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Introduction
Analysis of biotechnological fermentations is a hot topic in such 

diverse industries as pharma [1], food [1,2], bio-fuel production [3] 
and wastewater treatment [4] to name a few. A common problem for 
both running established fermentations as well as testing new ones is 
monitoring of the process parameters, as even slight aberrations can 
lead to reduced yield or even a complete failure. Therefore it is highly 
desirable to have a powerful real-time online monitoring system 
available to allow for timely intervention when a process parameter 
starts to run off limits [5]. Depending on the fermentation in question, 
such a system would have to monitor a large range of parameters. 
Cheaply and easily monitored parameters would include temperature, 
pH and oxygen partial pressure, by implementing commercial off 
the shelve probes. However, for dissolved reactants, products and 
by-products such instrumentation is not generally available, as these 
species obviously differ from case to case [2]. There do exist analytical 
solutions, which rely on a variety of sensor types, often enzyme 
based bio-sensors, to quantify a range of parameters [6-8]. While it 
is certainly possible to combine several sensors to accommodate the 
present analytical requirements, such a system is bound to be expensive 
and maintenance intensive [9].

Therefore a simpler system relying only on one acquisition method 
would be cherished improvement. Cyclic voltammetry is a relatively 
low cost method, which records the electrochemical properties of a 
working electrode in a solution, such as oxidation or reduction of redox 
active analytes. This voltage resolved current information has also been 
dubbed electrochemical spectroscopy [10,11]. It seems feasible that 
by combining several electrodes, each tuned to be more specific to a 
certain substance, a number of analytes could be quantified in parallel. 
However, it is unlikely that full specificity for one substance is possible 
with simple metal electrodes; cross sensitivities are to be expected. 
Therefore multivariate data analysis is needed to extract the analytical 
information of these electrochemical spectra. The combination of 
several sensors, in this case electrodes and their evaluation with 
chemometric signal processing is usually referred to as an electronic 
tongue [12].

The present contribution intends to present a proof of concept of 
such an electronic tongue approach on model yeast fermentation. The 
analytes of interest are mainly glucose as the nutrient and secondarily 
ethanol as the product. 

Non-enzymatic glucose detection is a highly active field in itself, 

mainly because of the expected increasing number of diabetes patients 
and the corresponding need to replace the current enzymatic detection 
with a cheaper alternative. A large number of electrodes have been 
proposed, usually catalyzed using nano-patterned metals, combined 
with amperometric detection [9,13,14]. Despite this large number 
of publications and the intense research interest, no compelling 
breakthroughs have been reached yet. Furthermore, with some notable 
exceptions [15], the sensors have only been tested in model solutions of 
weak to strong basic pH levels and barring any interfering species. The 
fermentation medium used in the present contribution is acidic and 
contains redox active compounds as well as chloride anions, which are 
known inhibitors [16,17].

Materials and Methods
Noble metal wires of varying diameters, platinum chloride and 

tetra-ammine-palladium-chloride were purchased from Oegussa 
(Vienna, Austria) with a purity of 99.99%. Pd-Paste was obtained from 
Gwent Electronic Materials (Pontypool, United Kingdom). Ash-free 
medium retention filters were bought from Machery-Nagel (Dueren, 
Germany).

Cyclic voltammogramms were recorded on an Autolab PGSTAT 
128N using the Nova 1.9 software (both Metrohm Autolab, Utrecht, 
The Netherlands). A saturated Mercury sulfate electrode was used as a 
reference electrode.

Data handling and Partial Least Squares (PLS) regression was done 
using the Scikit-learn package for the Python programming language 
[18].
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Abstract
A method for monitoring a biotechnological fermentation using cyclic voltammetry in combination with 

chemometrics, commonly termed electronic tongue, is proposed. A simple palladized palladium electrode showed 
excellent sensitivity to glucose concentrations ranging from 0 to 9 g/L in a yeast fermentation medium (pH 5.3, 
0.07 M chloride). This electrode is also sensitive to ethanol, but not able to separate it from the glucose signal. To 
separately quantify mixtures of glucose and ethanol as the product of yeast fermentations at least one additional 
electrode with different sensitivities is needed. Platinized platinum shows the required features. Long term stability 
is still an obstacle for application.
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Electrodes were prepared by leading a noble metal wire (diameters 
ranging from 100 to 250 μm) through a thin glass tube with subsequent 
melting of one end by melting the glass in a Bunsen burner to create 
a watertight seal. The wire was then grinded to 4000 grit to create a 
defined surface area of the electrode.

Electrochemical surface modifications of the electrode were done 
by dipping the micro-electrode in a solution of the corresponding 
metal ions and applying an AC voltage of 2Vtrms with 300 Ohm resistor 
in series for a few seconds.

The composition of medium 1, the inorganic components of 
Dulbecco´s modified Eagle medium [19], is given in Table 1. All 
components were purchased from Merck, Germany.

The composition of the yeast fermentation medium (medium 2) 
is given in Table 2, all components were purchased from Alfa Aesar, 
United States. The acidity of pH 5.3 was adjusted by hydrochloric acid 
and sodium hydroxide, both Merck, Germany.

Results and Discussion
Electrode selection

Several electrodes consisting of polished or activated metals as 
well as combinations of several metals or alloys were tested for their 
catalytic activity towards glucose and ethanol in fermentation medium 
1, as shown in Table 1, at pH 5. Surprisingly a palladized palladium 
sheet electrode gave a very pronounced peak for glucose oxidation, as 
shown in Figure 1a. While palladium nanoparticles have been used as 
a catalyst for glucose detection in neutral to basic pH regimes [20-23], 
to the best of our knowledge, no such reports exist for acidic media 
containing chloride anions. To the contrary, a considerably worse 
catalytic performance was observed, when the medium was alkalized to 
pH 8, as shown in Figure 1b.

Catalytic activity on platinum has been shown to drop dramatically 

when chloride ions were added to the system [17] and palladium 
was expected to behave similarly. No in depth explanation for this 
result can be given at the moment, but it will certainly lead to follow 
on research. However, the onset of glucose oxidation coincides with 
the start of palladium oxide formation (Figure 1). This indicates that 
bound oxygen on the surface is needed for the oxidation, which is in 
agreement with the theory of glucose oxidation on platinum [16,17,24].

To estimate the applicability of the palladium electrode for glucose 
detection in a real fermentation, spectra were recorded in fermentation 
medium 2 (Table 2) and are plotted in Figure 2. It is immediately 
obvious that in contrast to Figure 1 no clear glucose specific oxidation 
peak is visible. Rather even the glucose free medium exhibits a broad 
oxidation response to one or more redox active substances in present 
in fermentation medium 2 (Table 2). However, after passing the liquid 
through a filter the unspecific oxidation signal vanishes, (Figure 2) 
and the familiar specific glucose oxidation peak is once again recorded 
(Figure 3). Which substance exactly caused the blockage of the 
electrode is not yet known and was out of scope for this contribution. 
From an application based standpoint the filtration step does not add 
much complexity, as the electrode can be placed inside of a ceramic filter.

Component Concentration [mg/L]
CaCl 200

FeNO3.(H2O)9 0.1
KCl 400

MgSO4 100
NaCl 6400

NaH2PO4.H2O 125

Table 1: Composition of medium 1, a variation of Dulbecco´s modified Eagle 
medium.

Component Concentration [g/L]
(NH4)2SO4 8.0

MgSO4.(H2O)7 1.15
NH4H2PO4 1.25

KCl 5.0
CaCl2. (H2O)2 0.42
Baker’s yeast 1.0

Trace elements Concentration [mg/L]
FeCl3.(H2O)6 15
ZnSO4.(H2O)7 9.0
CuSO4.(H2O)5 2.5
MnSO4.H2O 10
Myo-inositol 105

Ca-D-pantothenat 10
Biotin 1.0

Table 2: Composition of the yeast fermentation medium.

Figure 1: Cyclic voltammogramms of a palladized Pd sheet electrode with 0 g/L 
(continuous line) and 20 g/L (dotted line) glucose concentration in fermentation 
medium 1, as shown in Table 1 with a pH of a) 5.3 and b) 8.0.
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Figure 3 also shows the cyclic voltammogram of the Pd electrode in 
filtered medium 2 containing ethanol, the anticipated product in yeast 
fermentation. While the current response to glucose is higher, both 
substances are oxidised in the same voltage region. This again suggests 
that chemisorbed oxygen is needed on palladium for oxidation of the 
organic substances, as has been shown to be the case for platinum 
[16,17,24]. However, this overlap of oxidation peaks is making it 
impossible to separate ethanol and glucose signals, and in the following 
their respective concentrations, with the use of a palladium electrode 
alone. Therefore, at least one additional electrode, which is more 
sensitive to ethanol concentration, would be needed to quantify both 
substances. This criterion can be satisfied by an additional measurement 
on a platinized platinum electrode, as shown in Figure 4. The spectrum 
for the measurement in the solution containing solely glucose does 
not differ from the spectrum containing no analyte at all, at least in 
the anodic region from about -200 to 750 mV vs. SMSE. On the other 
hand, ethanol is oxidised in this region, albeit far not as demonstrative 

as the oxidation signal for glucose on palladium. The difference in the 
graphs for the lower applied voltages can be attributed to varying levels 
of dissolved oxygen. However, in fermentation processes oxygen is 
continuously supplied by bubbling air through the system, hence this 
effect cannot be used for reliably quantifying glucose.

Concentration dependence

To verify the concentration dependence of the glucose signal, a 
series of glucose levels in medium 2 was measured and is plotted in 
Figure 5. A clear stepwise increase of the characteristic oxidation peak 
with glucose concentration is observed. No saturation of the electrode 
response is reached between 0 and 9 g/L glucose concentration. By 
applying a PLS regression to the data, the cross validated error for 
the prediction of the glucose concentration was about 0.3 g/L (Figure 
6). This value is deemed remarkable for such a quick and cheap 
measurement technique in a system very close to application.

Figure 2: Cyclic voltammogramms of a palladized Pd sheet electrode in 
fermentation medium 2, as shown in Table 2. The arrow highlights the difference 
between the unfiltered (dashed line) and filtered medium (continuous line) with 
no glucose added. The dotted line shows a CV of the unfiltered medium 2 with 
20 g/L glucose added.

Figure 3: Cyclic voltammogramms of a palladized Pd micro-electrode with 0 g/L 
(continuous line), 20 g/L glucose (dotted line) and 20 g/L ethanol concentration 
(dashed line) in filtered fermentation medium 2, as shown in Table 2, with pH 5.3.

Figure 4: Cyclic voltammogramms of a platinized Pt micro-electrode with 0 g/L 
(continuous line), 20 g/L glucose (dotted line) and 20 g/L ethanol concentration 
(dashed line), as well as a mixture of ethanol and glucose with both 10 g/L 
(dashed and dotted line) in filtered fermentation medium 2, as shown in Table 2, 
with pH 5.3. The box highlights the different levels of dissolved oxygen affecting 
the CVs at lower applied potentials.

Figure 5: Cyclic voltammogramms of a palladized Pd sheet electrode in filtered 
fermentation medium 2 with a pH of 5.3, as shown in Table 2. The lines show 
different glucose concentrations ranging between 0 and 9 g/L.
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Longterm stability

The logical next step would be appear to gather sufficient data 
of glucose and ethanol concentrations and mixtures thereof to build 
a statistically robust PLS model. However, for this strategy to work 
out, the electrodes have to produce a stable signal over a long term. 
While this is case for the platinum electrode, the palladium electrode 
loses sensitivity over extended time periods (Figure 7). The signal loss 
usually sets in after cycling the electrode between 10 and 50 times and 
then happens gradually from cycle to cycle, sometimes accelerated by 

larger steps, as shown in the inset in Figure 7. This can be interpreted 
as decreasing active sites by “sooting” of the active sites by reaction 
products, backed by the fact that the electrode can be reactivated by 
mechanically cleaning the electrode with a cloth. However, after 
applying this crude cleaning procedure a few times the sensitivity is 
not always restored to exactly the same level as before. This might very 
well be explained by mechanical break off of the active sites, i.e. nano-
particles or whiskers. We like to link the larger steps in the long term 
degradation process, also to mechanical loss of these reaction sites.

Conclusions
In this short contribution it was shown that nano-rough palladium 

electrodes, manufactured by simple electrochemical deposition, can be 
used to detect and quantify glucose and, to a lesser degree, ethanol in an 
acidic fermentation medium containing 0.07 M chloride ions. To the 
best of our knowledge no such report existed to date. The analysis was 
done using cyclic voltammetry in combination with chemometric data 
evaluation. The glucose detection on palladium is surprisingly sensitive, 
as chloride is thought to inhibit oxidation for platinum type metals, 
especially in acidic media [16,17,24]. Mixtures of both analytes in the 
medium would require at least one additional electrode for separate 
quantification, as ethanol and glucose are oxidised at roughly the same 
voltage range. While not an ideal solution a simple platinized platinum 
electrode offered a complementary specificity to ethanol.

While these initial results proved to be very encouraging, the long 
term stability of the palladium electrode is not satisfying and certainly 
not yet applicable for integration in a real fermentation monitoring 
system. Moreover, no long term stability reports for other non-
enzymatic glucose sensors are known, indicating a general problem 
[25]. However, the possible reward of having a cheap and fast method 
for fermentation monitoring certainly warrants further research.

Furthermore, a detailed study about the pH dependence of the 
mechanism of glucose oxidation in chloride containing media is called 
for, as the favourable results presented here are quite opposite of what 
could have been expected.
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