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ABSTRACT 

In this work, the performance of dehydratation-desalcoholization system based on an electronic nose coupled to gas 
chromatography was tested. The system was used for monitoring the volatile compounds produced during a lactic fer- 
mentation with a heterofermentative bacteria (Lactobacillus fermentum Ogi E1). The monitoring was carried out with 
dehydratation and desalcoholization or dehydratation only, on the basis of low ethanol concentration produced by this 
bacteria. In the first case, fermentation head-space analyses showed low signals from each gas sensor, then the principal 
components analyses (PCA) resulted confused. However with the only dehydratation system, the electronic nose was 
able to detect some volatile compounds during bioprocess. The PCA showed a single distribution, permitting to con- 
clude that principal component 1 represented the ethanol concentration. The system is appropriate to monitor some pa- 
rameters during the fermentations process as ethanol, lactate and biomass concentration. 
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1. Introduction 

Electronic noses (E-noses) are tested and applied since the 
eighties as aromatic quality sensors in the agricultural, 
environmental, medical, biotechnological and food do- 
mains [1-3]. They are typically composed of an array of 
non-specific chemical gas sensors characterized by a 
broad and partly overlapping selectivity to volatile com- 
pounds. This concept was inspired by the human nose and 
clearly shows similarity with the human brain-olfactory 
system [4]. E-nose is on the contrary a fast, reliable, cost- 
effective, in line, automatic and operator-friendly system 
of aroma analysis [3,5]. Nevertheless, the E-nose’s gas 
sensors provide a large and complex amount of data (i.e. 
sensor responses), which has to be processed by pattern 
recognition techniques such as principal component ana- 
lysis (PCA), linear discriminant analysis (LDA) or neural 
network (NN) [6,7]. Recently, several studies were pro-
posed to improve discrimination between E-nose data, 
first analyzing by PCA, in order to reduce the data dimen- 
sion, and secondly, selecting some of the most relevant 

principal component values as input in classification 
techniques such as LDA or NN [5,8]. Data processing 
improves the selectivity of the systems leading to an ex- 
tensive range of applications. 

Samples classification [6,9], adulterations or detection 
of defaults in aroma [10,11], quality measurement [8] and 
process monitoring [12-14] are the main applications of 
the E-nose technology. Recent applications of E-nose 
concerned the biotechnological domain. E-nose was im- 
plemented to study its ability for diagnosis, detection and 
screening of various stages of renal disease [15] or for 
monitoring industrial processes related to microorganisms 
[14,16,17] or cells cultures [18-20]. In the latter areas, the 
initial studies consisted in analyzing the headspace gener- 
ated by various microorganisms grown on Petri dishes 
with the E-nose and detecting and identifying microor- 
ganisms from the responses of the E-nose treated by 
chemometrics [21,22]. For instance, Dutta et al. [21] 
showed that gas sensors efficiently identified six species 
of bacteria responsible for eye infections and ten clini- 
cally important microorganisms were successfully tested 
and identified by [22] Moens et al. (2006). Gardner et al. *Corresponding author. 
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[23] successfully predicted the class and growth phase of 
two potentially pathogenic bacteria by analyzing samples 
of the cultivation headspace with six Metal Oxide Semi- 
conducting (MOS) gas sensors. A cultivation of Sac- 
charomyces cerevisiae on glucose was monitored on-line 
(ethanol concentration and course cultivation) by analyz- 
ing the cultivation gas effluent with the E-nose [24]. The 
potential of the E-nose technology was confirmed as well 
on a production-scale CHO-cell process [18], on the de- 
tection of the metabolic burden on a recombinant E. coli 
strain [16] or bacterial infections in cell cultures [19,20] 
successfully monitored growth of Methanobacterium for- 
micicum using a MOS and MOSFET (Metal Oxide Semi- 
conducting Field Effect Transistor) E-nose in order to 
detect disturbances in the microbiological process [25] 
and to identify two different oenological Saccharomyces 
cerevisiae strains in alcoholic fermentation [14]. 

In the other hand, Lactobacillus fermentum is a hetero- 
fermentative bacteria [26] producing ethanol in low con- 
centrations (environs 4 g/l). This concentration is enough 
for being detected by the MOS sensors. This bacteria is 
able to produce some volatile compounds. Jackson et al. 
[27] have detected more than 15 volatile compounds in 
pork loin tissue inoculated with Lactobacillus plantarum 
and Lactobacillus fermentum where the principal aroma 
compounds were acetone, sulfurdioxide, dichloride eth- 
ane, trichloride methane, benzene and toluene.  

The aim of this study was to investigate on-line lactic 
fermentation with an E-nose equipped with a back-flush 
gas chromatography removing alcohol and/or water from 
samples before analyzing.  

2. Material and Methods 

2.1. Microorganism and Growth Conditions 

Lactobacillus fermentum Ogi E1 (I-2028, CNCM, Insti- 
tut Pasteur) isolated from ogi [26] was used in this study. 
A simplified yeast extract medium (SYAM), set up to 
study the physiology of L. fermentum Ogi E1 [28] was 
used as fermentation medium. For routine cultivation, a 
modified MRS medium [29] was used with potato solu-
ble starch (Prolabo-Merck eurolab, Lyon, France) as 
substrate, following the composition given by [30]. 

2.2. Lactic Fermentation 

Fermentations at pH 5.0 with potato soluble starch as 
substrate were performed at 30˚C in 2 l bioreactors 
(Inceltech, Toulouse, France) with a 1.5 l working vol- 
ume. pH was controlled with either NaOH (5N) or HCl 
(5N). The growth medium was gently stirred (200 rpm) 
to maintain homogeneity. The bioreactors were inocu- 
lated (10% v/v) with 12-hour pre-cultures. To establish 
anaerobic conditions as recommended by Calderon et al. 
[28], the fermentation medium was flushed with nitrogen 

while the medium was cooling just after autoclaving 
(120˚C, 15 min). Then a slight overpressure of nitrogen 
was maintained within the reactor during fermentation. 
Fermentations were run twice. 

2.3. Electronic Nose 

A commercially available E-nose (FOX 4000, Alpha 
MOS, France) with eighteen different metal oxide semi- 
conductor gas sensors (MOS) was used. The different 
sensors were disposed in three temperature-controlled 
chambers; each chamber included six sensors, a ther- 
mometer and a humidity sensor. The sensor arrangement 
in each chamber is depicted on Table 1. A generator of 
purified air (Whatman, UK) with a CaCl2 post dehydra- 
tion column was used to provide clean dry air to the 
electronic nose system. 

The bioreactor headspace gas was continuously pump- 
ed with the aid of a membrane compressor (Fisher Biob- 
lock Scientific, France) placed before the sampling loop. 
Due to the small bioreactor volume, the gas sample was 
reintroduced in the bioreactor in order to avoid depress- 
sion and volatile compounds losses. Sampling from this 
gas flow was performed every 30 min through a 6-port 
automated sampling valve and the sample was introduced 
in a gas chromatograph (IGC 121C, Intersmat, Belgium) 
equipped with a Porapak Q column (1 m × 0.32 cm). The 
samples were then dehydrated and de-alcoholised or de- 
hydrated only by a patented back-flush technique [31]. In 
this technique three multiway electrovalves were used for 
automatic injection in the GC, column back-flush and 
automatic injection in the E-nose. 

2.4. Analytical Methods  

2.4.1. Ethanol 
Ethanol was analyzed on-line by gas chromatography 
(IGC 121C, Intersmat, Belgium) with a flame ionization 
detector and a dehydration-dealcoholisation system. The 
analytical column was a 1 m Porapak Q column operated 
at 180˚C. Nitrogen served as carrier gas at a flow rate of 
18 ml/min. The ethanol calibration was carried out us- 
ing standard ethanol solutions placed in the bioreactor 
and analyzed in the gas chromatograph-E-nose system in 
the operating culture conditions. This calibration was  
 
Table 1. Name and arrangement of sensors in the three 
temperature-controlled chambers of the E-nose. 

Chamber 1 Chamber 2 Chamber 3 

T30/1 P30/1 SY/LG 

P10/1 P40/2 SY/G 

P10/2 P30/2 SY/AA 

P40/1 T40/2 SY/Gh 

T70/2 T40/1 SY/gCTI 

PA2 TA2 SY/gCT 
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carried out before each fermentation batch. 

2.4.2. Biomass 
The determination of cell mass concentration was per- 
formed by an optical sensor (653/BT65 model, Wedge- 
wood Technology Inc, CA, USA) measuring medium 
turbidity. Previously, a calibration curve was carried out 
in order to transform optic density into biomass concen- 
tration (g dry matter/l).This determination was conducted 
in order to verify a correct performance of the lactic fer- 
mentation [28]. 

2.4.3. Lactate and Ethyl Acetate 
These compounds were determined by HPLC using an 
Aminex HPX-87H column (Biorad, Yvry-sur-Seine, France) 
as previously described by Calderón et al. [28]. 

2.5. Data Analysis 

The software provided with the E-nose system was used 
to acquire and store the gas sensor array signals. From 
each sensor signal, the fractional difference was calcu- 
lated as shown in Equation (1):  

max baseline
fd

baseline

S S
S

S


             (1) 

Where Sfd corresponds to the modified signal, Smax to 
the maximum sensor signal value, and Sbaseline to the base 
line sensor signal value.  

Each sensor signal was auto-scaled (i.e. mean-centered 
and divided by its standard deviation for rescaling with 
unit variance) to obtain SfdN. The maximum value of SfdN 
for each sensor was used for PCA to avoid domination of 
high sensor responses in data processing. Relevant infor-
mation contained in low sensor responses was thus taken 
into account in multivariate analysis processing. PCA 
were carried out with the chemometric toolboxes of the 
software Matlab 6.5 (the MathWorksInc, MA, USA). 

3. Results and Discusion 

Ethanol, lactate as well as optical density were monitored 
(Figure 1) and the results are accorded with those ob- 
tained previously Calderon et al, 2001 [28]. A diminu- 
tion in the growth rate was found after eight hours pro- 
bably due to the lactate accumulation or substrate starve- 
tion. 

3.1. Monitoring of Emissions of Volatile  
Compounds with Dehydration and  
Dealcoholisation 

Due to the design of the GC-electronic nose, GC-system 
could be used for the sample dealcoholisation and/or 
dehydration prior to the measurements with the E-nose. 
In the second case, it suffices to switch the valve back-  

 

Figure 1. Monitoring of lactic fermentation (  Ethanol 
(g/L),  Optical Density (600 nm),  Lactate /g/L)). 
 
flush immediately after the release of water before the elu- 
tion of ethyl acetate, about 20 seconds after injecttion. 

There is evidence that signals delivered by sensors are 
low and that in the principal component analyses, all 
dates are totally overtype and unreadable (results not 
shown). In our working conditions, after removing alco- 
hol and water, the head-space of bioreactor has not meas- 
urable information. 

However, some approaches have been done: Signals 
intensity from sensors increment during the first four 
hours (Figure 2). The organic volatile compounds con- 
centration is low and during exponential phase the vola- 
tile compounds production was stopped. It is important to 
indicate that this time correspond with the total starch 
consummation. The starch is a complex matrix able to 
retain volatile compounds. This non-specific interaction 
between aroma compounds and polysaccharides were 
reported as a reduction in aroma compound volatility 
[32]. Authors have reported that the polysaccharides 
form a complex with the volatile compounds and their 
volatileity is decreased. Then it is due a possible inter- 
ference of starch with the detection of volatile com- 
pounds. Firstly it was detected an increase in electronic 
nose signals according to starch consummation. After 
total starch consummation, the values of electronic nose 
signals rested constants. This fact corresponds with the 
beginning of the exponential phase and to the ethanol 
production during the fermentation process. The effect of 
ethanol on the volatility decrease has been reported too. 
Then, it is possible that the volatility of volatile com-
pounds during this fermentation stage was masked by the 
ethanol production as demonstrated by Ragazzo-Sanchez 
et al. [33]. 

3.2. Monitoring of Emissions of Volatile  
Compounds with Dehydration Only 

Fermentation monitoring with dehydration only was per- 
formed with the total volatile compounds produced. 
Samples were taken in the head-space and only dehy- 
drated previous to electronic nose analysis. Results 
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showed a net production of volatile compounds since the 
first fermentation hours. Global volatile compounds con- 
centrations become more important after 3 h and until  
14 h (Figure 3). After that, signals delivered by the elec- 
tronic nose rest constants. 

The PCA showed a clear evolution of the sensors dur- 
ing the fermentation process (Figure 4). The particular 
form of this curve is obtained when an electronic nose 
analyzes different concentrations of volatile compounds. 
This trend has been obtained during the analysis of ref- 
erence solutions containing ethanol and ethyl acetate 
(results not showed). It is possible that principal axis 1 
meaning correspond to the variation in ethanol concen- 
tration in the fermentation. The meaning for the axis 2 is 
more difficult to elucidate, but it could be in correspond- 
dence to the variation in the ethyl acetate concentration 
(even production or monitoring of a re-consummation). 

A multilinear regression between sensors responses 
and ethanol and ethyl acetate concentrations was con- 
ducted. The correlation obtained for this variables pre- 
sented a good regression coefficient of 0.9. The regres- 
sion coefficient was enhanced to 0.95 after selection of 
specifics sensors (number 1, 3, 6 and 7).For each group 
an array is built on the new variables. Unknown samples 
are projected on the discriminate subspace and compared 
to each group via the associated array. This method is 
used to predict quantitative values, based on a calibration 
curve, and correlated with quantitative variable charac- 
teristics of the analyzed sample (Figure 5). The correla- 
tion for ethyl acetate is less linear, then a correlation co- 
efficient of 0.7 was obtained and 0.74 after optimization. 

The higher variation registered correspond to ethanol 
concentration. Then, the whole information given by the 
electronic nose could be related as a direct function of this 
variable, which is related to other fermentation variables. 

In the other hand, some sensors shown a typical trend 
related to microbial grow and production of metabolites 
during a fermentation process (Figure 3). 
 

 

Figure 2. MOS sensors' responses obtained during lactic 
fermentation after dehydration and alcohol removal (  
T30/1,  P30/1,  P30/2,  T40/2,  T40/1,  
SY/Gh). 

 

Figure 3. MOS sensors responses to the head-space formed 
during the lactic fermentation after dehydration (  T30/1, 

 P30/1,  P40/2,  P30/2,  T40/2,  T40/1,  
SY/Gh). 
 

 

Figure 4. PCA analysis previous dehydration using the 
maximal level of responses of sensors MOS during the lactic 
fermentation. 
 

 

Figure 5. Correlation between ethanol concentrations (g·L−1) 
predicted from electronic nose analysis and real concentra-
tions. 
 

Some studies on MOS sensors have shown responses 
curves that were linear with head-space concentrations 
[34,35]. However, their non-linearity is documented by 
the manufacturer [36] and confirmed [37]. Beside, other 
authors have underlined the difficulty to distinguish be- 
tween different head-space concentrations of a volatile 
compound [38,39] with electronic noses. There are few 
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studies in this direction, as presented by Ragazzo et al. 
[40], who demonstrated the non-linear dependence of the 
sensor signals up on the volatile compound concentration, 
by analyzing a series of solutions of a same chemical but 
at different dilutions. These authors proposed that several 
sensors were able to predict the concentration of ethyl 
acetate and hexanol at concentration from 100 and 150 
mg/L. 

The regression coefficient between the sensor P30/1 
and the optical density at 600 nm, ethanol and lactate 
concentration, with a non-linear function, were 0.95, 0.96 
and 0.98 respectively (Figure 6), similar approaches were 
observed with others sensor (Table 2).In the whole cases, 
when the predictions were possible, the regression coef- 
ficient corresponding to microbial grow was lower than- 
those corresponding to ethanol and lactate. This could be  
 

 

Figure 6. Optical Density (DO) ( ), Lactate ( ) and Ethanol 
( ) predictions by P30/1 sensor during fermentation proc- 
ess. 
 
Table 2. Regression coefficient from prediction some prod-
ucts during fermentation process by the MOS. 

Sensor name Ethanol (g/L) OD (600 nm) Lactate (g/L)

"T30/1" 0.935 0.914 0.981 

"P10/1" 0.836 0.814 0.876 

"P10/2" 0.925 0.907 0.948 

"P40/1" 0.923 0.785 0.945 

"T70/2" 0.831 0.809 0.943 

"PA2" 0.921 0.901 0.976 

"P30/1" 0.9657 0.958 0.981 

"P40/2" 0.892 0.872 0.925 

"P30/2" 0.843 0.822 0.893 

"T40/2" 0.929 0.908 0.972 

"T40/1" 0.761 0.738 0.797 

"TA2" 0.734 0.711 0.776 

"SY/LG" 0.009 0.016 0.008 

due to the specific nature of each sensor. In the case of 
ethanol and lactate sensors are specific to these mole- 
cules, but concerning biomass detection, the sensors re- 
spond to a global volatile compounds produced by the 
bacteria. 

4. Conclusions 

It was possible to monitor the lactic fermentation sam-
pling of the total head-space. The correlation between 
ethanol concentration and the signal sensors presented a 
typical curve and it was possible to determine the maxi-
mal growth rate. 

The prediction capability in addition to the versatility 
of the computer to be used online, places the electronic 
nose system coupled to the gas chromatography, in an 
advantageous position compared to conventional ana-
lytical systems. 
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