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Two-dimensional fluorescence spectroscopy: A novel approach
for controlling fed-batch cultivations
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Abstract

In industrial fed-batch cultivations it is often necessary to control substrate concentrations at a low level to prevent the
production of overflow metabolites and thus optimize the biomass yield. A new method for on-line monitoring and fed-batch
control based on fluorescence measurements has been developed. Via instantaneous in situ measurements and multivariate
data analysis a chemometric model has been established, which enables the rapid detection of ethanol production at aerobic
Saccharomyces cerevisiae fed-batch cultivations. The glucose feed rate is controlled by predicting the metabolic state directly
from the fluorescence intensities. Thus, ethanol production could be avoided completely while increasing the biomass yield
accordingly. The robust instrumentation is suitable for industrial applications.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Since aerobic fed-batch cultivations are commonly
pplied for the production ofSaccharomyces cerevisiae
s baker’s yeast as well as for the production of recom-
inant proteins, it has always been an economic matter
f interest to optimize the process operation. Due to

he Crabtree effect (De Dekken, 1966) S. cerevisiae
roduces ethanol even under fully aerobic conditions,
hich is believed to be caused by a limited respira-
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tory capacity (Sonnleitner and K̈appeli, 1986). Above
a critical glucose concentration, which depends on
strain, media composition and the oxygen supply,
cose is consumed oxidoreductively (Van Hoek et al.
1999). In order to maintain oxidative growth, se
eral approaches have been published to contro
feed rate at a level below the critical value, bey
which ethanol is produced and therefore the biom
yield decreased. Mostly, the feed rate is contro
via on-line measurements or estimations of either
cose (Arndt and Hitzmann, 2004; Chen et al., 20
Shimizu et al., 1988) or ethanol (Dairaku et al., 1982
Valentinotti et al., 2003). Recently, there have also be
attempts to monitor and control fed-batch cultivati
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via exit-gas analysis and calculating the metabolic state
based on black box reaction equations (Claes and Van
Impe, 2000; Job́e et al., 2003).

Though almost all approaches are suitable for on-
line measurements, there’s still the problem of a certain
time delay. And so far no in situ method has been
presented, which delivers instantaneous results. As to
the possibility of in situ measurements optical sen-
sors have long been applied for non-invasive process
monitoring (Ulber et al., 2003; Stärk et al., 2002).
For monitoring fed-batch cultivations of yeasts, and
especially the formation of ethanol, studies report the
use of MIR spectroscopy (Mazarevica et al., 2004)
and Raman spectroscopy (Gomy et al., 1988; Shaw
et al., 1999) for example. Nevertheless, those meth-
ods have not yet been applied to control the feed rate
but merely to predict concentrations of glucose and
ethanol.

The present work presents an in situ method suit-
able for the rapid detection of ethanol production via
two-dimensional (2D) fluorescence spectroscopy. The
concept is based on the detection of changes in the con-
centration of mainly NADH and flavins (FAD, FMN)
occurring when the metabolism changes from oxida-
tive to oxidoreductive. Those changes are monitored
in a first fed-batch cultivation, evaluated chemometri-
cally and finally used to control the feed rate. Prior to
the application a sensitivity analysis was carried out
to evaluate the information contained in the spectra
depending on the resolution.
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Table 1
Concentration of fluorophors used for the sensitivity analysis

Fluorophor Starting
concentration
(�g mL−1)

Fluorescence
maximum

Rhodamine Ba,b 2.5× 10−4 Ex560/em575
Alexa Fluor 430a,b 2.5× 10−3 Ex430/em520
4-Methylumbelliferryl-

phosphatea,b
5× 10−4 Ex320/em380

FITCa,b 1.25× 10−4 Ex500/em520
Propidium iodidea,c 5× 10−3 Ex540/em590
Hoechst 33342a,c 0.1 Ex355/em465
Sytox Greena,c 60 Ex505/em520
Bodipy 0.04 Ex490/em500

Fluorescence maxima and composition of mixtures.
a Contained in mixture 1.
b Contained in mixture 2.
c Contained in mixture 3.

allows for the simultaneous detection of various fluo-
rophors.

The recording of a whole spectrum takes 90 s with
a resolution of 20 nm, whereas the time can be reduced
by reducing the number of filters, e.g. if single spectral
regions contain no information. The BioView® sensor
is placed in a high-grade steel box for protection against
harsh environments (e.g. high temperature, moisture)
and electromagnetical interferences. For the in situ
measurements it is connected by a bifurcated liquid
light conductor (Lumatec, Germany) to a 25 mm stan-
dard port of the bioreactor, which contains an adapter
with a quartz glass window to ensure the non-invasive
monitoring and to eliminate the risk of contamination.
A single-fiber asynchronous modem is used for data
transfer.

2.2. Sensitivity analysis

The sensitivity analysis was carried out using a
Hitachi F-4500 (Hitachi, Japan).

Eight fluorophors were measured first individually
and afterwards in three different mixtures to obtain
2D fluorescence spectra covering the whole range
from 270 to 590 nm for excitation and 310–360 nm
for emission (seeTable 1). For each sample three dif-
ferent concentrations were measured in wavelength
steps of 5 nm. Therefore, the starting solutions were
diluted 1:1 and 1:4, respectively, with PBS buffer at
p

. Materials and methods

.1. Fluorescence sensor

The in situ fluorescence measurements are ca
ut using the BioView® sensor (Delta Light and Optic
enmark), a robust instrument designed for ind

rial applications (Marose et al., 1998; Scheper et
999). The system is based on multichannel fluo
ence detection. It uses two independently rota
lter wheels with 16 different filters each, for exci
ion (270–550 nm) and emission (310–590 nm). Th
lters can be chosen individually according to the p
ess requirements. A version using up to 20 individ
lters was additionally used in the experiments. Th
he two-dimensional landscape of the measured m
 H 7.
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2.3. Strain and media

TheS. cerevisiae wildtype strain H620 was grown
on Schatzmann medium (Schatzmann, 1975), which
was supplemented with 5.8 g L−1 sodium citrate for
the preculture. The fed-batch cultivations were started
after an initial batch cultivation on 15 g L−1 glucose.
The feed contained 50 g L−1 glucose.

2.4. Culture conditions and bioprocess set-up

The cultivations were carried out in a 2 L bioreactor.
The temperature was controlled at 30◦C, the pH at 5.5
using NaOH (10%) and HCl (4 M). The stirrer speed
was 1200 rpm with an air inlet flow of 5 L min−1.

Exit gas (EGAS 2, Hartmann & Braun, Germany),
dissolved oxygen (Inpro 6000, Mettler-Toledo, USA),
and pH (FermProbe T635, Broadley & James, USA)
were measured on-line. Glucose measurements were
carried out with a flow injection analysis (FIA) system
(Anasyscon, Germany) during the first fed-batch culti-
vation (Hitzmann et al., 2000). In this case, the feed rate
was controlled by glucose concentration set-points.

Fluorescence measurements were taken continu-
ously, i.e. every 90 s. For the fluorescence based fed-
batch control the measuring PC of the BioView® sensor
was connected to a second PC controlling the feed
pump (ACCU CP10, SciLog, USA).

2.5. Off-line analysis
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Table 2
Relative slope error of the linear regression calculated from the scores
of the reduced spectra vs. the original spectra

Resolution Relative error of slope (%)

5 0
10 0.13
15 1.06
20 1.85
25 2.54
30 4.49

ple. To evaluate the loss of information with decreased
resolution a sensitivity analysis was carried out. For
that purpose 33 spectra of different fluorophors and
mixtures were recorded with a resolution of 5 nm (see
Section2.2). Afterwards, reduced spectra with resolu-
tions of 10, 15, 20, 25 and 30 nm were generated from
each original spectrum by leaving out the correspond-
ing intensity readings. To analyze as well as quantify
the content of information a principal component anal-
ysis was carried out individually for each original and
reduced spectrum (with 30 calculated principal compo-
nents (PC) and full cross validation). Plotting the first
scores of each reduced spectra set versus the first score
of the original spectra (resolution�λ = 5 nm) gives the
result as shown inFig. 1.

The linear regression points out that the slope
decreases with a decreasing resolution while the dis-
tance from the first bisecting line (5 nm versus 5 nm)
increases. This already indicates that the sensitivity
lessens with a decreasing resolution. Furthermore, the
relative error of the slope increases up to 4.5% with a
resolution of 30 nm (seeTable 2).

With regard to the measurement time and sensitivity
a resolution of 20 nm is a good compromise and is used
for the following experiments accordingly.

3.2. Monitoring the oxidative–oxidoreductive
transition

With S. cerevisiae, the change of oxidative to oxi-
d a
c ors.
I ves
a elec-
t nd
F dy
i cted.
For off-line analysis samples were taken ev
0 min. Biomass (dry weight) was determined gr
etrically after centrifugation in 2 mL Eppe
orf reaction vessels. Ethanol was determined
as chromatography (GC 14B, Shimadzu, Jap
ff-line glucose concentrations reflectometrica
Reflectoquant®, Merck, Germany).

. Results and discussion

.1. Sensitivity analysis of 2D fluorescence spectra

Duration and precision of measurements are o
ontrary when monitoring processes on-line. As
ptical sensors, given a spectral range the reco

ime of a spectrum depends on the resolution for ex
oreductive metabolism is directly correlated to
hange in the concentrations of biogenic fluoroph
f the metabolism is purely oxidative, one obser

steady increase in the concentrations of the
ron carriers NADH and the coenzymes FAD a
MN due to the cell growth. Accordingly, a stea

ncrease in the fluorescence intensities is dete
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Fig. 1. Scores of the first PC of the spectra with�λ = 5 (×), 10 (�), 15 (♦), 20 (�), 25 ( ) and 30 nm (�) vs. the scores of the first PC of the
original spectra (�λ = 5 nm) with linear regression line.

For the production of ethanol additional NADH is
needed for electron transport to acetaldehyde, which
is thus reduced to ethanol. Therefore, an accumula-
tion of reduced redox equivalents (NADH, FADH2
and FMNH2) occurs shortly before the oxidoreduc-
tive metabolism sets in. Additionally, the concentra-
tion of the fluorescent oxidized forms FAD and FMN
decreases. These significant changes are detected via
fluorescence measurements and serve as the signal
for the beginning ethanol production (Scḧugerl et al.,
1993).

The critical glucose concentration, above which the
Crabtree effect sets in, is about 0.04 g L−1, depending
on the experimental conditions (Pham et al., 1998).
Under the present conditions it has been determined to
be 0.05 g L−1 glucose.

To monitor the metabolic changes, a fed-batch culti-
vation with FIA based glucose control was run. By fix-
ing different set-points, metabolic changes were forced
and detected by fluorescence measurements.Fig. 2
shows the feed profile as well as the measured vari-
ables during the cultivation.

The glucose set-point was increased five times
above the critical concentration of 0.05 g L−1. The FIA

measurements exhibit a time delay of 4 min, which is
why the set point concentration is not always reached
exactly and in time. Nevertheless the system reacts to
the actual glucose concentration. While the glucose
concentration is low, no significant ethanol production
is detected. As soon as the concentration is raised, oxi-
doreductive metabolism starts. The change is observ-
able in the course of the CO2 production as well. The
respiratory quotient (RQ) distinctly surpasses 1 at those
times (data not shown). The course of the fluorescence
intensities shows the described abrupt increase as to
NADH and decrease as to the flavins, respectively. The
information contained in the spectra was further used
to build a model that is suitable for a fluorescence based
glucose control.

3.3. Chemometric model for the fluorescence
based glucose control

First, to correlate the fluorescence data and the
ethanol production, an ethanol production value (EP
value) was defined, which is 0 (no ethanol production)
or 1 (ethanol production), respectively. Thus, every
spectrum from the fed-batch cultivation described
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Fig. 2. S. cerevisiae fed-batch cultivation with FIA based glucose control. Time course of the carbon dioxide production, glucose and ethanol
concentration, cellular dry weight (CDW) and of the relative fluorescence intensities (RFI) of NADH and flavins at different glucose set-points.

above was classed with an EP value. In total 1059
spectra were used for the chemometric model calcula-
tion. Subsequently, a PLS regression model was built,
which is able to predict the EP values from the spectra
(Software The Unscrambler®, CAMO ASA, Norway).
Here three latent variables (factors) were found to be
adequate. To eliminate the influence of different cul-
tivation conditions on the fluorescence intensities and
ensure the transferability of the model, the time alter-
ation of the EP value was determined for the process
control. It was calculated according to Eq.(1) as the
derivative with respect to time of the EP value using a
Savitzky-Golay filter:

EP′
n = −2EPn−4 − EPn−3 + EPn−1 + 2EPn

10�t

+

4EPn−4 − 2EPn−3 − 4EPn−2

− 2EPn−1 + 4EPn

7�t
(1)

n is the index of the measurement and�t the measuring
interval of the BioView® sensor. Finally, the noise was
reduced by calculating the metabolic (MB) value as
follows:

MBn = EP′
nA + EP′

n−1(1 − A) A = 0.25 (2)

Thus, by calculating the MB value from the spec-
tra, it is possible to predict the metabolic state at any
point of time during a cultivation. The limiting value,
above which oxidoreductive metabolism takes place,
is 1. Fig. 3 shows the calculated MB values for the
described fed-batch cultivation (Fig. 2).

To control the feed pump, a program written in Bor-
land Pascal 7.0 was employed, which is based on a
simple state model for exponential growth. The cellular
dry weight, the glucose concentration and the reactor
volume serve as state variables. The feed rateV̇Feed(t)
based on that model is calculated using the following
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Fig. 3. Calculated metabolic values for each point of time during theS. cerevisiae fed-batch cultivation with FIA based glucose control. Time
course of carbon dioxide production and NADH fluorescence intensity.

equation:

V̇Feed(t) = µX(t)V (t)

Y (S0 − S(t))
(3)

In this equation,µ is the specific growth rate for
the model,X(t) the cellular dry weight,V(t) the reac-
tor volume,Y the yield coefficient (Y = 0.5 g g−1), S0
the glucose concentration in the feed,S(t) the glucose
concentration andt is the time.

The specific growth rate in the model is chosen
slightly higher than the real specific growth rate of
the cells. Hence, the glucose concentration in the
broth increases steadily until a threshold concentra-
tion is reached and oxidoreductive metabolism begins.
By continuously determining the MB value from the
recorded fluorescence spectra, this change is detected
in-time and the feed rate is adjusted accordingly.

3.4. Fluorescence based glucose control

The described model has been employed to control
anotherS. cerevisiae fed-batch cultivation (Fig. 4). The
chemometric model was not modified for the appli-
cation. No base line adjustment or other modifica-
tions were necessary, because the change of the EP
value with respect to time (the MP value) was used
as indicator. This is independent of absolute inten-
sity values of the fluorescence. The cultivation was

run over 11 h, during which 2D-fluorescence spectra
were recorded every 90 s. From every spectrum the
according MB value was calculated immediately. The
critical value, above which ethanol production takes
place, is 1. During the process five control opera-
tions were carried out automatically, for a MB value
greater than 1 was calculated (marked by arrows in
Fig. 4).

Although the critical glucose concentration was
reached several times, the production of ethanol could
be inhibited completely due to the in-time reduction of
the feed rate. During the process 63 g glucose were
fed. The biomass increased from 4.5 to 15.9 g L−1.
The biomass yield was 0.58 g g−1, which is a defi-
nite sign, that pure oxidative growth took place. The
yield at oxidoreductive growth lies significantly lower
at about 0.3 g g−1 (Woehrer and Roehr, 1981). In cal-
culating the overall yield, the loss of biomass due to
the off-line samples was taken into account. The glu-
cose concentration was constantly close to the critical
concentration of 0.4–0.5 g L−1. This signifies that the
glucose fed to the cells was metabolized at once and
completely. With every control operation, because of
the reduced feed rate, a short-term decrease in the glu-
cose concentration could be detected. The change of
metabolism was clearly observable in the time course
of the fluorescence intensity of NADH and the CO2
production as well.
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Fig. 4. S. cerevisiae fed-batch cultivation with fluorescence based glucose control. Time course of the calculated MB values, the carbon dioxide
production, glucose and ethanol concentration, cellular dry weight (CDW) and of the relative fluorescence intensities (RFI) of NADH and flavins.

4. Conclusions

Since the cultivation of microorganisms as suppli-
ers of various bioproducts has become more and more
important in modern biotechnology there is a constant
demand for the optimization of bioprocess monitoring
and control. Optical sensors appear very promising,
for they offer the possibility of non-invasive, non-
destructive and continuous on-line monitoring. Two-
dimensional fluorescence spectroscopy in particular
allows for the instantaneous detection of multiple bio-
genic fluorophors directly correlating to the metabolic
state of the cells.

The presented approach for controllingS. cere-
visiae fed-batch cultivations has proven to provide for
an optimal glucose feed. Continuously recorded 2D
fluorescence spectra served for the calculation of a
metabolic value, which offers information about the
present metabolic state and can be used to control the

feed rate to prevent ethanol production. In comparison
to most available optical sensor systems the BioView®

sensor used for the fluorescence measurement is suit-
able for industrial environments.
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Sẗark, E., Hitzmann, B., Scḧugerl, K., Scheper, T., Fuchs, C.,
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