the requirements mentioned earlier and possible adjustments in the future, the ADC-board has
to meet the following properties:
•
•
•
•

Input range -JOV to +lOV (variable range ifpossible)
Sampling rate 15kHz or more
Resolution 16 bits
Input channels 6 or more

The ADAC 5500HR ADC-board has the properties mentioned above. It is compatible with LabView and
special Direct View for Windows (DVW) software made it possible to use the board without any
programming. As an option, it is possible to order software modules to integrate in C++ or visual basic
software. It is possible to use more ADC-boards in one computer for expansion in the future.

4.4

ADC data logging program

The ADC data-logging program is written in Turbo Pascal and runs in DOS mode. The program is menu
driven and can measure eight different analog signals. The user can change the name of the text file, the
labels of the channels, the sampling rate, and a smoothing algorithm. The help option guides the user
through the options of the program.

4.4.1 Startop
Tostart the program double click the ADC DATA LOGGING V2 icon in the NADH PROBE group and
the program starts. Choose a name of the file to save the data. The default name will be the date, but if
more experiments are carried out on one day, some kind of index is required. Set the labels of the
channels, the sampling rate, and the smoothing algorithm. The summery option under the OPTION tab
gives a quick overview of the selected settings. Press start to start the data logging.
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4.4.2 Settings
The user has to be attentive with selecting the sampling rate and the smoothing algorithm. A high sampling
rate and a low smoothing algorithm results in a very large text-file. For example, a sampling rate of 10rns
and "none" smoothing algorithm result in a 5MB file within 10 minutes. The recommended settings
concerning the sampling rate and the smoöthing algorithm are:
•
•

Sampling rate 10rns (100 samples/ second)
Smoothing algorithm 100

One hundred samples wiJl be added, divided by 100, and stored in the text-file every second. For
measurements over long time intervals, a higher smoothing algorithm is recommended to suppress the size
of the text-file.

4.4.3 Test procedure
lf there is any doubt about the performance of the probe or the program, the following tests are
recommended.

To check the data logging conneet a battery to one of the channels. Start the data logging and check if the
program displays the right value (±1.59V) at the right channel? If the value is displayed at a wrong
channel, restart the program and try again. If the problem still is not solved startup DIRECf VIEW for
Windows (DVW). This program initializes the ADC-board completely and solves most of the problerns.
Be sure that the settings of the DVW program are the same as the hardware settings on the ADC-board. If
this is OK, check the text file if the value is stared with the right label.
To test the working of the probe the following test can be done:
•
•

Take about 300ml yeast from the fermenter
Use a small black fermenter and monitor the pH, DO, box temperature, light intensity, fluorescence,
and reflectance. Set the agitation at 800rpm and the aeration at 180ml/min

Measure the fluorescence when the aeration is changed from air to nitrogen and back. If the DO
decreases with nitrogen aeration, the fluorescence should increase. When air is used the DO should
increase and the fluorescence should decrease. If the fluorescence shows the described pattern, the
probe is working fine. The theory behind this test is explained in section 6.2.

4.5

Conclusions

The system should be able to detect 0.1~1 NADH-change, (0.3mV) in a noise-band of more than
30mV. The ADC data logging program and the ADC take care of the data Jogging. The ADC-board is
compatible with several software packages like LabView, so it is possible to use the board for
expanding the system in the future. Direct View for Windows (DVW) is a tooi to control the ADCboard without programming and is easy to use. The ADC data-logging program is specially designed
for the fluorometer. The program offers features to change the sampling rate, smoothing algorithm,
select and label the channels of interest. The data is saved in a text-file as ASCII text. The data is
available for the user, immediately after the experiment is finished.
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Chapter 5
Data analyses
5.1

Data interpretation

The fluorescence and reflectance signals, can be split into three parts:
•
•
•

a low frequent signa! (about 40 rninutes asciilating period)
a DC component
noise (high frequent compared to the signa!)

The low frequent signa! represents the NADH-oscillations in the fermentor. These oscillations vary from
40 to 80 rninutes depending on the medium. The amplitude of the DC-component depends on the
sensitivity of the PMT's. The Noise is mainly caused by the environmental parameters like agitation and
aeration.
The Nyquist criterion to deterrnine the minimal sampling rate to reconstruct the analog signa! from the
samples is not that important for this application. A low sampling rate will automatically elirninate the
high frequent noise . The noise produced by all kind of different factors is high frequent in contrast to the
very slow asciilating NADH signa!. A filter could easy filter the low frequent signa! from the relative high
frequent noise.

5.2

Parameters to monitor

Applications of practical fluorescence are difficult because of disturbances caused by environmental
and experimental factors. The results are mainly depending on the quality/stability of the excited light
during the experiment. The Mercury are lamp used as light souree deterrnines the reliability of the
whole system. If any change in the excitation light appears it will be seen directly in the measurements
[figure 5.3]. To determine if the measurements are reliable it is recommended to monitor the light
intensity and the temperature in the box (lamp temperature). Some changes look if they are caused
by the process, but careful examinatien of other factors like light intensity will show correlation
between the signa! and certain disturbances. So, before drawing any conclusion, check the light
intensity and box temperature during the period of interest. If the light intensity or box temperature
show any instability, this will be seen directly in the fluorescence or reflectance signa!.

5.3

Signal disturbances

If the data is studied carefully, it is possible to recognize different kind of influences. If these influences
are recognized it is possible to elirninate them to get the information needed. Lamp instability, temperature
changes, lamp aging, aeration, and agitation are disturbances that could be recognized.

5.3.1 Temperature change
Section 3.2 mentioned the influence of temperature changes around the lamp. The change in
temperature is directly related with the fluorescence and reflectance signa!. When the temperature
increases, the pressure in the lamp decreases causing the light intensity to decrease. A decrease in light
intensity is directly related to a decrease in the fluorescence. Especially, when the probe is turned on,
the temperature in the box starts to rise. It takes about three hours for the temperature to stabilize.
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During this period, the fluorescence and the reflectance signa! show an exponential decrease. Figure
5.1 shows the decrease in light intensity when the temperature of the lamp increases during startup of
the fluorome ter. Changes in light intensity during the startup of the lamp causes a rapid increase of the
fluorescence and reflectance signa!. Until now, no general algorithm could be found to "reconstruct"
the fluorescence or reflectance signa! from disturbances caused by instability of light or temperature.
Therefore, the experiment could only start after the temperature settles.
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5.3.2 Lamp instability
The stability of the emitted light depends on several factors. The influence of the temperature is
already discussed insection 5.3.1. Another factor is the stability of the power source. If the voltage
changes, the intensity of the light are will also change. If the lamp ages the cathode of the lamp wears.
The distance between the cathode and anode increases and the are becomes unstable. An unstable are
moves up and down the surface of the cathode and the anode. When the are moves a little, the focus of
the light changes, causing a change in light intensity. Figure 5.2 shows a change in light intensity
probably caused by are movements. Figure 5.3 shows how the fluorescence signa! and the reflectance
signa! changes when the light intensity changes.
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5.4

The effect of light instability to the fluorescence and reflectance signa[

Signal drift

While measuring the fluorescence during oscillations, the fluorescence always shows a sloping base
line. This "shift" is caused by the low level fluorescence or scattering and occurs when a weak
fluorescence signal is measured over background noise. This phenomenon occurs every time and could
nat be elirninated.
Figure 5.3 however, shows a slightly increasing light intensity. In the meantime, the fluorescence
signal slowly decreased and the reflectance shows a slight increase. It could be possible that the
decrease ofthe fluorescence signalis caused by the compensating mode [13]. This mode uses the LCU
signal to compensate the fluorescence and reflectance signal. If the light intensity increases the
compensated signal (fluorescence divided by the LCU signal) results in a decreasing fluorescence
signal. Further tests has to be carried out to deterrnine if the signal drift decreases in the
uncompensated mode.

5.4.1 Signal drift corrections
To elirninate this sloping background the following algorithm can be used. Deterrnine the function of a
line through the sloping oscillation. Then subtract the difference between the point of the sloping
oscillation from a reference value. This will eliminate the slope and give a nice horizontal fluorescence
signal. Figure 5.4 shows the result of the compensating algorithm.
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5.5

Signal smoothing

Sampling of an analog signa! gives accurate values at the moment of sampling. Between the samples,
the data is lost. If the time between the samples is small, it is possible to conneet the samples with
straight lines. If the time between the samples is too long, the real analog signa! could be very different
(sampling criterion· of Nyquist) from the straight line between the samples. Even if a high sampling
rateis used, the date could be very rough because of the noise. To get ride of the noise in order to get a
smooth signa!, it is possible to use a filter.

5.5.1 Moving average
Even with much higher sampling rates compared to the available DAS, the signa! still shows spikes. To
smooth the signa! it is possible to use a filter. The rnaving average algorithm is an interval that moves
along the data and takes an average. The size of the interval determines the smoothening of the data. Excel
offers the possibility to use such an algorithm. Select tools, data analysis, rnaving average. Select the data
and choose an interval of two. A bigger interval will give a smoother result, but will shift the signa! to the
right. Especially the phase of the fluorescence signa! with the DO contains very important information.
Maxima and minima of the fluorescence signa! correspond with roetabolie changes in the cells and the
exact time of these changes is needed to investigate the occurrence of the oscillations. In order not to lose
any information, the smoothing should be handled by a program like MathLab that offers better filter
techniques. Figure 5.5 shows the difference between smoothed and non-smooilied data (Excel plot).
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Smoothed data

Background compensation

When the yeast broth is exposed to the excitation light, the light is scattered by particles in the broth.
The main part of the light penetrates the broth and is lost. A part is reflected by the particles and a
small part is absorbed by the yeast cells. The absorbed light excites the NADH atoms. When the
electrans fall back to their original energy level, heat and light of a Jonger wavelength is emitted. The
reflected light (365nm) and the fluorescence light (460nm) are measured by the PMT's.
When the yeast concentration in the broth increases the density of the salution increases and more light
is reflected. The reflection signa! is an indication of the cell concentration in the broth. When the cell
concentration stays the same, the amount of penetrated light will be constant.
In high concentrated "dead" yeast solutions, the reflectance decreased when the fluorescence increased.
This event could be interpreted as absorption of the excitation light. If this indicate that reflectance is a
kind of background signa!, it may be possible to subtract the reflectance from the fluorescence signa! to
remove non-relevant signal. Some experiments show nice results, but actually, the reflectance signa!
and the fluorescence signa! are complete different signals at different wavelengths, so be careful before
subtracting different spectra!
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5.7

Scale compensation

The sensitivity of the fluorescence and reflectance PMT's could be changed separately. Manipulations
with both fluorescence and reflectance signa! are therefore a little complicated, because of the
difference in amplification of tbe signals. The DC offset and the amplitude for the signals is different
and therefore hard to compare.
It is possible to compensate the signals by manipulating the data. After the "signa! drift compensation"
it is easy to add or subtract a DC offset or to multiply the function with a certain factor to adjust the
amplitude. These manipulations are justified as long as there is no metbod to calibrate the signals with
the NADH levels. Until that time, only the relative amplitude, phase, and shape of the signals could be
studied.

5.8

Calibration methods

To calibrate tbe measurement of tbe fluorometer a relationship has to be determined between tbe
fluorometer signa! in mV and tbe amount of NADH in ~ present in tbe fermentor. The amount of
NADH is expressed in M = mole/Litre. Because of tbe many parameters tbat influence tbe measurement it
is very difficult to determine a general algorithm tbat gives tbe relationship between tbe NADH level and
the output voltage. To get an indication of tbe relationship a smal! experimentortest has to be done.

5.8.1 Pre calibrating
Some instruments use calibration samples for calibration. Por example, some pH-probes use three
solutions with different pH values (4, 7, and 10) to calibrate. To use this metbod by the fluorometer tbe
probe has to be removed from tbe fermentor and put in some NADH-stock solutions. After these
measurements, the probe has to be positioned back in tbe fermentor. This procedure will be impossible.
Removing the probe from tbe fermentor can cause contamination and stop the oscillations. Beside this, the
probe is very sensitive to environmental conditions mentioned in chapter 2. The calibration has to be done
under tbe same conditions as tbe real measurements.

5.8.2 Sampling method
The sampling metbod used to determine tbe amount of NADH is not reliable for calibration. The sampling
and analyzing of these samples take a lot of time and the results are not satisfied. Figure 5.6 shows two
graphs during an acetaldehyde injection (at time=990 minutes). One of the graphs is measured by tbe
fluorometer and the other one are tbe 24 analyzed samples taken every 4 minutes. The samples show no
oscillation at all. These results can not be reproduced because tbe noise level of tbe metbod is too large and
therefore, tbe values are notaccurate to use for calibrating tbe measurements of tbe fluorome ter.
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5.8.3 Pre additions
Another method to calibrate the measurements is to add a known amount of NADH solution to the
fermentor. The NADH peak: measured by the probe can be used to calibrate all other changes in the signa!.
Experiments with NADH injections in 300rnl distilled water with l.lgr dead yeast at a pH of 3.4 tiad· good
results (figure 5.7). Every addition shows a similar pattem. A better composition of the NADH
concentratien of the injections should delermine if this metbod could be used for accurate calibration.
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If NADH is added in the fermentor, NADH is converled into NAD within a few milli-seconds. Low
pH and cell metabolism intheiermentor causes this fast conversion. With the DAS it is not possible to
measure these injections, because the system is too slow. The ADC data logging however, is able to
measure these additions if the samplingrateis high and the smoothing factor is low. Figure 5.8 shows
changes measured when 100~ NADH was added to the iermentor at a pH of 3.4. The results
however are not reproducible therefore this metbod is not suitable to calibrate the measurements.
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5.8.4 Respiratory chain
The respiratory chain is the pathway by which NADH reacts with oxygen inside the mitochondria. The
cascade of reactions involved in the controlled production of energy is beyond the scope of this thesis,
so we will concentrate on NADH and oxygen, which is converted to water in the final stage of the
chain. Between NADH and the final oxygen reduction step are many redox ëari'iers. Por the moment,
we are only interested in the redox state of the NAD/NADH couple in relation to the presence or
absence of respiratory substrates (ethanol or glucose) and terminal electron acceptors (oxygen).
Growth on a fermentative carbohydrate (e.g. glucose) above a critica! concentration or under anaerobic
conditions causes the production of ethanol from acetaldehyde and the production of NAD.
Respiration of ethanol involves the production of acetaldehyde and NADH. When ethanol is converted
to acetaldehyde, NAD is converted into NADH if there is no oxygen present. If there is oxygen
present, NADH is reconverted back into NAD (figure 5.9).
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The table below shows the trend in steady state reduction levels of the NAD/NADH couple with and
without respiratory substrate at different levels of oxygen. The percentages are just indications of the
trends, notexact values.

Absence of added respiratory substrate
(Ethanol or Glucose)
NADH

Oxygen

0-20%
30%
50%

Excess air (DO 100%)
Limited air
Anaerobic (DO 0%)

Excess of respiratory substrate
(Ethanol or Glucose)
NADH

Oxygen

80%
90%

Excess air (DO 100%)
Limited air
Anaerobic (DO 0%)

100 %

To calibrate the signals it is possible to bring the yeast culture into the extreme states and designate
these states as 0% and 100%. The reduction rate of nicotinamide nucleotides in the absence of added
respiratory substrate will depend on the endogenous levels of stored respiratory substrates (e.g.
glycogen). In "starved" yeast suspensions these pools will become depleted and almost all
NAD/NADH will be in the oxidized form (NAD)
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5.9

Conclusions

The signals measured with the fluorometer are not always as nice as they should be. Same of the
disturbances like signa! drift, environmental noise, and DC offset could be removed with the
algorithms described in this chapter. Disturbances caused by lamp instability however, can not be
eliminated from the data.
The LCU available on this type of fluorometer allows monitoring the light intensity of the excitation
light. The LCU makes it possible to distinguish signa! disturbances from changes caused by cell
metabolisms. The option to use the LCU to compensate fluorescence or reflectance signals could
however introduce signa! drift.
The reflectance signa! represents the amount of scattered light and could be used to determine the cell
concentratien and/or to eliminate background signals.
The calibration of the signals is a difficult process. Experiments with the "respiratory chain"calibration have to determine if this option can be used. Experiments with other calibrations methods
were not applicable in the real fermentation process.
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Chapter 6
Results
6.1

Introduetion

Experiments carried out to get familiar with the fluorometer gave some interesting results. Some of these
results could be of interest when interpreting new data. Different results were found with low or high yeast
concentrations and experiments with "dead" (sterilized and washed) or living yeast.

6.1.1 Solution density
Solution density refers to the amount of particles in the solution. In this case, the particles are the yeast
cells. Density of the solution and light scatter are related. If there are no particles in a solution, the light
scatter is minimal. If there are particles in the solution, the excitation light is scattered. The fluorescence
and reflectance signals behave different in low and high concentrations.
Figure 6.1 shows the fluorescence signa! and the reflectance signa! during 20 "dead" yeast injections. The
density of the salution changes form 0 to l.lgrn. While the cell concentratien increases, the reflectance
changes because of the increase of the light scatter.
Density change
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Fluorescence and reflectance during 20 "dead"
yeast injections. The cell concentration changes
from 0 to l.lgr!l.

6.1.2 NADH injections
The fluorometer is equipped with filters to detect NADH. To check if the fluorometer is working correctly,
NADH is diluted in distilled water and injected in a solution. Every injection of the NADH salution should
increase the fluorescence signa!. Several experiments are carried out to test the properties of the
fluorometer in different solutions and with different settings.
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6.1.2.1

Low cell concentradon

In solutions with a low cell concentration, little light is scattered and therefore little light is reflected.
NADH injections in distilled water, with a low "dead" yeast concentration, changed the fluorescence signa!
stepwise after each injection. The reflectance signa! did not change at all because the density of the
solution did not change and therefore, the light scattering did not change. Figure 6.2 shows an increase in
fluorescence after several NADH injections. The reflectance signa! did not change.
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6.1.2.2

-

92 r:::

Q)

High cell concentradon

The response of the fluorescence and reflectance signa! is quite different in solutions with a high cell
concentration. Where the reflectance did not change in low concentrated solutions, it decreases in high
concentrated solutions when NADH is injected. Figure 6.3 shows an increase of the fluorescence and a
decrease in reflectance after NADH injections.
50
40
Q)

0

30
Q)

30

0

-

20 ~

r:::

Q)

0
UI

20

...

10

ü:

0

Q)

0
::J

0

10 ~
Q)

a:

0

-10 +--------,--------.--------,-------+-10
900
920
940
960
980

Time [min]

e

Figure 6.3

lrje::tlors --FII.DI'ESarce --REfle::tcrce

NADH injections in glucose medium
with a high "dead" yeast concentration.

It is remarkable when the fluorescence increases due to an NADH injection, the reflectance decreases at the
sarne time. This opposite behavior of the fluorescence and reflectance is only observed in high
concentrated "dead" yeast solutions, where no cell metabolism interacts. At this moment, there is no
explanation for this phenomenon, but the next hypothesis could be possible.
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The density of the salution does not change after the NADH injection, but still the reflectance decreases.
The reflectance signal consist of excitatîon light, scattered by the particles. After the NADH is injected, the
NADH absorbs a part of the excitation light and reduces the amount of scattered light. The scattered light
with a wavelength of 365nm (reflectance) decreases. The fluorescence light of 460nm increases because of
the increase of NADH in the solution.

6.1.3 Yeast cells
In sectien 6.1.2, the experiments were carried out with "dead" yeast cells. Yeast from the fermenter was
sterilized and wasbed several times to be sure that there was no cell metabolism and as little as possible
medium solution. All of the results of the experiments with "dead" yeast were due to the density changes
of the solution, because there was no cell metabolism at all.
Living yeast cells produce NADH. The TCA cycle and the cell metabolism are a very complex process. If
NADH is injected in solutions with living yeast, the response is completely different. Figure 6.4 shows an
experiment with living yeast. At low concentrations, the NADH injections are clearly visible. When the
cell concentration increases, the injections are harder to detect. The reflectance changes every time when
the cell concentration is increased, but there is no change at the NADH injections.
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NADH injections in medium with
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6.1.4 pH vs. Fluorescence/reflectance
When NADH is injected in a salution with a high pH, NADH slowly converts into NAD. This process
results in a slow decrease of the fluorescence signa!. If pH is lowered by adding acetate, the conversion of
NADH to NAD is faster. Figure 6.5 shows the difference in NADH decay at different pH values.
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Decay of NADH at different pH values.
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When pH in distilled water changes, the reflectance changes (figure 6.6b), but the fluorescence (figure
6.6a) seems to be not sensitive to the pH change.
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Fluorescence and reflectance vs. pH change in distilled water

In a glucose medium with 8gr/lliving yeast, the response on the reflectance is different. A 5ml ethanol
injection decreased the pH. The reflectance shows a slightly increasing slope from the point where the pH
starts to decrease (figure 6.6c). The fluorescence shows no change. Armiger et al [1] discuss interpretation
of the INTRA-cellular NADH change from online fluorescence measurements.
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6.2

Aerobidanaerobic State

In section, 5.8.4, the respiratory chain is mentioned as the pathway by which NADH reacts with oxygen
inside the mitochondria. When ethanol is converted to acetaldehyde, in anaerobic state, NAD is converted
into NADH (figure 5.11). During this state, fluorescence is high. In the aerobic state NADH is reoxidized
to NAD, and fluorescence decreases.
Figure 6.7 shows an experiment with a 300ml, 25gr/l yeast in an ethanol medium from a fermentor. When
the gas stream is switched from oxygen to nitrogen, all the oxygen in the solution is consumed by the yeast
and the DO decreases to almost 0%. In this anaerobic state, ethanol is converted into acetaldehyde and
NAD is converted into NADH. The experiment shows an increase in fluorescence. When the aeration is
recommenced, the DO level rises to a maximum. NADH is reoxidized to NAD, and fluorescence
decreases. This experiment is used to test the fluorometer.
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The rate of the oxygen consumption could also be used to estimate the amount of yeast present. Zabriskie
and Humphrey [ ll] explain this opti on in their paper.

6.3

Oscillations

When the right settings are selected, it is possible to measure NADH oscillations. A sensitivity of -830V is
needed to measure the oscillations. The NADH oscillations have the same period as the DO oscillations,
but there is a little phase shift. The NADH oscillation peaks just before the DO reaches his maximum.
Figure 6.8 shows some NADH oscillations measured with the fluorometer.
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In order to change the oscillations all kind of compounds are injected in the fermentor. Same of the
compounds change the amplitude or asciilation period of the oscillations, others cause a phase shift and
some compounds even reset the oscillations. The time of the injection of the compound is also important.
The oscillations react different on injections at a maximum DO or minimum DO. The results of this
experiment give more insight in the asciilation mechanism [16].

6.3.1 Acetaldehyde injection
Acetaldehyde (and ethanol) causes the amplitude of the DO to increase for the first oscillation after the
injection and subsequent peaks are slightly phase shifted. A large injection of ethanol (10 rnl) or
acetaldehyde (3 rnl) causes a period and amplitude increase. This situation is sustained for about 20 or 30
oscillations and seems to indicate that ethanol and/or acetaldehyde uptake is part of the synchronization
mechanism. The reason for these changes rnight be due to an alteration of intracellular redox potential.
When acetaldehyde is injected, the NADH oscillations changed slightly.
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6.3.2 Glutathione injection
Glutathione (GSH) is the intracellular redox buffer, so by injecting glutathione who alter the potential and
can change the oscillation. The way glutathione and ethanol interact is exarnined at the moment, but
reactive oxygen species and nitrosiurn ions are probably part of it. The DO signal increased a lot when
GSH was injected and the fluorescence signa! decreased at that point as explained in section 6.2.
GSH injection
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6.3.3 HPLC vs. fluorometer
NADH oscillations are measured with the fluorometer during an acetaldehyde injection. At the same time
every four minutes a samples is taken from the fermentor to analyze in the HLPC. The samples are
analyzed as described in section 1.3.2. First, the HPLC measures the total-fluorescence. The totalfluorescence is the fluorescence from the NADH and other compounds in the sample. To determine the
amount of fluorescence caused by the NADH an enzyme is added to the samples. Thls enzyme neutralizes
the NADH in the solution. The enzyme is also added to the NADH-stock-solutions. After a few minutes,
the HPLC analyzes the samples again. To check if the enzyme neutralized all the NADH the NADHstock-solutions should be zero. The fluorescence left in the samples is caused by other compounds in the
samples and is called the background-fluorescence. To get the amount of NADH-fluorescence the
background-fluorescence is subtracted from the total-fluorescence.

NADHfluorescence

= Totalfluorescence-

Backgroundfluorescence

Figure 6.11 shows the HPLC results. Both the total-fluorescence and the background-fluorescence show
some oscillation, but the samples for NADH-fluorescence does not show any oscîllation. Camparing the
HPLC results and the results from the fluorometer, similarity can be found between the oscillations.
However, the similarity is between the total-fluorescence and the background fluorescence.
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Conclusions

In low, "dead" yeast concentrations the fluorescence increased stepwise when NADH is injected, while
the reflectance did not change. In high, "dead" yeast concentrations the fluorescence increased
stepwise, while the reflectance decreased stepwise. In living yeast concentrations the sensitivity of
NADH injections decreased when the yeast concentrations increased. Increase of cell metabolism
could be the cause of the reducing sensitivity. The reflectance did not change at all during the
injections.
In distilled water with no yeast, an increase in pH results in an increase in reflectance and a deercase of
pH deercases the reflectance. The fluorescence showed no related changes. In a glucose medium with
living yeast however, reflectance increased when pH decreased.
The oscillations measured with the fluorometer have the same period as the DO oscillations, but are
little phase shifted. NADH peaks a little befare DO peaks. Acetaldehyde, and glutathione injections
changes the DO oscillations and NADH oscillation. HPLC results show clear oscillations of the totalfluorescence and background-fluorescence that are corresponding with the fluorometer results, but the
NADH-fluorescence is not related to the oscillations at all.
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Chapter 7
Discussion
7.1

Conclusions

The previous six chapters described the theory, setup, tests, analyzing, and results of the instaBation
and application of the fluorometer. All the information gathered during six months of experiments,
made it possible to use the fluorometer to measure NADH oscillations during a fermentation process.
Ho wever, the main goal of the work was to gain more knowledge about how DO oscillations occur. All
observations are from a point of view of an electrical engineer so I like to quote Dr H. Kuriyama, about
his hypothesis and interpretation of the relation between the NADH-oscillations and the DOoscillations as they were measured with the fluorometer. His hypothesis is based on the "Compensated
Data" as it is presented in figure 5.5.
"Continuous culture of the yeast strain Saccharomyces cerevisiae IF0-0233 showed oscillation of
dissolved oxygen tension under aerobic condition. This indicated periodical change of oxygen uptake
rate. During the oscillation, carbon dioxide evolution rate, concentration of ethanol, acetaldehyde,
acetate, etc., changed with the same period of dissolved oxygen tension change. This phenomenon was
considered as a good example of biologica! rhythms of living cell system. The mechanism of
oscillation and that of synchronization among the yeast population were the main targets to be
investigated.
There are two possible causes of decrease in oxygen uptake rate. One is decrease in carbon flux of
the ethanol assimilation pathway to acetyl-CoA and to the TCA cycle, in which NADH is produced and
supplied to respiratory chain. The other is inhibition of some steps of respiratory chain. In this case
NADH level is considered to increase, as NADH production continues but consumption of it stops.
460nm fluorescence change, which was considered to reflect the changes in NADH in the whole cells
of the culture, is used to investigate the cause of the oscillation mechanism.
Cyclic changes in 460nm fluorescence with the same period of DO change were found during a stable
oscillation with ethanol medium. When DO started to increase, 450nm fluorescence also started to
increase justin the same timing. This indicated NADH increased with decrease in oxygen uptake rate
and the decrease in oxygen uptake rate was caused by the periodical inhibition of respiratory chain
activity, not by the decrease in carbon flux to TCA. However, the fluorescence starts to decrease
quickly after giving a sharp peak even low respiration phase continued. This indicated accumulated
NADH was consumed by coupling with reductive reactions not by the respiratory chain reaction.
Under this low oxygen uptake phase, ethanol concentration increased. NADH decrease is considered
to be coupled with the reaction of acetaldehyde reduction to ethanol. Just after DO start to decrease,
quick decrease in fluorescence was observed. This quick decrease is considered to be caused by
NADH oxidation by NADH dehydrogenase reaction coupled with respiratory chain. Fluorescence
intensity continued to decrease and after giving a sharp bottorn peak showed quick increase at just the
same timing when DO reaching to the high oxygen uptake phase. During the high oxygen uptake
phase fluorescence kept almost at a stable level and ethanol consumption rate increased, indicating
active balanced NADH production and consumption until the sudden increase in DO and fluorescence.
During this phase, some inhibitory substance was considered to be accumulated.
Fluorescence measurement could successfully provide clear information of NADH change, which gave
a new sight of the mechanism of the oscillation. The most important finding is that the basic
mechanism of this oscillation is considered to be periodical inhibition of respiratory chain. The carbon
flux change during the oscillation was considered as the result of respiratory activity change through
NADH/NAD balance change.
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One has to note that ethanol production from acetaldehyde normally occur in the cytosol by ADH I,
which is known as a constitutive enzyme, but quick NADH increase with inhibition of respiration was
considered to occur in mitochondria. It is considered that decrease in respiration activity resulted in
increase in NADH and decrease in NAD in mitochondria and this NADH/NAD balance change
stopped oxidation of ethanol and TCA cycle reactions. As a consequence of increase in NADH,
NADH transportation rate from cytosol to mitochondria was considered to decrease and induce an
increase in cytosolic NADH. This increase was thought to commence ethanol production in cytosol.
The sharp peaks at top and bottorn of fluorescence change may reflect the local distribution differences
of NADH in the cell, namely the change in NADH level in mitochondria may transfer to cytosolic
change in NADH with delay, which was thought to be caused by slow membrane transportation of
substances related redox balancing system between mitochondria and cytosol.
Another experimental data including glutathione (GSH) change during the oscillation indicated that
inhibition factor is likely to be reactive oxygen species (ROS) which are produced in site 111 of
respiratory chain at high respiration phase. In yeast mitochondria, ROS is reduced by a reaction
coupled with GSH and become non-inhibited. GSH is only produced in cytosol and transported to
mitochondria by a specific transport system. If ROS production rate is higher than GSH transportation
rate into mitochondria, GSH depleted at some timing of high respiration phase and accumulates to an
inhibited level. Under inhibited condition, ROS production rate slowed down and dispersed out
through mitochondria membrane or is reduced by GSH transported into mitochondria. After ROS
reached a to low level, respiration starts to work again and NADH level decreases.
Thus, the data of fluorescence change in combination with other data could provide us a new
hypothesis of oscillation mechanism. Based on this hypothesis mathematica! modeling, biochemica!
analysis and genetic investigation will be carried out and the real mechanism of the oscillation is
expected to be cleared."

7.2

Recommendations and future work

At this moment, it is possible to use the fluorometer for basic measurements. However, the fluorometer
has still a lot of secrets. Several properties are still unknown or can be improved to get better results. I am
convineed that it is possible to get more information from the fluorometer about the process. Relationships
between concentrations, densities, and interactions between compounds could give a lot of new
information. An expansion of the existing system with a filter-wheet and better software could be very
useful.

7.2.1 Light stability
Light stability is one of the main problems. lt is not possible to do an experiment of several hours or the
lamp goes nuts. The temperature fluctuation is one of the reason. The half-degree temperature oscillations
in the room do not influence the measurements that much, but it takes too long for the lamp to heat up. A
better and faster temperature control in the box would be a solution. The box used at this moment is too
big, it takes too long to heat up. Forced cooling with fans or a water-cooled lamp unit are some of the
options. Sarnething has to be done especially in summertime when temperature and moisture in the room
could rise to extreme heights.
The instability of the lamp is another problem. The best option is to try lamps from other manufacturers.
There are lamps available that are much more stable, but twice as expensive. To use these lamps, some
modifications are required to the lamphouse and the power source. The better the lamp the more reliable
the whole system becomes. It will be worth to spend some time to experiment with other lamps.
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7.2.2 Data acquisition improvement
A start is made with the ADC data-logging program. The program, running in DOS mode offers the basic
options to store the data. It is possible to optimize the data transfer between the ADC and the DMA
controller of the computer to use higher sampling rate. An upgrade or rewriting the program for Windows
95 or NT will be an op ti on in the future.
There is still the possibility to use the ADC-board to measure and control the whole fermentation process.
LabView of National Instruments is very nice software that can integrate all measurement and control
options for the whole process.

7.2.3 Testing filters
In section 3.3.5, a system called "multiple excitation fluorometry" is described. This system uses a filterwheel to measure fluorescence at different wavelengths. When more fluorophores are monitored, or one
fluorophores at different wavelengths, it will be possible to determine the best filters to monitor NADH in
this specific yeast broth. It is possible to buy a filter-wheel for the fluorometer, or to do some experiments
at an institute where this equipment is available.

7 .2.4 Calibration metbod
Some papers express the fluorescence in Voltand others use the Arbitrary Fluorescence Units (AFU) or
Normalized Fluorescence Units (NFU). These expressions give no information about the amount of
NADH in the broth. A direct relation will be difficult to derive from the experiments. Section 5.8
discussed some calibration methods but most of them are not reliable. The best way to get an indication is
to express the amount of NADH in percentages and calibrate 0% and 100% as described insection 5.8.4.
In fact is the actual amount of a compound not so important, the trend of the concentratien will give
enough information about the process.

7.2.5 Reflectance vs. cell concentration
At this moment, there is little knowledge about the relationship between the cell concentration and the
reflectance signa!. Experiments with different solution densities show that there is a relation. An
experiment during the growing phase of the yeast could give a good indication of the cell growth. Maybe it
is possible to derive relation between the cell concentration (dry cell weight) and the reflectance signal.

7 .2.6 The recycle loop
"To improve the signa! to noise ratio of the measurements a recycle loop was designed and installed on the
fermentor. The signal to noise ratio improved with 26% compared to earlier experiments". These are
promisirig words from Coppella and Rao [2] and worth to try.
As described in chapter 2, aeration and agitation have a big influence on the fluorescence measurements.
Both aeration and agitation can not be changed to reduce the noise, because any change of these parameters
will influence the experiment and changing the oscillations. In order to reduce the effects of aeration and
agitation a recycle loop was designed.
The advantages of the recycle loop are:
•
•
•

Easy to isolate the measurement from environmentallight.
In the recycle loop is a continuous flow of the yeast-broth.
Aeration is minima!.
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7.2.6.1

Practical considerations

There are a few things to keep in mind when designing a recycle loop.

Settling of yeast cells
The yeast tends to settie down at edges in the ·recycle loop. To prevent the yeast from setding it is
necessary to design the recycle loop in a way that there are no edges or places where the yeast can settle.
Especially the input and output of the recycle loop are the places for the yeast to settle.

Recycle loop volume
To prevent the recycle loop from interlering with the oscillations the total volume has to be kept as small as
possible. The flow-cell has to be positioned near the fermentor to keep the input and output lines as short
as possible. The volume of the recycle loop used for the measurements including input line, output line,
and flow-cell is about 50ml. The total volume of the broth in the fermentor is about 1300ml. Compared to
the whole volume, the recycle loop contains about 4% of the broth.

Recycle time
The recycle time of the recycle loop is the time that is needed to fill up the whole loop. The recycle time
determines the flow rate in the flow-cell, the refreshing time of the loop, and prevent yeast jrom settling.
The refreshing time is the time the recycle loop is completely refreshed with new yeast-broth. To have an
accurate measurement that is representative to the NADH level in the fermentor, the refreshing time of the
recycle loop has to be as low as possible.
The recycle time is proportional to the flow in the flow-cell. In the flow-cell is a continuous flow of yeastbroth from the input to the output. This continuous flow is a better condition compared to the turbulent
agitation in the fermentor. Because of the agitation in the fermentor, there are many air-bubbles in the
broth. These air-bubbles are also pumped into the recycle loop and influence the measurement. Coppella
et al. [1] used a "DEBUBBLER" to get rid of air-bubbles before the broth entered the flow-cel!. If the flow
rate in the flow-cell is too high, the air-bubbles influence the measurement more compared to a lower flowrate.

lf the recycle time is too high the flow in the flow-cell is too low and yeast cells will settie in the flow-cel!.
The flow in the flow-cell bas to be high enough to prevent yeast cells from settling.
A high flow rate is needed to prevent yeast from setding and to have a low refreshing time, but a low flow
rate is needed to minimize the influence of air-bubbles. Experiments at different flow rates have to
determine the optima! recycle time. The recycle time of the loop used for the measurements is about 30
seconds. This flow rate is the minimal recycle time that can be achieved with the pump used in the
experiment.

Isolate the probe from environmentallight
As mentioned earlier fluorescence measurement is an optica! measurement method. Every environmental
light that enters the probe will disturb the signal and the measurements are not reliable anymore. To
prevent room light to enter the probe the flow-cell is painted black.

Path length
The path length of the probe is the distance over which excitation light can travel into the broth. From
experiments is determined that the path length is about 1.5 centimeter. The geometrical path-length
(distance between the probe and the walls of the flow-cell) has to be longer than the probe's pathlength, so the geometrical boundaries of the fermentor can not affect the measurements.

Cell metabolism
The asciilation phenomenon is very sensitive. Any change of the conditions in the fermentor can influence
the oscillations or even stop them. Experiments have to de termine if the recycle loop affect the oscillations
in the fermentor, and if the oscillations go on in the flow-cell of the recycle loop.
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7.2.6.2

Construction of recycle loop

Appendix C shows the construction of the recycle loop. A pump circulates the yeast culture through the
recycle loop. The total volume of the loop is 50ml and it takes 20 secouds for the culture to travel through
the loop. The input at the bottorn prevents the yeast from settling. The flow-cell is painted black to isolate
the probe and the yeast from the light in the room. The complete recycle loop can be installed in one of the
holes on top of the fermentor and can be sterilized together with the fermentor in the autoclave.
Experiments with the recycle loop look promising, but more experiments are required to prove his value.
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N omenclature
AFU

Arbitrary Fluorescence Units

ADC

Analog to digital converter

ATP

Adenosine triphosphate, carrier of free energy in biochemica! systems

GSH

Glutathione

HPLC

High performance liquid chromatography

LCU

Lamp compensation unit

Metabolism

The sum of chemical reactions within a cell or organism, including the energy
releasing breakdown (catabolism) and the synthesis (anabolism) of complex
molecules.

Mitochondrion

A cytoplasmic organelle whose main function is the generation of ATP by aerobic
respiration

NAD

Nicotinarnide adenine dinucleotide, the oxidized form ofNADH

NADH

Nicotinarnide adenine dinucleotide, used primarily for the generation of ATP

NFU

Normalized Fluorescence Units

PMT

Photo multiplier tube

ROS

Reactive Oxygen Species

TCA

Tricarboxylic acid cycle
Micro mole

Yeast

Unicellular fungus reproducing asexually by budding or division
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Appendix A
Data Acquisition System

Gas Ana!yser
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AppendixB
Filters
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Appendix C
Recycle loop
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