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Abstract: In this work a two-enzyme system catalyzing two consecutive reactions, namely, (i) Candida rugosa lipase 

type VII hydrolyzed the cooking palm oil producing fatty acids and (ii) soybean lipoxygenase-1 (type I-B) (SLO) in 

modified Nafion membrane carbon electrode oxidized the fatty acids to generate cathodic current. The hydrolysis was 

optimum at pH 7.5, temperature 37 °C, incubation time 60 min and the respective weights of enzyme and substrate 0.1 

and 2 g. Cyclic voltammograms at the optimized conditions showed that the introduction of lipase to the substrate of oil 

emulsion has increased the cathodic current density. Parameters such as potassium phosphate buffer (pH 7) and SLO (0.4 

mg mL-1) were also crucial for a higher current density. The dodecyl trimethyl ammonium bromide, used to modify the 

Nafion membrane, was found to be the most suitable salt for the immobilization of the lipoxygenase enzyme. The results 

indicate that this could provide the basis for the construction of a bio-cathode in the bio-fuel cell. 
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INTRODUCTION 

During hydrolysis of natural oil and fat, its main 
ingredient triglyceride is stepwisely converted into 
diacylglycerol, monoacylglycerol and glycerol with fatty 
acid liberated at each step [1]. This hydrolysis, if it is 
catalyzed chemically, always require, high pressure and 
temperature which may then affect the properties of fatty 
acids in the triacylglycerol mixtures and may also end up 
producing undesirable compounds such as ketones and 
hydrocarbons [2]. The whole process is rather laborious 
when compared to the hydrolysis done using enzymes which 
can be carried out at room temperature and atmospheric 
pressure [3]. 

Lipases (EC 3.1.1.3) are a class of hydrolases that are 
primarily responsible for the hydrolysis of acyl glycerides 
[4]. Lipase is known to possess unique feature of acting at 
the aqueous and non – aqueous interfaces [5]. To date, the 
lipase from yeast Candida rugosa is the most often used 
enzyme than any other biocatalyst. This is due to its high 
activity in hydrolysis, synthesis, catalytic reactions, and 
broad specificities in various other applications [6]. 

Due to its specificity to a substrate, high catalytic 
activity, functioning at moderate temperatures and 
renewability, an enzyme is indeed very attractive to be 
utilized in the design of biofuel cells [7-9]. One of the 
enzymes of interest is lipoxygenase (E.C.1.13.11.12), a 
mononuclear non-heme iron dioxygenase enzyme found in 
both plants and animals [10]. It catalyses the incorporated 
oxygen into a (1Z, 4Z)-pentadiene system of polyunsaturated  
 

 

*Address correspondence to this author at the Pusat Pengajian Sains Kimia, 

Universiti Sains Malaysia, 11800 USM Pulau Pinang, Malaysia;  

Tel: +6 04 653 4030; Fax: +6 04 657 8454; E-mail: sag@usm.my 

fatty acids to form hydroperoxy-fatty acids [11]. The biofuel 
cell using lipoxygenase in catalyzing the oxidation of the 
fatty acid components of soybean oil has been reported [12]. 
The lipoxygenase-based biofuel cell has been found to be 
better than many of the alcohol and sugar-based biofuel 
cells. 

This study reports on a bi-enzyme system catalyzing two 
consecutive reactions, consisting of the lipase-catalyzed 
hydrolysis of cooking palm oil (under the optimum 
conditions) and the subsequent lipoxygenation of liberated 
fatty acids using lipoxygenase immobilized in ammonium 
modified Nafion membrane on carbon electrode. Cyclic 
voltammetry was the main technique used to characterize the 
mechanism. 

MATERIALS AND METHODS 

Chemicals 

Cooking palm oil was obtained from local stores. 
Candida rugosa lipase type VII and soybean lipoxygenase-1 
(type I-B) (SLO) were purchased from Sigma-Aldrich 
(Japan). Other chemicals were of analytical grade and 
purchased from various sources. All solutions were freshly 
prepared using ultrapure water (18.6 M  cm) from Milli-Q 
plus of Millipore Corp. (USA). 

Instrumentation 

Voltammetric experiments were carried out with 
electrochemical workstation Epsilon 2 of Bioanalytical 
System (BAS) (USA). A three electrode system was 
employed, with a platinum wire as counter electrode and 
pseudo Ag/AgCl as the reference electrode. Voltammetric 
responses of 25 mL oil emulsion in potassium phosphate 
buffer (pH 7) were recorded at an applied potential of 500 to 
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1000 mV (vs. Ag/AgCl). The pH of solution was obtained 
using pH/ISE meter 720A from Orion (USA). 

Enzymatic Study  

Assay of Lipase Activity 

The assay was adopted from Arima et al., [13] (One unit 
of lipase activity was defined as the amount of enzyme that 
librated 1 umole of free fatty acid per minute under test 
conditions). An oil emulsion was prepared as follows: 2 g 
polyvinyl alcohol (PVA) in 100 mL boiled water and then 
filtered. The PVA solution (75 mL) and oil (25 mL) were 
then blended in a homogenizer. An aliquot of the emulsion 
(5 mL) was added to 4 mL of phosphate buffer (pH 7.5) 
containing 0.1 g of lipase, and was then incubated in a water 
bath for 30 min at 37 ºC. The hydrolysis was terminated  
by adding 20 mL of acetone-ethanol mixture (1:1 V/V).  
The free fatty acids in the mixture were then estimated  
by direct titration with 0.1 M NaOH in the presence of 
phenolphthalene as an indicator. The blank assay mixture 
was incubated without the added enzyme. 

Effect of pH, Temperature and Time 

The effects of pH and temperature on the activity of 
lipase were studied over the pH range 5.5 – 9.5 using 
phosphate buffers and incubation at temperatures between 20 
to 50 ºC for 30 min. The effect of time on lipase activity was 

determined at the optimum temperature and pH by varying 
the time of incubation between 1 to 5 h. 

Effect of Substrate and Enzyme Weights on Lipase Activity 

Cooking palm oil was hydrolyzed using the same 
concentration of enzyme with incubation at 37 

o
C for 30 min. 

Lipase activity for the substrate was measured as described 
above. The dependence of lipase activity on the substrate 
concentration was determined using 0.5, 1, 2, 4, 6 and 8 g of 
cooking palm oil. To study the effect of enzyme concentration 
on the activity of lipase, up to 0.25 g of Candida rugosa 
lipases were used in the assay mixture containing cooking 
palm oil. 

Voltammetry Study  

Preparation of Lipoxygenase Electrode 

A 1 cm  of carbon sheet of Advent Research Material 
(UK) was first sonicated in methanol for several hours. 
Then, it was allowed to dry prior to modification. The 
lipoxygenase enzyme solution was prepared by adding 2 mg 
of enzyme to 5 mL of phosphate buffer (pH 7). Casting 
solutions for making the mixture-cast membranes of Nafion 
and quaternary ammonium bromides were prepared as 
described elsewhere [14]. Enzyme and Nafion casting 
solutions, with a ratio of 1:1 were vortexed prior to coating 
on the electrode. The mixture was pipetted on the surface of 

a  

b  

Fig. (1). (a) The effect of different concentration of substrate on the activity of lipase from Candida rugosa. (b) The effect of different 

concentration of enzyme on the activity of lipase from Candida rugosa. 
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electrode and allowed to dry in a low humidity environment 
before any electrical measurement was made. 

Preparation of Emulsion  

An oil emulsion was prepared by mixing cooking palm 
oil (2 g ) and 25 ml phosphate buffer (0.044 M KH2PO4, 
0.044 M NaOH and 0.15 M NaCl ) (pH 7) containing 0.1 g 
lipase. The oil and aqueous phases were mixed and 
homogenized at room temperature for 30 min and then 
incubated at 37 ºC for 60 min.  

RESULTS AND DISCUSSION 

Lipase Activity 

Effect of Oil and Enzyme Loading 

Fig. (1a) shows the effect of different substrate amounts 
on the activity of the Candida rugosa lipase. The enzyme 
activity was increased gradually as the oil amount increased 
from 0.5 to 2 g which may be due to the increase in substrate 
concentration and the interfacial area. At higher weights 
(exceeding more than 2 g), there was a drop in the lipase 
which could be due to the active sites of lipase being saturated 
by the oil phase. This clearly indicates the limitation of lipase.  

The plot of varying amounts of enzyme against a 
constant weight of substrate is shown in Fig. (1b). A steady 
increase in the activity of enzyme at weights up to 0.1 g, 

with a very high rate of activity at enzyme weights between 
0.05 and 0.1 g, was observed which then starts to plateau 
between 0.1 – 0.25 g. This may be due to the enzyme 
saturation of interface area between the oil and aqueous 
phase [15]. The result shows that the hydrolysis of 2 g of oil 
could be achieved at the enzyme weight of 0.1 g. 

Effect of pH and Temperature  

The operating pH of the medium is critical to an 

enzyme’s activity and selectivity. A report by Hernaiz et al., 
[16]

 
on the stability of Candida rugosa lipase at various pH 

shows that the activity changes in relation to the 

conformation of the lipase protein. The “lid” may open or 
block the catalytic center for substrate binding [17]. This 

study demonstrates that the optimum pH for Candida rugosa 

lipase is pH 7.5 (Fig. (2a)). This shows that the enzyme 
performs well in a moderate alkaline medium but not in a 

very acidic or very alkaline medium.  

A rise in temperature will increase the reaction rate of 
many hydrolysis. But at a higher reaction temperature, the 
enzyme tertiary structure may also be disrupted causing 
denaturation [18]. This phenomenon is illustrated in Fig. 
(2b). Although the enzyme activity declined at temperatures 
beyond 37 ºC, substantial activity was observed even at 50 ºC, 
indicating the thermostability of the enzyme. Therefore, 
37

o
C was selected as the optimum temperature. 

a  

b  

Fig. (2). (a) The effect of pH on the activity of lipase from Candida rugosa. (b) The effect of temperature on the activity of lipase from 

Candida rugosa. 
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Effect of Incubation Time 

The effect of incubation period on the activity of 
Candida rugosa lipase is studied (result not shown). The 
optimal activity was found to be 60 min of incubation. This 
agrees well with a report on this enzyme [19]. However, the 
activity decreases with time which might be due to the 
conversion of oil to the fatty acid at the interface of the oil-
aqueous solution, limiting the hydrolysis to occur on surface. 
Thus, the highest conversion occurs after the hydrolysis 
reaction has been completed in 60 min incubation.  

Mechanism of Lipoxygenation of Fatty Acids 

The two-enzyme catalysis in this work involves the 
coupling of (i) lipase-hydrolyzed cooking palm oil and (ii) 

lipoxygenation of the liberated fatty acid. The non-heme iron 
that is present in the lipoxygenase enzyme can be in two 
oxidation states: Fe (II) and Fe (III). This mediates the 
electron transfer reactions to form lipid peroxide [20]. Fig. 
(3) shows that once the enzyme is in the Fe (III) state, E-
Fe

3+
, it catalyzes a stereospecific abstraction of an H atom 

from a bis-allylic carbon atom onto the fatty acid side chain 
to form the potentially highly reactive alkyl radical (L

.
) 

which remains bound to the protein. In this step the iron in 
the enzyme is reduced from the Fe (III) to the Fe (II). 
Oxygen then reacts with the alkyl radical to form the peroxyl 
radical (LOO

.
) which is subsequently reduced by iron to 

form the peroxyl anion (LOO
-
). Subsequently, this is released 

as a lipid hydroperoxide (LOOH) [21] after protonation.  
The hydroperoxy-fatty acids produced are detectable by the 
voltammetry technique. 

Cyclic Voltammetry Measurements 

Study of Lipase Dependence 

Several isozymes of lipoxygenase exist, each often 
varying in the substrate specificity. Some of these isozymes 
have been reported [22] to act on acyl moieties in triglycerides 
as well as on free polyunsaturated fatty acids at room 
temperature. This means that cooking palm oil substrate 
emulsion contains some sites that are susceptible to attack by 
lipoxygenase in the absence of any added lipase. Fig. (4) 
shows that by introducing lipase to the substrate emulsion, 
the cathodic current density increases. The hydrolysis of 
ester bond of triacylglycerol facilitates the electron transfer 
reaction between lipoxygenase and the free fatty acids. 

The lipoxygenase catalyzes the conversion of the product 
of the first enzymatic reaction, i.e. lipolysis. Fig. (5) indicates 

Fig. (3). Schematic mechanism of the oxygenation of lipids by 

lipoxygenase. 

 

Fig. (4). The cyclic voltammograms of lipoxygenase-modified carbon electrode in the (i) absence and (ii) presence of lipase, scan rate  
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that the highest current density is obtained at 0.1 g lipase 
which agrees well with the optimization of enzyme 
concentration of the lipase activity. It shows that the lipase 
produces free fatty acids that are utilized by lipoxygenase, 
which leads to an increase in performance of the latter. 
Therefore, the optimal amount of lipase used ensures a good 
balance between the levels of hydrolysis and oxidation of the 
lipids.  

Effect of Type of Buffer and pH 

The enzyme activity depends on the types of salt used for 
buffering the system, which would then affect the current 
density produced. The effect of three different phosphate 
buffers i.e. (i) phosphate buffer saline (PBS) (0.044 M 
NaH2PO4, 0.044 M NaOH and 0.15M NaCl) (ii) potassium 
phosphate buffer and (iii) sodium phosphate buffer (0.2 M 
NaH2PO4, 0.2 M Na2HPO4) has been studied. Potassium 
phosphate buffer produces the highest current density (result 
not shown). However, sodium phosphate buffer produces the 
smallest current density. This is probably due to a small 
inhibitory effect of the sodium phosphate. Thus potassium 
phosphate buffer was chosen to further study the influence of 
different pH. 

As ionization of the substrate, as well as the 

lipoxygenase, would be affected by the pH of the reaction 

mixture, the influence of the pH buffer system on the peak 

current height is then examined. Fig. (6) depicts that pH 7 

gives the maximum current density over various pH between 
pH 5 - 9. The lipoxygenase showed a relatively broad pH-

activity profile. A substantial activity could be observed 

even at pH 9.0. This indicates that the low activity of the 
lipoxygenase at alkaline pH was not due to the inactivity of 

the enzyme, but rather due to the changes in the physical 

state of the substrate in the solution.  

Effect of Lipoxygenase Concentration  

 The concentration of immobilized lipoxygenase on the 

substrate electrode was also studied. In order to determine 
the best operating condition, the concentration of lipoxy- 

genase was varied. The investigation shows that 0.4 mg  

mL
-l
 of SLO is required to get the optimum current density 

(Fig. 7). An enzyme content exceeding 0.4 mg mL
-1 

tends to 

decrease the current density. Thus, the amount of enzyme 

loaded on the substrate electrode is crucial.  

Optimization of the Nafion Membrane 

The cast films of quaternary ammonium salts and Nafion 
may have increased the mass transport of small analytes and 
decreased the selectivity of the membrane against anion  
[23]. Therefore, an investigation on the effect of various 

Fig. (5). The effect of different weight of lipase on the log current density. 

Fig. (6). Log current density of lipoxygenase modified carbon electrode at various pH. 
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quaternary ammonium bromide salts used in the modification 
of Nafion membrane in the immobilization was done. It was 
found that the maximum current density was obtained when 
dodecyl trimethyl ammonium bromide was used in the 
modification of the Nafion membrane (Table 1). This is 
probably due to the existence of the large pore structure 
within the membrane left by the dissolved dodecyl trimethyl 
ammonium bromide, which then permits a large mass 
transport of the free fatty acids through the membrane to the 
active sites in enzyme. 

Table 1.  The Current Density of Different Ammonium Salts 

Quaternary  

Ammonium Bromide Salts 

Log Current Density (mA cm
-2

) 
a
 

Dodecyl trimethyl 0.63 ± 0.06 

Octyl trimethyl 0.53± 0.03 

Octadecyl trimethyl 0.22± 0.08 

Hexyl trimethyl 0.41 ± 0.01 

a Measurements were done in triplicate (n = 3) 

CONCLUSION 

In this work, the optimum conditions for the hydrolysis 
of cooking palm oil using Candida rugosa lipase have been 
studied. The released fatty acid was used as a substrate for 
lipoxygenase and the current generated was studied by cyclic 
voltammetry. The results show that the addition of lipase to 
the substrate emulsion has increased the current density due 
to the provision of free fatty acids for lipoxygenase. An 
increase in the current density is also obtained if the enzyme 
is immobilized on the dodecyl trimethyl ammonium bromide 
modified Nafion membrane. The present results are expected 
to be useful for the construction of a biofuel cell. 
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