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ABSTRACT 
 
PHAs are linear polyesters produced in nature by bacterial fermentation of sugars or lipids. Their biocompatibility and 

biodegradability make them really desirable in many areas such as packaging, agriculture, electronic and medicine. In 
order to PHAs can be significantly used in those fields, their production has to be maximized, which can be done by 
finding out the best producer organism and fermentation conditions.  

In this work, different media and feeding strategies with several carbon sources were tested in the production of PHAs 
by Pseudomonas putida KT2442. Once controlled in the laboratory, the more successful fermentation, with octanoic acid 
as the carbon source, was scaled-up and the utilization of two online monitoring equipments was included. The evolution 
of air composition inside the fermenter was observed by Mass-spec gas analyser, while the components in the medium 
were studied with NIRS. The spectra obtained by NIRS were used to built models to predict the concentration of biomass, 
PHA and octanoic acid during the fermentation.  
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1. INTRODUCTION 
 

Polyhydroxyalkanoates (PHAs) are linear polyesters 
produced in nature by bacterial fermentation of sugars or 
lipids (Williamson and Wilkinson, 1958; Steinbuchel and 
Valentin, 1995). These compounds are polymers of 
hydroxyacids, which possess the formula in Figure 1. 
Monomers are linked in ester bonds between the carboxyl 
group of monomer I and the hydroxyl group of monomer 
I+1.  

 
 

Figure 1 – Chemical structure of a generic PHA monomer.  
 
These bacterial polyesters have been divided into two 

groups according to their monomer structures (Kim, 
2002): 
• Short chain length PHAs (SCL-PHAs): monomers with 

3 to 5 carbon atoms; 
• Medium chain length PHAs (MCL-PHAs): monomers 

with 6 to 14 carbon atoms. 
 

Many studies have been carried out in order to find the 
role of PHAs in the producer bacteria. Most of these 
studies agree that these polyesters are used by the 
producer microorganisms as carbon and energy reserves 
(Stanier et al., 1959).  

In addition to their advantages for the bacteria, these 
types of polyesters can be very useful in several ways, due 
to their mechanical properties, biodegradability and 
biocompatibility. The majority of the expected 
applications of PHAs is associated to the replacement of 
petrochemical polymers. The primary application areas in 
which their features meet some market needs are on 
packaging and coating (Madison and Huisman, 1999), 
disposable personal hygiene (Noda, 2001), agriculture, 
electronic products (Verlinden et al., 2007) and medicine 
(Chen and Wu, 2005a). 

Due to the valuable properties of PHAs in these fields, 
their production has to be maximized in order to compete 
with the huge utilization of synthetic plastics, which do 
not present either the biodegradability or the 
biocompatibility. 

 
1.1. Biosynthesis of PHAs 

 
Several factors need to be considered in the selection 

of microorganisms for the industrial production of PHAs, 
such as the ability of the cell to utilize an inexpensive 
carbon source and to achieve good rates of growth and 
polymer synthesis. Nowadays, the majority of the 
published research has been concentrated in Pseudomonas 
putida, which can produce PHAs with the same functional 
groups as the carbon substrates in the presence of a good 
polymer-producing substrate, such as octanoic or nonanoic 
acid (Lenz et al., 1992; Kim et al., 2000a). 



The carbon source is, in fact, one of the difficulties in 
the production of MCL-PHAs. The relation cost/ efficacy 
of the carbon source is usually the studied factor. The 
utilization of cheaper and more widely available 
resources, like vegetable oils and animal fats, significantly 
reduce the production cost. However, the production of 
PHAs with expensive structurally related carbon sources, 
such as alkanes and alkanoic acids, is much more efficient 
and their utilization allows tailoring the final product to fit 
commercial demands (Sun et al., 2007). 

Regarding the nutrients in the media, the production of 
SCL-PHAs is stimulated by Nitrogen or Phosphate 
limitation in most of the SCL-PHA-synthesizing bacteria 
(Senior and Dawes 1971; Steinbuchel and Lutke-Eversloh, 
2003). However, the link between MCL-PHA 
accumulation and growth limitation by these nutrients 
seems to differ depending on the strain, carbon sources, 
the cultivation conditions, or possibly a combination of 
these factors (Ramsay et al., 1991; Ramsay et al., 1992; 
Huisman et al., 1992; Carnicero et al., 1997; Durner et al., 
2001).  

 
1.2. Online monitoring of PHAs production 

 
Fermentation processes are very useful in various 

fields, however, they are still very difficult to control and 
optimize through typical manual methods. In order to 
automate the measurements, quantitative analytical 
models can be built. Chemometric evaluation techniques, 
which represent all multivariate calibration methods in 
analytical chemistry, use the correlation between known 
concentrations and spectra to build prediction models and 
analyse new samples (Conzen, 2006). 

The spectra needed for analysing bioprocesses can be 
obtained by Near Infrared Spectroscopy (NIRS) and the 
models can be built using the QUANT software. 

NIRS is a spectroscopic method which uses the near 
infrared region of electromagnetic spectrum to study the 
interaction of electromagnetic waves and matter. The NIR 
region of the spectrum is situated between 700–2500 nm, 
where the functional groups in molecules have 
characteristic vibration frequencies (Scarff et al., 2006). 

Potentially, NIRS offers the prospect of real-time 
control of the physiology of cultured cells in fermenters, 
leading to marked improvements in authenticity, purity 
and production efficiency (Scarff et al., 2006). 

The molecular overtone and combination bands seen 
in the NIR are typically very broad, leading to complex 
spectra. The OPUS/QUANT software is designed for the 
quantitative analysis of spectra consisting of bands 
showing considerable overlap. The software allows 
determining the concentration of more than one 
component in each sample simultaneously, using, for this 
purpose, a PLS (Partial Least Squares) fit method (Bruker 
Optik GmbH, 2006). 

During the PLS regression, the information of the 
substance spectra is compared to the corresponding 
concentration values and a PLS regression algorithm is 
deployed to find the best correlation function (model) 
between them. In order to validate the model, the samples 

can be separated in two independent sets, the calibration 
and the validation sets (Test Set Validation) or they can all 
be used for both the calibration and validation (Cross 
Validation). In this step, important parameters like the 
coefficient of determination R2 (that evaluates the linearity 
of the model), the number of Principal Components (PCs, 
that reflects the amount of captured variance) and the Root 
Mean Square Errors (which measure the standard 
deviation of NIR predictions from the true values) are 
calculated (Conzen, 2006). Depending on the data set used 
for prediction, different errors are defined: 
• RMSEE (Root Mean Square Error of Estimation): 

Quantitative measure for the difference between the 
true and the fitted values in calibration. 

• RMSEP (Root Mean Square Error of Prediction): 
Quantitative measure for the preciseness of the 
analysis of Test Set samples in Test Set Validation. 

• RMSECV (Root Mean Square Error of Cross 
Validation): Quantitative measure for the preciseness 
with which the samples are predicted during the 
Cross Validation. 

• RPD (Residual Prediction Deviation): Qualitative 
measure for the assessment of the validation results. 
The larger the RPD, the better is the calibration. 

 The settings which lead to a high R2 value and a 
corresponding low mean error of prediction should be 
used for the calibration. 

After constructed, the optimized chemometric model 
is used to analyse new samples.  

 
2. MATERIALS AND METHODS 
 
Confidential. 
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