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Abstract

A mathematical model consisting of mass balance and mass transfer equations is presented to
describe the biotransformation of monoterpene (geraniol) using whole cells of Saccharomyces
cerevisiae in a continuous-closed-gas-loop bioreactor (CCGLB). The reliability of model
simulations was tested using experimental data in the CCGLB at several substrate flow rates.
Comparison between the model simulations with product profiles at several substrate flow rates
proves that the model is appropriate to describe the experimental results and simulate the
bioreactor system. Sensitivity analysis from the model shows that the overall mass transfer
coefficient of substrate (k;a) greatly affects the bioreactor performance. The model can later be
used as a design tool to predict the kia value of geraniol which is difficult to be measured

experimentally.

Keywords: Saccharomyces cerevisiae; biotransformation; monoterpene; gas phase bioreactor;

modeling.



1 Introduction

Biotransformation of organic compounds in non-conventional system has been
extensively explored due to several weaknesses associated in conventional system such as low
substrate solubility and substrate and/or product inhibition (Leon et al., 1998; Marques et al.,
2010). Among them, biotransformation using gas phase system is emerging as a new technology
especially in synthesizing gaseous and volatile organic compounds (VOCs). The system has been
successfully employed in biotransformation of monoterpenes, drugs and VOCs. Both purified
enzymes (Graber et al., 2003; Leonard et al., 2004) and whole-cell biocatalysts (Maugard et al.,
2001; Goubet et al., 2002; Erable et al., 2005) have shown their capability to be incorporated
within the system. The gas phase biotransformation possesses great advantages which include;
better mass transfer between gas and liquid phases, eliminates substrate and/or product inhibition

and also provides an in-situ product removal system.

The bioreactor used in this study is a continuous-closed-gas-loop bioreactor (CCGLB) as
initially proposed by Steinig et al. (2000). In the CCGLB, substrate with high vapor pressure and
high volatility was continuously recirculated in the bioreactor compartment. The substrate in
gaseous form was transferred from its substrate reservoir into the bioreactor containing
microorganism where it diffused and performed biological transformation. The work carried out
by Steinig and co-workers dealt with the epoxide production using growing cells of Pseudomonas
oleovorans as the biocatalyst. The study focused on the effect of substrate towards the growth of
microorganism with the main concern on the modeling of P. oleovorans growth with the presence
of 1, 7-octadiene. Recently, biotransformation of monoterpenes in a similar bioreactor
configuration has also been reported by Pescheck et al. (2009). In their investigation, two types of

Penicillium species have been tested for the biotransformation of a-pinene and (+)-limonene



respectively, aiming to observe the toxicity effects of the monoterpenes towards the cells during
the gas phase conversion. The gas loop has successfully eliminated the inhibitory effect of
substrate to the growth of microorganism yielding high productivity. Yet, no investigation has
been reported on modeling of the resting cell biotransformation in the CCGLB system, focusing
on the effect of mass transfer coefficient of substrate to the overall process system. Process
modeling and simulation could generate richer descriptions of the process in order to deduce the

qualitative behavior of the reactor system (Bogusch and Marquardt, 1997).

The concept of the CCGLB system is similar to that of a gas-liquid reactor system in the
manner that the gas is transferred into the liquid phase and vice versa. Prediction of the dynamic
behavior in this multiphase reactor is usually more complex compared to that of a single phase
reactor, since this system involves more than two component balances, and mass transfer at the
gas and liquid interfaces need to be taken into account (Dunn et al., 2003). Basically, the kinetics
of a reaction with a single substrate catalyzes by resting cell can be expressed based on the
Michaelis-Menten (M-M) model (Goudar et al., 2004). This is due to the fact that the reaction is
catalyzed by only a particular enzyme in the cell (Cinar et al., 2003). The M-M model can be
complex if the cell has an inhibitory effect towards the substrate and/or product concentrations.
Previous kinetic equations developed in the investigations of biotransformation using resting cells
- of S. cerevisiae described the inhibition effect of substrate concentration such as during the
reduction of carbonyl compounds (C=0) (Buque-Taboada et al., 2005; Houng and Liau, 2006).
However, little information is available on the kinetics of monoterpene alcohol (C=C) reduction
by S. cerevisiae. Doig et al. (1998) have previously discussed the potential inhibition of geraniol
to the yeast cell; however kinetic parameters which are important to describe the rate of reaction

were not been clearly addressed.



The mass transfer model between gas and liquid phases is normally described by a two-
film model, since it is rather simple and a convenient method (Parulekar and Amin, 1996; Maeda
et al., 2005; Garcia-Ochoa and Gomez, 2009). An overall mass transfer coefficient is a key

parameter in the two-film model and it is an important value in modeling the gas-liquid system.

The purpose of the present study was to conduct a preliminary investigation into the
operation of the continuous-closed-gas-loop bioreactor. The CCGLB was used in the
biotransformation of geraniol into citronellol using the whole cells of Saccharomyces cerevisiae
as biocatalyst (Figure 1). Citronellol, which has a rose-like scent, is commercially used in food
and cosmetic industries (Yadav and Lathi, 2004). Previously, a similar reaction model has
already been carried out in the two-phase system (Gramatica et al, 1982; Doig et al, 1998). This
work attempts to describe the CCGLB system by incorporating the mass transfer effect and later
solves the model equations via numerical technique. Model simulations are then used to estimate
the mass transfer coefficient of geraniol which is difficult to be measured experimentally due to

no appropriate sensor available for the particular compound.

2. Materials and method

2.1 Biocatalyst and chemicals

Saccharomyces cerevisiae (baker’s yeast type-II) was purchased from Sigma Chemical Co.,
USA. Standard geraniol (96%) and citronellol (99%), glucose anhydrous and hexadecane (99%)
were purchased from Aldrich Chemical Co., USA. Potassium hydrogen phosphate (K,HPO,) and
potassium dihydrogen phosphate (KH,PO4) were also purchased from the same company. All

chemicals were of the highest purity.

2.2 Biomedium



Phosphate buffer solution was used as the biomedium for the biotransformation which comprised
of 40 mM of KH,PO4 and K,HPO4. 10 g/L glucose was added as the main carbon source for the
reaction. The pH of the biomedium was adjusted to pH 7 using 0.5 M HCL or 0.5 M KOH and

was further steam sterilized at 121°C for 20 min prior to use.

2.3 Biotransformation of geraniol in a CCGLB

2.3.1 CCGLB configuration

The initial configuration of CCGLB system proposed by Steinig et. al (2000) was set-up
with some modifications in order to fulfill the current biotransformation conditions. As shown in
Figure 2, a complete CCGLB system mainly consists of three reservoirs; substrate, whole-cell
and product. The reaction was carried out in a stirred-tank bioreactor, where glucose was
supplied as co-substrate at the beginning of the process. The gaseous substrate was sparged
continuously from the substrate reservoir (1) which subsequently flowed into the bioreactor
vessel (2) (Labfors, Infors AG, Switzerland). The flow rate was adjusted using a flow meter
which was already integrated into the bioreactor system. The gaseous geraniol further diffused
into the liquid phase, which contained baker’s yeast and formed the corresponding gaseous
product of citronellol. The product then left the vessel via a condenser on top of the bioreactor in
gaseous form and dissolved into a solvent, hexadecane, in the product reservoir (3). The

dissolved product in hexadecane was ready to be analyzed using a gas chromatography.

2.3.2 CCGLB set-up

200 mL pure liquid geraniol was placed in a 500 mL conical flask which acted as the
substrate reservoir. The flask was tightly closed using a rubber stopper to avoid substrate and/or
product losses. A PTFE-type tubing with a 10 mm outer diameter was used in all the connections.
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The geraniol vapor was pumped into the bioreactor vessel through a sparger where the biocatalyst
was readily available. Reaction was carried out in a 7.5 L bioreactor with 5 L working volume at
30°C. The pH of the biomedium was controlled via a pH probe (Mettler Toledo, Switzerland) and
peristaltic pumps dosing acid of 3 M HCL and base of 3 M KOH. Dissolved oxygen (DO) was
measured via a polarographic oxygen electrode (Mettler Toledo, Switzerland). The gaseous
product leaving the condenser on top of the bioreactor was then dissolved in 200 mL hexadecane
which acts as an extraction solvent. Samples were taken from the sampling port of the product
reservoir at specific time intervals and were injected directly into a gas chromatograph for

analysis.

Prior to each biotransformation, dissolved oxygen (DO) and pH probes were separately
calibrated. The bioreactor with all the media components was steam sterilized at 121°C, 1 bar for
20 min. An antifoaming agent; polypropylene glycol 1200 (Sigma Aldrich), was also sterilized
separately in a 250 mL multipurpose bottle. After cooling to room temperature, the bioreactor
was connected to the motor, pH and DO cables and left to polarize for at least 6 hr. At the same
time, the pure geraniol as well as the solvent (hexadecane) was placed in the reactant and product

reservoirs, respectively.

2.4  Analytical methods
2.4.1 Gas chromatographic analysis

Samples were injected into a split injector of a gas chromatograph (Perkin Elmer, Clarus
500, USA) equipped with a flame ionization detector (FID). A Supelcowax'® capillary column
(30 m x 0.25 mm i.d x 0.25 pm film thickness; France) was used for the chromatographic

separation. The injector and the detector were kept at 200°C and 250°C respectively. The initial



oven temperature of 160°C was held for 3 min and then ramped at a rate of §°C/min to 230°C.
Helium was used as the carrier gas and the flow rate in the column was maintained at 2.5

mL/min. Hydrogen and air were supplied to the FID at 30 and 300 mL/min respectively.

2.5 Model Development

The mathematical model of the CCGLB was developed by combining the substrate and
product mass balances, mass transfer effect and reaction rate expression over the bioreactor
system (Figure 3). The general model was simplified to the case of continuous operation with
respect to the gaseous geraniol. The following simplifying assumptions have been made for the
development of the model:

1) the composition of biomass is approximately constant under resting cell condition.
2) both phases were assumed to be perfectly mixed.
3) the internal pressure of the system was constant throughout the process.

4) all product formed was completely dissolved into the solvent.

2.5.1 Mass Balances

Geraniol and citronellol were both present in the CCGLB system in the form of gas and
liquid phases. Therefore, mass balances of these components in each phase should be considered.

Similar models with simplified equations were reported elsewhere (Levenspiel, 1999; Dunn et al.,

2003).

Gas phase geraniol balance;

Geraccumﬁlaﬁion = Gerinket - Geroutlsc - Gertramsfer from gas to liguid phaze
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The equilibrium concentration of geraniol is given by Henry’s law;
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Substituting equation (2) into equation (1) and upon rearrangement gives;
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Liquid phase geraniol balance;
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Upon substituting equation (2) into equation (4) and further rearrangement gives;
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Gas phase citronellol balance;
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Upon rearrangement of the above equation leads to the following equation;
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dt v, v :

where, Cgg in represents the concentration of gaseous geraniol at inlet, Cggour and Cegou are the
concentrations of gaseous geraniol and citronellol at outlet, respectively, Cg; and Cc; are the
concentrations of geraniol and citronellol in bulk liquid, respectively, Q is the gas volumetric
flow rate, V, and V, give the volume of gas and liquid phase, kia represents the overall
volumetric mass transfer coefficient of geraniol, C*G,l and C*C’] are the equilibrium concentrations
of geraniol and citronellol at interface, respectively, r is the rate of reaction, R is the ideal gas

constant, T is the temperature and H is the Henry’s coefficient of geraniol and citronellol.
4. Results and discussion
4.1  KEstimation of kinetic parameters

A set of experiments in shake-flask culture was run to investigate the effect of geraniol
concentration on the biotransformation rate in order to elucidate the kinetics of the baker’s yeast
as biocatalyst. The reaction was carried out at pH 7 and 30°C. The concentration of geraniol was

varied from 3 to 20 g/L. As shown in Figure 4, the maximum reaction rate measured for
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citronellol increases with geraniol concentration. In the range tested, no inhibitory effect of
geraniol was detected and the Michaelis-Menten constants, K, and V. for the resting cells of S.
cerevisiae were determined. Initially, the parameters were estimated using a graphical method of
Lineweaver-Burk plot and further optimized using POLYMATH® software based on a non-linear
regression technique. Reciprocal initial rate versus reciprocal initial concentration of geraniol plot
(Figure 5) gave the values of M-M constants K, and Vpmax of 49 g/L and 0.03 g/L.hr.gcen,
respectively. The values were further optimized using POLYMATH® software. The values of
kinetic constants and their coefficients R* obtained from both methods were shown in Table 1.
Accordingly, the kinetic constants calculated from the POLYMATH® were used in the following

simulation. Therefore, the rate equation for the reaction can be rewritten as follows:

e V-maxCG_.E (10)
Km —§_ Cc‘z : )

vr=+L (i'};‘:)

where r is the rate of reaction (g/L.hr), Vpax is the maximum rate of reaction (g/L.hr.geen), Ky is

the Michaelis constant (g/L) and Cg represents the concentration of geraniol in bulk liquid (g/L).

The results were contradictory to a study conducted by Doig et al. (1998) in the two-phase
system who claimed that the strain was totally inhibited at 12 g/L. geraniol concentration. The
reason for this peculiar result is yet to be established. However, it may probably relate to the
experimental configuration which is different. In the two phase system, the decrease in
productivity does not only subjected to the elevated concentration of substrate, but may also

cause by other factors, such as the solvent toxicity or insufficient phase volume ratio of organic to

g



aqueous (Vorg/Vag). In fact, Li et al. (2007) in a similar report concluded that baker’s yeast type-II
was able to accept 2-octanone up to 500 mM with n-dodecane as the solvent which partly support

the results of the current investigation.
4.2 Model simulation

The kpa value of volatile organic compound (VOC) of toluene was used as a basis since
there is no available data of k;a for geraniol in the literature. The kya of toluene was selected with
the fact that it has low solubility in water with approximate Henry’s coefficient of 0.03 L.atm/mol
while geraniol and citronellol have the value of 0.06 L.atm/mol, which is close to that of toluene.
It is worth noting that the kpa value for VOC was found to be lower than that of pure gaseous
compounds such as oxygen at the same operating conditions (Bielefeldt and Stensel, 1999). This
is due to the different physical nature between both compounds and thus, the selection of kia
value of VOC rather than the pure gaseous compound seems reasonable. Approximately, the kia
of VOCs reported in many wastewater treatment processes was below the value of 3 x 107 s

(10.8 hr'") (Reardon et al., 2000; Yonghong, 2005; Guillaume et al., 2010).

A full set of differential equations (3), (5), (7) and (9) with the incorporation of equations
(10) and (11) was translated into MATLAB® software and later numerically solved using the
embedded differential equation solver (ODE’s) within the software. The numerical solutions
generated were simulated with appropriate graphical representations. Such a simulation was
undertaken in order to observe the implications of the changes in the defined parameters into the
whole process system, which highly required in bioreactor design and optimization. The

simulation was carried out using the data supplied in Table 2.
4.3  Model validation and application

12



One of the main concerns in mathematical modeling of the CCGLB is the determination
of the unknown model parameter which is at this particular moment, difficult to be estimated
using experimental procedure. The overall volumetric mass transfer coefficient (kpa) is a key
parameter in modeling of a gas-liquid system. There is so far no available kja data for gaseous
geraniol reported in the literature since gaseous phase investigation is rather scarce. An
estimation of kya value of the gaseous geraniol using experimental technique is rather complex
because there is no commercial electrodes available in the market especially to detect the
presence of gaseous form of geraniol. Due to this particular reason, the model was designed in

such a way that this parameter value could be estimated according to the given conditions.

As a starting point in this work, the value was used by a trial and error method. The initial
guess of the value was tested within a range of 3 to 12 hr''. Experimental results of the
biotransformation at different gas flow rates were used as a basis to predict the values of the kja.
At all given gas flow rates, the values were manipulated until the simulation and experimental
results agreed between each other. From the trial and error technique, the k;a values at the gas
flow rates of 4, 6 and 8 L/min were found to be 4, 7 and 10.8 hr”', respectively (Figure 6). The
results from the simulations clearly proved that the gas flow rate has a positive relationship on the
kia value, where an increase in the initial gas flow rate tends to increase the value of kya. This
was previously discussed in many basic mass transfer studies that the value of kia would be
greatly increased by factors such as gas flow rate, agitation rate, type of impeller and the
rheology of media (Stanbury and Whitaker, 1984; Scragg, 1991). The increase is generally
contributed to the larger gas holdup at a higher inlet gas flow rate (Patel and Thibault, 2009). A
high mass transfer rate contributed by a high kja, further resulted in the increase of the overall

productivity of the biotransformation process as can be seen from the same figure. The simulation

13



also gives the trend of gaseous geraniol concentration with time at different flow rates which was

not measured while carrying out the experimental work (Figure 7).
44  Model sensitivity

The model developed was used to investigate the dynamics of the citronellol
concentration at different kya values, while other conditions were kept constant. The simulation
were performed with kja values of 2, 4, 6 and 8 hr' at a fixed flow rate of 8 L/min. Figures 8 and
9 show the concentration profiles of product and substrate in the CCGLB system, respectively.
As shown in Figure 8, the citronellol production increases with increasing kpa. The productivity
was almost doubled with the increase of kja from 2 to 8 hr!. A possible explanation behind this
observation is that, when the ki a value is increased, the dissolved gaseous geraniol will approach
more closely to the equilibrium concentration, C*G,I (Wood et al., 1996). This will then increase
the contact between the substrate and the cell. The calculated product formation is strongly
affected by variations in the kpa, suggesting that this parameter should be estimated with

adequate precision in order to enable more reliable simulations.
3 Conclusions

Kinetic studies and modeling of the CCGLB system for the reduction of geraniol to
produce citronellol catalyzed by baker’s yeast have been conducted. The reaction is found to
follow the non-inhibitory Michaelis-Menten type equation with respect to geraniol concentration.
A non-linear regression technique was used to determine the values of the kinetic constants. The
values of Ve and K, were estimated to be 0.015 g/L.hr.geen and 17.9 g/L, respectively. The
model has also been developed to simulate the biotransformation of gaseous geraniol at different

flow rates. A good consistency between the experimental data and the theoretically predicted
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values verified that the proposed model could successfully simulate the dynamic behavior of the
CCGLB system. The results from the simulations give the predicted values of mass transfer
coefficient for geraniol (kpa) of 4, 7 and 10.8 hr'! at substrate flow rates of 4, 6 and 8 L/min,

respectively.
Acknowledgement

The author would like to thank USM for providing the Short-Term Grant (PJKIMIA/6035215)

and subsequently (PJKIMIA/6035281) for financial support of this research.

Nomenclature

t Time (hr)

S Substrate concentration (g/L)

kra Overall mass transfer coefficient (hr™)

H Henry’s coefficient (L.atm/mol)

Cozin Concentration of geraniol in gas phase at bioreactor inlet (g/L)
Co,g out Concentration of geraniol in gas phase at bioreactor outlet (g/L)
Ccgout Concentration of citronellol in gas phase at bioreactor outlet (g/L)
Cay Concentration of geraniol in bulk liquid (g/L)

Cey Concentration of citronellol in bulk liquid (g/L)

Q Gas flow rate (L/hr)

Ve Volume of gas (L)

Vr Volume of bioreactor (L)

Vi Volume of liquid (L)

Cal Equilibrium concentration of geraniol at interface (g/L)

C*c,l Equilibrium concentration of citronellol at interface (g/L)

R Ideal gas constant (L.atm/mol.K)

T Temperature (K)

e Rate of reaction (g/L.hr.geen)

Vs Maximum rate of reaction (g/L.hr.gcen)

K Michaelis constant (g/L)
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Figures captions

Figure 1: Schematic representation of cofactor regeneration during a reduction of geraniol into

citronellol by S. cerevisiae with glucose as hydrogen donor.

Figure 2: Schematic diagram of CCGLB system.

Figure 3: The boundary of CCGLB system used in the modeling work.

Figure 4: Initial rate of reactions of geraniol reduction by resting cells of S. cerevisiae at different

substrate concentrations.

Figure 5: Reciprocal initial rate (r) versus reciprocal initial concentration of geraniol (S) for

biotransformation of geraniol.

Figure 6: Comparison of experimental and simulated data for different initial gas flow rates.

Symbols and lines represent experimental and simulated data, respectively.

Figure 7: Substrate concentration in the CCGLB predicted using the proposed model.

Figure 8: Citronellol concentration in CCGLB predicted using the proposed model at different

kra values.

Figure 9: Geraniol concentration in CCGLB predicted using the proposed model at different kja

values.
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Tables captions

Table 1: Parameter constants

Table 2: Model parameters
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Figure 7

Substrate concentration in CCGLB (g/L)

Figure 8

Product concentration in CCGLB (g/L)
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Figure 9
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Table 1

Kinetic parameters
Method Voo K. R
(g/L.hr.geen) (g/L)
Lineweaver-Burk 0.03 49 0.986
Parameter ?}it(l)?;lg\(/)[r; \}1}&}1 Q%§>timiza‘cion 0.015 17.9 0.995
Table 2
Variable Value Unit
Initial concentration of gaseous geraniol, Cg g in 6.2 g/L
Volume of bioreactor, V-t 7.5 I
Volume of liquid, V| 5 L
Volume of gas, Vg, = V-V 2.3 L
Henry’s law coefficient, H 0.05 L.atm/mol
Gas constant, R 0.08206 L.atm/mol.K
Temperature, T 303 K
Michaelis constant, K, 17.9 g/L
Maximum rate of reaction, Vmax 0.015 g/L.hr.geen
Overall mass transfer coefficient of geraniol, kya 3-12 hr!
Gas flow rate, Q 120 - 480 L/hr
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The present work aims to address the gas-phase biotransformation of geraniol into citronellol using
growing cells of Saccharomyces cerevisiae (baker's yeast) in a continuous-closed-gas-loop bioreactor
(CCGLB). This study revealed that the gaseous geraniol had a severe effect on the production of biomass
during the growing cell biotransformation resulting in the decrease in the specific growth rate from 0.07
to 0.05 h'. The rate of reaction of the growing cell biotransformation was strongly affected by agitation
and substrate flow rates. The highest citronellol concentration of 1.18 g/L and initial rate of reaction of
7.06 x 107" g/min gy were obtained at 500 rpm and 8 L/min, respectively.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Whole-cell biotransformation has become one of the outstand-
ing synthetic processes to produce enantiopure organic com-
pounds especially for process that involved reduction reaction.
Reduction reaction requires co-substrates for cofactor regenera-
tion, preferentially performed with living cells as they provide
an in situ cofactor regeneration system. The whole cells of
Saccharomyces cerevisiae (baker’s yeast) is the most common
microorganisms used as a biocatalyst in reduction of organic com-
pounds including drugs and monoterpenoids as it offers high redox
capacity and generally much less expensive and easy to handle
(Perles et al., 2008; Carballeira et al., 2009; Khor and Uzir, 2011).

Previous works carried out for biotransformation of geraniol
using baker's yeast had dealt with the resting cells instead of the
growing cells (Doig et al., 1998; Valadez-Blanco et al., 2008). The
resting cell system separates between cell growth and biotransfor-
mation reaction and thus, avoids interference of the cell growth to
the reaction (Wang et al., 2005). Furthermore, product isolation in
the growing cell system is rather complex due to a mixture of fer-
mentation medium with the product formed from the biotransfor-
mation itself (Kieslich et al., 1984).

The current research aimed at studying a gas-phase biotransfor-
mation of geraniol using the growing cells of baker’s yeast in a con-
tinuous-closed-gas-loop bioreactor (CCGLB). The gas-phase system

* Corresponding author. Tel.: +60 4 5996464; fax: +60 4 5941013.
E-mail address: chhekarl@eng.usm.my (M.H. Uzir).

0960-8524/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2011.07.053

avoids direct contact between substrate, product and the reaction
medium and therefore, the use of growing cells will not be directly
influenced by the system. In addition, it promotes better diffusion
and thus, eliminates mass transfer limitation between gas and li-
quid phases (Lamare and Legoy, 1993). Such a system has been
successfully applied for fermentation (Taylor et al., 2010) as well
as for whole-cell biotransformation (Maugard et al., 2001; Goubet
et al., 2002; Pescheck et al., 2009).

2. Methods
2.1. CCGLB configuration

The configuration of CCGLB system initially proposed by Steinig
et al. (2000) was set-up with some modifications in order to fulfill
the current biotransformation conditions. The system mainly con-
sists of three reservoirs; substrate, whole-cell and product as
shown in Fig. 1. The gaseous substrate was sparged continuously
from the substrate reservoir (1) containing 200 mL liquid geraniol
(Aldrich Chemical Co., USA) and subsequently flowed into the 5 L
bioreactor vessel (2) (Labfors, Infors AG, Switzerland) through an
air pump (Gast Manufacturing Inc., USA). The flow rate was ad-
justed by using a flow meter which was already integrated into
the bioreactor system. The gaseous substrate further diffused into
the medium which contained baker’s yeast (Sigma Chemical Co.,
USA) and formed the corresponding gaseous product, citronellol.
The product then left the bioreactor vessel via a condenser
mounted on top of the bioreactor and later dissolved into a
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Fig. 1. Schematic diagram of the CCGLB system.

prepared 200 mL hexadecane (Aldrich Chemical Co., USA), which
acted as a solvent in the product reservoir (3). The sample was
ready to be analyzed using a gas chromatography.

2.2. Growing cell biotransformation

An anaerobic fermentation of yeast was carried out at pH 4 and
30°C (optimized conditions). The composition of the media
consisted of glucose (10 g/L), peptone (6 g/L) and yeast extract
(3 g/L) (Fluka, USA). Using an aseptic technique, 1 g/L baker’s yeast
was added into the fermentation media. Biotransformation was
carried out simultaneously by sparging gaseous substrate into
the media for 36 h.

2.3. Analytical method

Biomass from the fermentation broth was measured using a
spectrophotometer (Cecil 1000 series, UK) at 680 nm with appro-
priate dilution. The concentration of citronellol was measured
using a gas chromatography (Perkin Elmer, Clarus 500, USA)
equipped with a flame ionization detector (FID). A Supelcowax'®
capillary column (30 m x 0.25 mm i.d x 0.25 pm film thickness;
France) was used for the chromatographic separation. The injector
and the detector were kept at 200 and 250 °C, respectively. The ini-
tial oven temperature of 160 °C was held for 3 min and then
ramped at a rate of 8 °C/min to 230 °C. Helium was used as the car-
rier gas (Air Products, Malaysia) and the flow rate in the column
was maintained at 2.5 mL/min. Hydrogen and air (Air Products,
Malaysia) were supplied to the FID at 30 and 300 mL/min, respec-
tively. Each sample was injected at least twice and the mean value
was taken. An external standard method was used in sample anal-
ysis and calculations.

2.4. Determination of initial rate of reaction and specific activity

The initial rate of citronellol production was calculated for each
batch experiment from plots of product accumulation against time
(Doig et al., 1998). The ratio of citronellol produced per minute per
gram of cell was measured to represent the corresponding initial
rate of reaction. The specific activity of cells, (U/gcen) or (pmol/
imin geey) was calculated from the ratio of the initial rate of reaction
and molecular weight of citronellol (g/pumol).

3. Results and discussion
3.1. Effect of gaseous substrate (geraniol) on yeast growth

Fig. 2 represents the profile of yeast growth with and without
the presence of gaseous geraniol. It shows that the growing cells
were capable to perform the biotransformation in the CCGLB at
which an accumulation of product was detected during the 36 h
of reaction. About 0.77 g/L of total citronellol formation was ob-
tained to give the initial rate of reaction and specific activity of
431 x 107* g/min geey and 2.76 U/gee, respectively. Growth of
the cells however, showed a slight decline in the specific growth
rate when the gaseous substrate started to accumulate in the fer-
mentation medium. The cell growth without the presence of gas-
eous geraniol gives the specific growth rate of 0.07 h™', while
with the presence of gaseous geraniol only gives 0.05h~'. This
indicates that there was a competition of yeast cells to grow and
simultaneously to catalyze the reduction reaction. Both processes
directly compete for the same cofactor, which is regenerated in
the glycolytic pathway (Perles et al., 2008). They may also compete
for the same active sites of enzyme that responsible for the

Cell /Citronellol concentration{gl)
w

9 o
0 T T T T T T T
i] 5 14 15 20 25 30 35 a0
Tirm e (he)

Fig. 2. Growth and biotransformation profiles during the course of geraniol
reduction using growing cells of S. cerevisiae in CCGLB. The reaction was carried
out for 36 h (conditions: pH 4, 30 °C, agitation rate of 350 rpm, substrate flow rate
of 8 L/min, 10 g/L glucose, 1 g/L baker's yeast). ‘¢’ Represents growth with free
substrate (control); ‘A’ represents growth with biotransformation; '@’ represents
citronellol formation.
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[able 1
Performance of growing cells of baker's yeast during biotransformation of geraniol in
1 CCGLB at different agitation and substrate flow rates.

Parameter Value Maximum Initial rate of Specific Specific
product reaction activity growth
formation (107 g/ (u/ rate
(g/L) mingen)  geen)  (h71)

Agitation rate (rpm) 200  0.34 1.02 0.66 0.043

350 0.77 431 2.76 0.056

500 1.18 7.06 4,52 0.072

800 0.85 5.03 4.14 0.063

Substrate flow 4 056 1.82 1.16 0.052
rate (L/min) 6 072 3.22 206  0.058

8 1.18 7.06 4.52 0.072

reaction (Steinig et al., 2000). Even though the cell growth was se-
verely affected by the substrate (geraniol), several strategies could
be developed in order to increase the biomass production as well
as the biotransformation productivity. The effects of agitation
and substrate flow rates are believed to give a significant impact
to both processes and they were further investigated in this study.

3.2. Effect of agitation rate

Study on the effect of agitation rate was carried out in order to
identify the range of agitation rates that could promote a high spe-
cific growth rate as well as the rate of reaction in the CCGLB. A set
of experiments was conducted by varying the stirrer speed be-
tween 200 and 800 rpm at a fixed substrate flow rate of 8 L/min,
which is the maximum flow rate indicated on the flow meter. Ta-
ble 1 shows the complete results from these experiments. By grad-
ually increasing the agitation rate from 200 to 500 rpm, the
biomass and citronellol production consequently increased, which
implies that mechanical mixing helps to increase contacts between
the cells and the nutrients in liquid media, and subsequently in-
creased the cell metabolism and therefore the cell regeneration.
Agitation rate at 800 rpm tends to decrease the specific growth
rate as well as the initial rate of reaction with approximately 18%
reduction of the total citronellol formation compared to that at
500 rpm. The decline in cell growth and citronellol productivity
are probably due to the damage of one or more cellular component
of yeast cells caused by the excessive mechanical stress (Saito
et al., 2000; Bandaiphet and Prasertsan, 2006).

3.3. Effect of substrate flow rate

Substrate flow rate ranging from 4 to 8 L/min were investigated
at constant agitation rate of 500 rpm. As indicated in Table 1, a
lower substrate flow rate not only decreases the citronellol forma-
tion, but also the biomass production. Only 0.56 g/L citronellol and
3.52 g/L biomass were produced at the flow rate of 4 L/min at
approximately a reduction of 47% and 14% respectively, than that
determined at 8 L/min. The lower amount of citronellol produced
at a lower substrate flow rate has led to a reduction in the initial
rate of reaction. From these results, it can be deduced that, by
accelerating the diffusion of geraniol into the aqueous phase seems
to meet the demand of high biomass and citronellol production.
The dispersion of the gaseous substrate may also help the move-
ment of nutrients to diffuse from the liquid phase into the cellular

compartment (Potumarthi et al.,, 2007; Garcia-Ochoa and Gomez,
2009).

4. Conclusions

A volatile compound of geraniol can be biologically transformed
into citronellol by baker’s yeast using the CCGLB system during its
growth. Product formation was observed to be highly dependent
on the cell growth. This information is believed to be the first
encountered on such studies, since there are no previous investiga-
tions on biotransformation process during the exponential phase of
cell growth. The growth of yeast was severely affected with the
presence of substrate for biotransformation. However, strategies
on varying parameters such as agitation and substrate flow rates
were successfully introduced in order to enhance the overall pro-
ductivity during the growing phase of a microorganism.
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The kinetics of the biotransformation of geraniol into citronellol by the resting cells of Saccharomyces
cerevisiae (baker's yeast type-II) was investigated in a continuous-closed-gas-loop bioreactor (CCGLB).
Geraniol, which has high vapour pressure, high volatility and low solubility in aqueous medium, is highly
suitable to be used in this system. Various operating parameters which affect the reduction reaction were
investigated. The optimal conditions were; pH 7, agitation rate of 350 rpm, substrate flow rate of 8 L/min
and glucose concentration of 50 g/L. The gas loop led to a maximum citronellol concentration of 2.38 g/L
with the specific activity of 7.90 U/gce, which were apparently higher than that of the values obtained
using conventional systems. The CCGLB system also has the advantage of in situ product removal and
can be readily utilized in large-scale production.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, biotransformation has become a popular
method in organic compound synthesis for the production of
enantiomerically pure compounds. Monoterpenoids are one of
the most important starting materials in biotransformation and
are widely exploited in the fine chemical sectors such as phar-
maceuticals and food industries [1,2]. In the biotransformation
field, asymmetric reduction reaction requires co-substrates for
cofactor regeneration, preferentially performed with living cells as
they provide an in situ cofactor regeneration system. The addi-
tion of expensive cofactors is necessary when dealing with an
isolated enzyme system [3], which makes the choice of the system
not practical. Saccharomyces cerevisiae (baker’s yeast) is a known
microorganism that is capable of reducing carbonyl and ‘activated’
carbon-carbon double bond compounds [4,5]. The selection of S.
cerevisiae is favoured because it is easily available, cheap and has
been proven to produce a high selectivity of product including
monoterpenoids [6,7].

Conventionally, whole-cell biotransformation is carried out in
an aqueous medium where the cells are most active. However, the
substrate involved, which is usually organic, has low solubility in
the aqueous phase which has the disadvantage of low volumetric
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productivity. Bioreactor design is one of the important strategies
applied in biochemical engineering to increase the productivity
of biotransformation. In the case of geraniol reduction by S. cere-
visiae, very few effective bioreactor designs have been reported
in the literature. Previously, there were reports on the biotrans-
formation of geraniol by S. cerevisiae in a two-phase bioreactor
system. However, the system suffered from substrate inhibition
when geraniol reached a concentration higher than 0.3 g/L [8] and
also formation of strong emulsion [9]. A membrane bioreactor
was also used for the same purpose and the system was found
to be successful in eliminating emulsion. Nonetheless, the yield of
product was considerably low compared to that of the two-phase
system [10]. The variation of S. cerevisiae performance in the biore-
actor systems has led to the current study in order to investigate
its feasibility in a continuous-closed-gas-loop bioreactor (CCGLB)
system.

This work presents for the first time the biotransformation of
geraniol, by resting cells of S. cerevisiae in a CCGLB system. In this
study, geraniol which represents the substrate for biotransforma-
tion was supplied in gaseous form, taking advantage of the volatile
nature of the compound. The gas phase system is believed to pro-
mote better diffusion and reduce mass transfer limitation in the
liquid phase, resulting in an increase in overall productivity. In
addition, in situ product removal is consequently developed. This
could reduce a number of downstream processes and subsequently
reduce the overall production costs especially on a large-scale pro-
duction.
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. Materials and method
.1. Biocatalyst and chemicals

S. cerevisiae (baker’s yeast type-II) as a source of biocatalyst
sas obtained from Sigma Chemical Co., USA. Standard geraniol
96%) and citronellol (99%), glucose anhydrous and hexadecane
99%) were obtained from Aldrich Chemical Co., USA. Potassium
ydrogen phosphate (K;HPO4) and potassium dihydrogen phos-
‘hate (KH,PO4) were also purchased from the same company. All
hemicals were of the highest purity.

.2. Biomedium

Phosphate buffer solution was used as the medium for the bio-
ransformation which comprised of 40 mM of KH,PO4 and Ky HPO4.
0g/L glucose was added as the main carbon source unless other-
vise stated. The pH of the medium was adjusted to the desired
alue using 0.5M HCL or 0.5M KOH and was further steam-
terilized at 121 °C for 20 min prior to use.

3. Biotransformation of geraniol in liquid phase

A preliminary work of the biotransformation was performed in
250 mL conical flask with 100 mL working volume. 10 g/L baker’s
east type-Il was used to produce the corresponding enzyme. The
lask was placed in an incubator shaker set at 30°C and 150 rpm.
ubstrate (20g/L) was then added into the flask approximately
5 min after the inoculation. The reaction was left for 45h and at
pecific time intervals, 4 mL samples were withdrawn for optical
lensity measurement as well as for product quantification.

4. Biotransformation of geraniol in a
ontinuous-closed-gas-loop bioreactor (CCGLB)

.4.1. CCGLB configuration

Aninitial configuration of the CCGLB system proposed by Steinig
nd co-workers [11] was set up with some modifications in order
o fulfill the current biotransformation conditions. As shown in
ig. 1, a complete CCGLB system mainly consists of three reservoirs:
ubstrate, whole-cell and product. Geraniol vapour was sparged
ontinuously into a stirred-tank bioreactor. The vapour then left the
eservoir (1) based on its vapour pressure and flowed into the air
ump (Gast Manufacturing Inc., USA), which subsequently flowed
nto the bioreactor vessel (2) (Labfors, Infors AG, Switzerland)
hrough a sparger. The flow rate was adjusted using a flow meter
vhich was already integrated into the bioreactor system. The
eraniol vapour further diffused into the liquid phase containing
east cells and converted into the liquid product (citronellol), which
hen converted into vapour phase within the pressurized bioreactor
essel. The gaseous citronellol then left the vessel via a condenser
n top of the bioreactor and dissolved into a solvent, hexadecane
n the product reservoir (3) and therefore, ready to be analyzed.

200 mL liquid geraniol was placed in a 500 mL conical flask
vhich acted as the substrate reservoir (1). The flask was tightly
losed using a rubber stopper to avoid substrate and/or product
osses. A PTFE-type tubing with a 10 mm outer diameter was used in
11 the connections. Biotransformation process was carried out in a
.5 L bioreactor with 5 L working volume. The pH of the biomedium
vas controlled via a pH probe (Mettler Toledo, Switzerland) and
eristaltic pumps dosing acid of 3M HCL and base of 3 M KOH.
)issolved oxygen (DO) was measured via a polarographic oxygen
lectrode (Mettler Toledo, Switzerland). The bioreactor was set-up
o the desired temperature using circulated water in a double-
acketed system. 200 mL hexadecane was placed in the product
eservoir (3), which acted as an extraction solvent. Samples were

taken from the product reservoir at regular intervals and were
injected directly into a gas chromatograph for analysis. Samples
from the fermentation broth were also harvested from the biore-
actor outlet for optical density, glucose and ethanol concentrations
measurements.

For the CCGLB experiments, the effects of pH, agitation rate,
substrate flow rate and glucose concentration were examined.
Experiments were conducted at pH values of 4, 7,9 and 10. The cor-
responding agitation rate was controlled at the speeds of 200, 350
and 500 rpm, with the corresponding substrate flow rate adjusted
to 2,4, 6 and 8 L/min, while the glucose concentration was loaded at
10, 30 and 50 g/L, respectively. Experimental studies were carried
out in duplicates and the results presented were the mean values
of the data collected. The standard deviations for the experimen-
tal results were within +5% of the mean values with 95% confident
interval.

2.4.2. CCGLB set-up

Prior to each biotransformation, dissolved oxygen (DO) and pH
probes were separately calibrated. Initially, the biomedium was
prepared using similar compositions of the components as in the
shake-flask procedure unless otherwise stated. The bioreactor with
all the media components was steam-sterilized at 121 “C and pres-
sure of 1 bar for 20 min. An antifoaming agent; polypropylene glycol
1200 (Sigma Aldrich), was also sterilized separately in a 250 mL
multipurpose bottle. After cooling to room temperature, the pure
geraniol as well as the solvent (hexadecane) was placed in the sub-
strate and product reservoirs, respectively.

2.5. Analytical methods

2.5.1. Measurement of cell concentration

An optical method was developed in order to determine cell
concentration during the reaction. At specific time intervals,
approximately 2 mL samples were collected from the bioreactor
and checked for its absorbance using a spectrophotometer (Cecil
1000 series, UK) at 680 nm with appropriate dilution. The cell
concentration was determined by the correlation between the
absorbance and dry weight of cell. A control sample was sepa-
rately prepared. The effect of substrate dissolution towards the
spectrophotometer reading was minimal and can be neglected.

2.5.2. Glucose analysis

Glucose concentration was measured using an assay of the dini-
trosalicyclic colorimetric (DNS) method [12]. 1 mL of DNS reagent
was added into 1 mL of glucose sample after centrifugation. Then
the mixture was heated in boiling water for 5min to develop a
red-brown color. After cooling to room temperature, absorbance
was recorded using a spectrophotometer with a wavelength set at
540 nm.

2.5.3. Ethanol analysis

Ethanol concentration was analyzed using a gas chromatogra-
phy, HP 5890 series Il (Hewlett-Packard, USA) equipped with a
flame ionization detector (FID) with Porapak QS (Alltech Associates
Inc., USA) 100/120 mesh. The injector and the detector were kept
at175°Cand 185 C, respectively. Nitrogen was used as the carrier
gas (Air Products, Malaysia).In all sample analyses, isopropanol was
used as an internal standard [13].

2.5.4. Citronellol analysis

The concentration of citronellol in the reaction mixture was
measured by gas chromatography (Perkin Elmer, Clarus 500, USA)
equipped with a flame ionization detector (FID). A Supelcowax'®
capillary column (30m x 0.25mm i.d x 0.25 wm film thickness;
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Fig. 1. Schematic diagram of the CCGLB system.

France) was used for the chromatographic separation. The injec-
tor and the detector were kept at 200°C and 250 -C, respectively.
The initial oven temperature of 160 °C was held for 3 min and then
ramped at a rate of 8°C/min to 230°C. Helium was used as the
carrier gas (Air Products, Malaysia) and the flow rate in the col-
umnwas maintained at 2.5 mL/min. Hydrogen and air (Air Products,
Malaysia) were supplied to the FID at 30 and 300 mL/min, respec-
tively. Each sample was injected at least twice and the mean value
was recorded. An external standard method was used for the cal-
culations.

2.6. Determination of initial rate of reaction and specific activity

The initial rate of reaction was calculated from the ratio of cit-
ronellol produced per minute per gram of cell. The specific activity
of cells, (U/gcen) or (mol/minge) was calculated from the ratio
of the initial rate of reaction and the molecular weight of citronellol

(g/pmol).
2.7. Determination of glucose consumption rate

The rate of glucose consumption was calculated from the ratio
of glucose consumed per minute as described in the literature [14].

3. Results and discussion
3.1. Effect of initial pH

A series of reactions were performed at various initial pH of
biomedium. The reactions were carried out with 10 g/L of baker’s
yeast at 30 °C. The agitation and substrate flow rates were fixed at
200rpm and 8 L/min, respectively. 10 g/L of glucose was used as
the carbon source. The initial pH values which ranged from 4 to 10
were tested and the results of the initial reaction rates are displayed
in Fig. 2. As observed from the experimental work, the maximum
initial rate of reaction of 3.85 x 10~ g/min g..; was achieved when
the biomedium pH was maintained at 7 to give the specific activity
of 2.46 U/g 1. At this condition, the final citronellol concentration
detected was 0.60 g/L during 45 h of reaction. It was also observed
that at a slightly aikaline pH of 9, the initial rate rose even higher

(3.47 x 10~* g/min gce;) than that at pH 4 (2.64 x 10~ g/min ge.)).
However, at an alkaline pH of 10, a reverse trend was observed.
Only 0.31 g/L citronellol was produced to give the lowest initial
rate of 2.10 x 104 g/min g..;;. These results might be due to the
hydrolysis of the substrate and the product under alkaline condition
[15].On the other hand, according to Pereira [ 16], the effect of pH on
the reduction reaction is somehow related to the level of NADPH
in the metabolic pathways during the glycolysis process. At high
pH values, the level of NADPH was considerably low which was
resulted from the low glycolysis rate during yeast metabolism.

3.2. Effect of agitation rate

Theoretically, for a bioprocess system which requires a transfer
of gaseous compound into the liquid phase such as in an aerobic
fermentation as well as in gas phase biotransformation, mixing
within the bioreactor becomes a major factor in order to attain
high mass transfer between the gas and liquid phases. This can be
achieved by applying several techniques. One of them is providing
an adequate agitation mechanism by varying the stirrer speed. It
has been reported in many bioprocess studies that high agitation
rate gives negative impact towards the cell structure and enzyme
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Fig. 2. Effect of pH on the initial reaction rate during the biotransformation of
geraniol into citronellol by baker's yeast type-II in CCGLB system (conditions: 30°C;
agitation rate of 200 rpm; substrate flow rate of 8 L/min; 10g/L of baker's yeast;
10 g/L of glucose).
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ble 1
e initial reaction rates at different agitation rates and glucose concentrations.

Parameter Value Initial rate of reaction
(107* g/min geen)

Agitation rate (rpm) 200 3.85
350 9.65
500 0.73
Glucose concentration (g/L) 10 9.65
30 11.23
50 12.30

roduction due to the high shear stress, while low agitation rate
quses insufficient mixing which in turn, led to the decrease in
1e overall productivity [17,18]. Therefore, the agitation rate needs
) be optimized in order to ensure optimum productivity of the
iotransformation.

The effect of agitation rate on the biotransformation of geran-
ol in the CCGLB system was investigated in a range between 200
nd 500 rpm. The reactions were carried out with 10 g/L of baker’s
east at pH 7 and 30°C. The substrate flow rate was fixed at 8 L/min
/hile 10 g/L of glucose was used as the carbon source. The results
-om Table 1 clearly show that when the agitation rate increases
‘om 200 to 350 rpm, an increase in the initial rate of reaction was
btained. This is due to the fact that by increasing the agitation
peed, the gaseous substrate reached the cell surface at a fasterrate,
hus decreasing the mass transport influence between the phases
19].1n the case of 200 rpm, cell sedimentation was clearly observed
t the bottom of the vessel, which indicated an incomplete mixing
vithin the bioreactor. This consequently led to the low biotransfor-
1ation rate. In this condition, only 0.60 g/L citronellol was formed,
vhereas at 350 rpm, about 1.93 g/L citronellol was detected. How-
ver, a further increase in the stirrer speed from 350 to 500 rpm,
nd hence the mixing rate of cell suspension, failed to increase
he initial rate of reaction. A decline in the initial rate by 13-fold
vas observed at 500 rpm with only 0.27 g/L citronellol produced
ompared to that at 350 rpm. In this condition, the vigorous move-
nent of cells caused a turbulent environment in the fermentation
roth with excess foaming appeared after approximately 12 h of
eaction. This required the system to be shut-down. Surface active
ubstances such as proteins, which have high surface activity and
mphiphilic properties were reported as the foam-promoting com-
ounds in the fermentation broth [20]. A small amount of foam can
reate condition that may promote the lysis of cells which may
n turn lead to an excessive amount of foam [21]. The decline in
itronellol productivity was probably due to the damage of one or
nore components of the yeast cells caused by excessive mechanical
tress as well as the foaming effect. From this particular work, the
est performance of the CCGLB system was obtained at 350 rpm
vith the initial rate of reaction of 9.65 x 10~ g/min g and the
pecific activity of 6.18 U/gce-

.3. Effect of substrate flow rate

In the CCGLB system, substrate in gaseous form was contin-
ously sparged into the fermentation broth through a sparger.
sesides the degree of agitation rate, mass transfer between the
iquid and gas phases was also influenced by the substrate flow
ate [22]. An initial hypothesis can generally be suggested regard-
ng the effect of substrate flow rate. The higher flow of substrate
vithin the bioreactor caused more substrate to come into contact
vith the cells. Thus, there was an increase in the rate of citronel-
ol production. In order to study the effect of substrate flow rate
)n the biotransformation rate, experiments were carried out at
rarious substrate flow rates ranging from 2 to 8 L/min. 10g/L of
yaker's yeast and 10 g/L of glucose were used in this work. Other
:xperimental conditions were fixed at pH 7, 30°C and 350 rpm.
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Fig. 3. Effect of substrate flow rate on the initial reaction rate during the bio-
transformation of geraniol into citronellol by baker's yeast type-Il in CCGLB system
(conditions: pH 7; 30°C; agitation rate of 350 rpm; 10 g/L of baker’s yeast; 10 g/L of
glucose).

The results in Fig. 3 indicate that higher flow rates tend to give high
initial rates. However, at 2 L/min and below, no trace of citronel-
lol was detected in the product reservoir. At this condition, it was
observed that only little bubbles were present from the sparger in
the fermentation broth compared to the other stated conditions.
This indicates that the substrate was incapable of dispersing into
the fermentation broth at such flow rates, which resulted in unde-
tectable reaction. As the flow rate was gradually increased from 4
to 8 L/min, the initial rate of reaction also significantly increased
from 2.58 x 104 to 9.65 x 104 g/min g;. This can be explained,
that high degree of flow rate increased the substrate concentration
within the broth and therefore resulted in an increase of the fre-
quency of contact between the substrate and the cell, which in turn
enhanced the biotransformation rate. On the other hand, if the flow
rate remained as low as 2 L/min, less interaction would be observed
between the substrate and the cell. The maximum citronellol con-
centration and the specific activity at 8 L/min were determined as
1.93 g/L and 6.18 U/g, respectively. It can be concluded from the
results that the substrate flow rate gave a positive impact on the
CCGLB system compared to the agitation effect. The increase in
product formation promoted by the substrate flow rate suggests
that the efficient dispersion of the substrate by diffusion in the bio-
transformation medium was a necessary prerequisite in order to
obtain a high reaction rate.

A gas phase biotransformation is similar to that of an aerobic
fermentation in the manner of the entering materials are modi-
fied or processed into the final biological materials. These processes
have in common, fundamental principles of transport phenomena,
particularly in terms of mass transfer mechanism of gaseous com-
pound into the liquid phase. Theoretically, in an oxygen transferred
system of a typical aerobic fermentation, the adequate transfer
of oxygen could enhance the growth of cells as well as metabo-
lites [23]. The process follows the principle of passive diffusion of
molecules into the cell for metabolism as well as regeneration pro-
cesses. A similar mechanism is believed to occur in the gaseous
biotransformation process as well. This is accomplished when a
sufficient amount of gaseous substrate diffuses into the cell, which
consequently results in higher biotransformation productivity.

It is rather difficult to make a comparison between results
obtained in this work to that from the current literatures because
studies in this particular subject are scarce and if there are any,
the results are presented in a different manner. For example, in
solid/gas biotransformation systems, the main parameters investi-
gated include; water activity and temperature instead of gaseous
flow rate [24-26]. Similarly, biotransformation using a closed-gas-
loop system as conducted by Pescheck and Steinig groups focused
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Fig. 4. Profiles of ethanol (solid lines, open markers), glucose (solid lines, closed
markers) and citronellol (broken lines, closed markers) concentrations during the
course of geraniol reduction by baker’s yeast in CCGLB system at different initial
glucose concentrations of 10g/L (®,0), 30 g/L (M,0) and 50g/L (a,A). (Conditions:
pH 7; 30°C; agitation rate of 350 rpm; substrate flow rate of 8 L/min; 10 g/L baker’s
yeast.)

on the bioreactor design instead of optimizing the reaction condi-
tions [11,27].

3.4. Effect of glucose concentration

In a microbial biotransformation, which involves reduction
reaction, living cells either growing or resting, have an advan-
tage of cofactor regeneration cycle within the cells. A reduction
reaction by the whole cells requires NAD(H) and/or NADP(H) as
cofactors, which are initially available in the cells. However, there is
only a small amount of cofactors inside the cells and co-substrates
such as glucose are necessary for recycling the cofactors through
the metabolic pathways. Therefore, a sufficient amount of glucose
should be supplied in order to achieve an optimum biotransfor-
mation rate. An extent of this parameter to the biotransformation
rate was further investigated. Glucose concentrations ranging from
10g/L to 50g/L were selected and the performance of the rest-
ing cells of S. cerevisiae to catalyze the reduction of geraniol was
monitored. Other experimental conditions were fixed at pH 7,
30°C, agitation rate of 350 rpm and substrate flow rate of 8 L/min.
Fig. 4 and Table 1 represent the results of these experiments.
As shown in Table 1, the initial rate of reaction increased from
9.65 x 1074 to 1.23 x 103 g/min g.e;; when the glucose concentra-
tion was increased from 10 to 50 g/L. At 50 g/L glucose, the total
production of citronellol was 2.38 g/L(Fig. 4) with the specific activ-
ity of 7.87 U/ge;p Which was obtained within 45 h of reaction. At this
particular level, 1.3-fold enhancement in the activity was achieved
in comparison to that obtained with the lowest concentration of
10g/L.

From the date plotted in Fig. 4, it was found that at the initial
glucose concentration of 10g/L, the rate of glucose consumption
of 0.71g/Lmin was determined. At 30g/L, a longer time of 1h
was needed by the cells to metabolize the sugar with the glucose
consumption rate obtained at 0.53 g/L min. However, with glucose
concentration at 50g/L, the compound was completely utilized
within 4h to give a rate of 0.21g/Lmin. The glucose consump-
tion showed high tendency of the cells to metabolize the supplied
sugar for cellular activities including for use during the reduction
of geraniol. Even though the biomedium was starved of glucose
during the reaction, the product was still accumulated during the
time course, indicated that the reaction had taken place. This can be
explained by the accumulation of ethanol in the reaction medium
which resulted from the glycolysis cycle in the yeast cells. A higher
loading of glucose resulted in a higher amount of ethanol. According
to Meitian and co-workers [28], when there were no carbohydrates
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Fig. 5. Profiles of citronellol formation and cell concentration during the reduction
of geraniol in liquid phase system (broken lines) and CCGLB system (solid lines).
Symbols: (@) the citronellol concentration; (M) the cell concentration. Conditions
for CCGLB: pH 7, 30°C, 350 rpm, substrate flow rate of 8 L/min, 50 g/L glucose, 10 g/L
baker’s yeast. Conditions for liquid phase: pH 7,30°C, 150 rpm, 20 g/L geraniol, 50 g/L
glucose, 10 g/L baker's yeast.

such as glucose in the medium, ethanol would be used as the sole
energy source in the reaction mediated by ethanol dehydrogenase
in the yeast cells. The ethanol present would then be dehydro-
genated to acetaldehyde and oxidized into acetic acid and carbon
dioxide. At the same time, NAD* or/and NAD(P)" would be reduced
to NADH and/or NAD(P)H by the oxidoreductase enzyme which
would enhance the product yield.

An increase in glucose concentration is beneficial in some bio-
transformation processes by baker's yeast [29,30]. In other cases,
the addition of the electron donor does not give any significant
effect on the yield such as in ethylbenzoate reduction [31]. Nev-
ertheless, it was reported that with the further extent of glucose
concentration at certain levels, might result in the lowering of the
biotransformation rate due to the accumulation of ethanol at high
concentration levels. The increase of the amount of ethanol may
inhibit the activity of the cells or the oxidoreductase enzyme for
the reduction of the substrate [32,33]. In this present study, the
increase in the amount of glucose tends to increase the production
of citronellol. Therefore, it can be assumed that the ethanol effect
was negligible during the reduction reaction as the residual ethanol
in the liquid samples might be below the inhibition limits.

3.5. Comparison of the CCGLB system to other biotransformation
systems

A preliminary study of geraniol reduction by S. cerevisiae was
conducted in liquid phase system. The reactions were carried out
with different initial concentrations of geraniol from 1 to 20 g/L.
From these experiments, it was found that the higher substrate
concentration resulted in the higher product formation and conse-
quently an increase in the initial rate of reaction (data not shown).
This system gave the maximum initial rate and specific activity of
1.28 x 104 g/min gee and 0.82 U/g.q, respectively. As shown in
Fig. 5, the cell concentration profiles give no significant effect to
both systems, which indicates that there was no cell death within
the reaction medium. However, it appears that the CCGLB system
gives convincing results as the system achieved a 1.3-fold increase
in the citronellol production over the shake-flask performance. Fur-
thermore, the product continuously accumulates at the end of the
reaction without any level-off behaviour compared to that of the
liquid phase system. It can be considered that the transport of either
geraniol into the cells and/or the citronellol out of the cells may be a
factor that limits the biotransformation rate in the liquid phase sys-
tem. The accumulation of those compounds inside the cells could
block the active sites of the responsible enzymes. This hypothesis
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able 2
omparison of citronellol production in the CCGLB with other biotransformation
ystems.

Biotransformation system Total product Cell activity
formation (g/L) (U/geen)

Direct contact (shake-flask)? 0.46 0.82

Two-phase bioreactor [6] N.A 0.05

Two-phase bioreactor 7] N.A 0.30

Membrane bioreactor [G] N.A 0.28

CCGLB 2.38 7.87

LA, not available.
3 Preliminary study.

s supported by the article reported by Bishop and co-workers that
aker’s yeast possibly can retain essential oil in the cell cytoplasm
34]. From this result, it can be concluded that the CCGLB system
pparently eliminates the mass transfer limitation. As a compar-
son, Table 2 summarizes the results from the literature using a
imilar type of reaction system. The values apparently show that
‘CGLB provides higher productivity compared to that of the two-
hase and membrane-based systems. Problems associated in the
wo-phase system such as emulsion and substrate/product inhibi-
ion [8] were completely resolved in the CCGLB. The reason may
e attributed to better diffusion in the gas phase, thus eliminating
nass transfer limitation within the cells. Furthermore, the increase
n activity may be due to the increase in the solubility of the sub-
trate in gaseous form, therefore making it readily available to the
ells for biotransformation [25,35].

. Conclusions

This present work is a comprehensive study on the reaction
arameters influencing the biotransformation of geraniol in the
"CGLB system. The results show that this system could be applied
n the biotransformation of monoterpenoids and might also be
1sed with other volatile organic compounds. The productivity of
itronellol was highly dependent on the agitation and substrate
low rates. It was also found that flow rate had the most prominent
ffect on the system, as increasing the flow rate gave a positive
mpact to the overall productivity. Product accumulation in the
yroduct reservoir appeared as a clear organic solution without any
olid biocatalyst which eliminates the downstream processes such
s centrifugation and filtration. This makes the CCGLB the best
hoice if compared to other systems. It is believed that the data
s important for a better comprehension of bioreduction since such
nformation allows better control of the reduction reaction in a
"CGLB.

\cknowledgements

The authors would like to thank USM for providing the
hort-Term  Grants (PJKIMIA/6035215) and subsequently
PJKIMIA/6035281) to carry out the research work. Financial sup-
yort from the grants for A.A. Arifin persuing her MSc. Studentship
s greatly acknowledged.

zeferences

[1] J.A.Miller, V. Nagarajan, The impact of biotechnology on the chemical industry
in the 21st century , Trends Biotechnol. 18 (2000) 190-191.

[2] M. Canovas, V. Bernal, M. Gonzélez, H.P. Kleber, J.L. Iborra, Factors affecting
the biotransformation of trimethylammonium compounds into L-carnitine by
Escherichia coli , Biochem. Eng. J. 26 (2005) 145-154.

[3] W. Liu, P. Wang, Cofactor regeneration for sustainable enzymatic biosynthesis
, Biotechnol. Adv. 25 (2007) 369-384.

[4] Y. Kawai, Y. Inaba, N. Tokitoh, Asymmetric reduction of nitroalkenes with
baker's yeast , Tetrahedron: Asymmetr. 12 (2001) 309-318.

[5] P.M. Albuquerque, M.A. Witt, B.U. Stambuk, M.D.G. Nascimento, Influence of
sugars on enantioselective reduction using Saccharomyces cerevisiae in organic
solvent, Process Biochem. 42 (2007) 141-147.

[6] C.C.CR. de Carvalho, M.M.R. da Fonseca, Biotransformation of terpenes ,
Biotechnol. Adv. 24 (2006) 134-142.

[7] G.K.Khor, M.H. Uzir, Saccharomyces cerevisiae: a potential stereospecific reduc-
tion tool for biotransformation of mono- and sesquiterpenoids, Yeast 28 (2011)
93-107.

[8] S.D. Doig, A.T. Boam, D.I. Leak, A.G. Livingston, D.C. Stuckey, Optimisation of
the kinetics of the stereoselective reduction of geraniol to citronellol in a two
liquid phase system , Biocatal. Biotransform. 16 (1998) 27-44.

[9] R. Valadez-Blanco, F.C. Ferreira, R.F. Jorge, A.G. Livingston, A membrane biore-
actor for biotransformations of hydrophobic molecules using organic solvent
nanofiltration (OSN) membranes, J. Membr, Sci. 317 (2008) 50-64.

[10] S.D.Doig, A.T.Boam, D.1. Leak, A.G. Livingston, D.C. Stuckey, A membrane biore-
actor for biotransformations of hydrophobic molecules , Biotechnol. Bioeng. 58
(1998) 587-594.

[11] G.H. Steinig, A.G. Livingston, D.C. Stuckey, Bioconversion of hydrophobic com-
pounds in a continuous closed-gas-loop bioreactor: feasibility assessment and
epoxide production , Biotechnol. Bioeng. 70 (2000) 553-563.

[12] M. Bailey, A note on the use of dinitrosalicyclic acid for determining the prod-
ucts of enzymatic reactions , Appl. Microbiol. Biotechnol. 29 (1998) 494-496.

[13] G.Najafpour, H. Younesi, K.I. Ku Syahidah, Ethanol fermentation in an immobi-
lized cell reactor using Saccharomyces cerevisiae , Bioresour, Technol. 92 (2004)
251-260.

[14] P.M. Doran, Bioprocess Engineering Principles , Academic press, London, 1995.

[15] J. Chen, K.P. Wang, J.Y. Houng, C.H. Liao, Sequential design of pH profiles
for asymmetric bioreduction of ethyl 4-chloro-3-oxobutyrate using a new
experimental design method , Enzyme Microb. Technol. 38 (2006) 689-
696.

[16] R.D.S. Pereira, Baker's yeast: some biochemical aspects and their influences in
biotransformations , Appl. Microbiol. Biotechnol. 55 (1995) 123-132.

[17] 1. Saito, H. Honda, T. Kawabe, F. Mukumoto, M. Shimizu, T. Kobayashi, Com-
parison of biotin production by recombinant Sphingomonas sp. under various
agitation conditions , Biochem. Eng. J. 5 (2000) 129-136.

(18] C. Bandaiphet, P. Prasertsan, Effect of aeration and agitation rates and scale-
up on oxygen transfer coefficient, kLa in exopolysaccharide production from
Enterobacter cloacae WD7 , Carbohydr. Polym. 66 (2006) 216-228.

[19] P. Kaufman, P. Kubera, P. Tom, Fermentation: critical process phenomena and
new technology developments that affect yield and productivity , Pharmceuti-
cal Eng. 17 (1997) 1-6.

[20] Q. Zhang, C.M. Lo, L.K. Ju, Factors affecting foaming behavior in cellulase fer-
mentation by Trichoderma reesei Rut C-30 , Bioresour. Technol. 98 (2007) 753-
760.

[21] F.Vardar-Sukan, Foaming: consequences, prevention and destruction, Biotech-
nol. Adv. 16 (1998) 913-948.

[22] F. Garcia-Ochoa, E. Gomez, Bioreactor scale-up and oxygen transfer rate in
microbial processes: an overview , Biotechnol. Adv. 27 (2009) 153-176.

[23] G.D. Najafpour, Gas and liquid system (aeration and agitation) , Biochem. Eng.
Biotechnol. (2007) 22-68 (Amsterdam: Elsevier).

[24] P. Marchand, E. Rosenfeld, B. Erable, T. Maugard, S. Lamare, 1. Goubet, Coupled
oxidation-reduction of butanol-hexanal by resting Rhodococcus erythropolis
NCIMB 13064 cells in liquid and gas phases , Enzyme Microb. Technol. 43 (2008)
423-430.

[25] 1.Goubet, T.Maugard,S. Lamare, M.D. Legoy, Role of water activity and tempera-
ture on activity and stability of dried whole cells of Saccharomyces cerevisiae in a
continuous solid-gas bioreactor , Enzyme Microb. Technol. 31 (2002) 425-430.

[26] B. Erable, T. Maugard, 1. Goubet, S. Lamare, M.D. Legoy, Biotransformation of
halogenated compounds by lipophilized cells of Rhodococcus erytropolis in a
continuous solid-gas biofilter , Process Biochem. 40 (2005) 45-51.

[27] M.Pescheck, M.A. Mirata, B. Brauer, U. Krings, R.G. Berger, J. Schrader, Improved
monoterpene biotransformation with Penicillium sp. by use of a closed gas loop
bioreactor, J. Ind. Microb. Biotechnol. 36 (2009) 827-836.

[28] X. Meitian, Y. Jing, Z. Yawu, H. Yayan, Reactions characteristics of asymmetric
synthesis of (25,55)-2,5-hexanediol catalyzed with baker's yeast number 6 ,
Chin. J. Chem. Eng. 17 (2009) 493-499.

[29] C.Roberge,A.King, V.Pecore, R. Greasham, M. Chartrain, Asymmetric bioreduc-
tion of a keto ester to its corresponding (S)-hydroxy ester by Microbacterium
sp. MB 5614, ]. Ferment. Bioeng. 81 (1996) 530-533.

[30] J.Y. He, L.M. Zhou, P. Wang, L. Zu, Microbial reduction of ethyl acetoacetate
to ethyl (R)-3-hydroxybutyrate in an ionic liquid containing system , Process
Biochem. 44 (2009) 316-321.

[31] C.D.F.Milagre, H.M.S. Milagre, P.J.S. Moran, J.A.R. Rodrigues, Screening and reac-
tion engineering for the bioreduction of ethyl benzoylacetate and its analogues
,J. Mol. Catal. B: Enzym. 56 (2009) 55-60.

[32] C.Cheng,].H. Ma, Glucose metabolism and bioreduction of 2-butanone by Can-
dida utilis studied by means of ion-exchange chromatography , J. Chromatogr.
A.763(1997) 205-211.

[33] M.T. Xiao, Y.Y. Huang, J. Ye, Y.H. Guo, Study on the kinetic characteristics of
the asymmetric production of R-(—)-mandelic acid with immobilized Saccha-
romyces cerevisiae FD11b , Biochem. Eng. J. 39 (2008) 311-318.

[34] J.R.P. Bishop, G. Nelson, J. Lamb, Microencapsulation in yeast cells , ]. Microen-
capsul. 15(1998) 761-773.

[35] S.Lamare, M.D. Legoy, Biocatalysis in the gas phase, TibTech 11(1993)412-418.



FINAL STATEMENT



Purchase O

hase Requisition b
UserCode: ANIZA / USMKCTLIVE / PJKIMIA

Current Date : 07/08/2012 5:06:31 PM

> Supp
Program Code: Votebook9100

Version: 15.03, Last Updated at 30/07/2012

Wildcard : eg. Like 160%, Like 10%1, Like %1

b Financials b Coda Info b Reports > Agmin

Current Program : Votebook (Header)

DB: 13.00, 9/18/2010 VB: 13.01, 3/14/2011 Switch Language : Englisk /Mailay

Element 1: 304 Element2: %
Element 5: Year:
Detalt Bxcsl ng:et gz:izg Account Description Budget Account Code Rolt over Budget  Cash Recaived Advanced Comimnit Actual Available Parcentage
Detall Excel 188 i1y Projek Jangka Pendek 304.111.0.PIKIMIA.6035281 5,723.54 0.00 0.00 0.00 0.00 0.00 5,723.54 0.00%
188 T SubTotal 5,723.54 0.00 0.00 0.00 0.00 0.00 5,723.54 0.00%
Detaii Excel 189 i Projek Jangka Pendek 304.221.0.PIKIMIA.6035281 -447.85 0.00 0.00 0.00 0.00 0.00 -447.85 0.00%
Detaii £xcel 189 o Projek Jangka Pendek 304.223.0.PIKIMIA.6035281 300.00 0.00 0.00 0.00 0.00 0.00 300.00 0.00%
Detali Excel 189 T Projek Jangka Pendek 304.224.0.PIKIMIA.6035281 500.00 0.00 0.00 0.00 0.00 0.00 500.00 0.00%
Detaii Excel 189 T Projek Jangka Pendek 304.227.0.PIKIMIA.6035281 -15,680.92 0.00 0.00 0.00 0.00 0.00 -15,680.92 0.00%
Detail Fxcel 189 b} Projek Jangka Pendek 304.229.0.PJKIMIA.6035281 -1,143.00 0.00 0.00 0.00 0.00 0.00 -1,143.00 0.00%
189 i SubTotal -16,471.77 0.00 0.00 0.00 0.00 0.00 -16,471.77 0.00%
Detai Excel 190 T Projek Jangka Pendek 304.335.0.PIKIMIA.6035281 10,900.00 0.00 0.00 0.00 0.00 0.00 10,900.00 0.00%
190 T SubTotal 10,900.00 0.00 0.00 0.00 0.00 0.00 10,900.00 0.00%
9999 GrandTotal 151.77 0.00 0.00 0.00 0.00 0.00 151.77 0.00%
Wil lathaclhitaaisr B Ticasn wirlanpnoiarcmaant FatMTataRhanl-O1NRO0A. T TRT' acie 7/2/5°N19D



.trﬂfr,ﬂ ﬁ;-'
AR

T '|..-_."-'._

B Lo

L] n - n
et

. i
. : '_:' : i UL ..‘!' YRR A il \l. L
[ R{I l_.t1ti|r Itp-':q o et I_.- =it .a._..t: -,_; i . r{ e

Faa ik |.'

il
|:'.

ik

R A= W
L-‘E-I e 'l"‘”‘ihﬂa
|.“‘1:L_r_ ..

s R
Ll g .”I.di-:.s__l

ﬂr Frim e
: E{ *““'\ *IF' ﬂi"
=l Iy § 1 A
.“- B s -_ %ﬁ??ﬁn
P i '. l-l «m.lzr '..,.rﬂ'n. ppl h!‘ &
ey ,ﬁ‘,l': .-.'-?.:__: |:'I ,&,-I o I= F= i 1@“‘5 "Iﬁ i # -'!..# .
j..‘ F.'I' _4_{.':;{1.1

2 A [ ‘j'_:ll."- 3
e e s .3.!"1113"-&?. i i
S ,‘r. L alinm
5

"‘.'I,'lf'-'f'- "r_.;-'|' )

] J “.Jn!_ | L J,I I 8

U= bl o |i.-'.-‘- RN L ORRE R R

SR Y e iiag

¢ :1,._.}_“ | : ,.._1;\;".' i f .‘-J‘{'_{..' f‘ 1.1 ",»‘ "I‘a:l 'ﬂ A [-h 5'1" ;N‘!—-L\. #f&iﬁlﬁ

- ¢ Ly L g ey R i_ 3 i g ".|- :.'_'lll 'II.|.I.-"'|' ""'1 | |1 Ak I‘l_ 3 _EE -rJ
."_ﬁ

--.I . i - . ol & ¥ L i
AR RS S B o TR R U TR S BRE SNy e e X L
. G T Se S R B PBL ol e {9 S o RO _,;l-.
RN St LSRR TR - L B et (b B e atd v':-:-‘;-- _"-1'= --..'--:-'-',-*4--1.-- -|| Wl' i
.

_ . LT )
e O LN = it -'-. oLl sl B (FRTI | ; kR e q_‘ hu' _"III"
-"!<-|_9-" -.._,.-rl A A _‘--’n‘elk. it ']'-I "—C_' w-" gl i -‘ -\r ||1 X f ;-} I"'-'l 'r'r’ *- lil?]r'tij' o,

'—1

(i = : N ;- 4 1 i i "'" = Iy
il i i AT o ihvhwr SEAED Y
o —— 74_{ »r 5 =N » i I\__.-.1- ." __t-,' rr- R N

; hredi R t' T
feiar r-l u:* >*-'ll-—h i »=,+fﬁfn+r Lo -':Hfi -lﬁ;ﬁ#hﬂ-.
I bty £ sl B e

(it

| =




