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Abstract: The demand for synthetic flavor ester is high, especially in the food, beverage, and cosmetic
and pharmaceutical industries. It is derived from the reaction between a short-chain fatty acid
and alcohol. Lipases from Antarctic bacteria have gained huge interest in the industry due to its
ability react at low temperatures. The use of immobilization enzymes is one of the methods that can
improve the stability of the enzyme. The current work encompasses the low temperature enzymatic
synthesis of ethyl hexanoate by direct esterification of ethanol with hexanoic acid in a toluene
and solvent-free system. The effects of various reaction parameters such as the organic solvent,
temperature, time, substrate, substrate ratio and concentration, enzyme concentration on ethyl
hexanoate synthesis were tested. Several matrices were used for immobilization and comparisons
of the efficiency of immobilized enzyme with free enzyme in the synthesis of flavor ester were
conducted. Ester production was optimally synthesized at 20 ◦C in both systems—immobilized
and free enzyme. A 69% ester conversion rate was achieved after a two-hour incubation in toluene,
compared to 47% in a solvent-free system for free enzyme. Immobilized AMS8 lipase showed a
higher conversion of ester in toluene with respect to free-solvents, from 80% to 59%, respectively.
Immobilized enzymes showed enhancement to the stability of the enzyme in the presence of the
organic solvent. The development of AMS8 lipase as an immobilized biocatalyst demonstrates great
potential as a cost-effective enzyme for biocatalysis and biotransformation in the food industry.

Keywords: cold adapted lipase; immobilization; esterification

1. Introduction

Flavor esters are short chain esters that are widely distributed in nature. These compounds are
also known as carboxylic acid esters, which are largely used in the food, beverage, cosmetic and
pharmaceutical industries. Flavor esters are fine organic compounds that form a part of the natural
aromas in fruits and flowers [1]. In addition, low molecular weight flavor esters are the most important
and versatile components of flavors and fragrances [2]. Currently, there is an increasing commercial
demand for natural flavors. These compounds are typically isolated from natural sources such
as plants, fruits, and flowers or are produced by chemical synthesis. However, the commercial
use of natural extracts is hindered by limited supply and high production costs [3]. In addition,
flavors produced by chemical synthesis cause negative side effects due to the use of dangerous
chemicals instead of flammable and highly toxic hazardous chemicals [4]. Recently, the enzymatic
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production of flavor esters has received increasing attention because of the inherent catalytic selectivity
of enzymes, enhanced product purity and mild reaction conditions [5].

Lipases catalyze the hydrolysis of triacylglycerol into free fatty acids and glycerol. These enzymes
can catalyze many types of reactions such as hydrolysis, esterification and transesterification.
Lipases are uniquely able to function at the interface between an aqueous and a nonaqueous phase.
Moreover, lipases have been used to synthesize esters of short chain carboxylic acids and alcohols in
the food industry [2]. The production of flavor ester by lipases is well-known. However, until recently,
almost all of these reactions were performed by commercial lipases, as well as mesophilic lipases such
as Candida rugosa, Candida antarctica and Mucor miehei, whereas the synthesis of esters by psychrophilic
lipases has rarely been studied [6]. Lipases or the other enzymes used in industry facing many
problems generally with regard to stability and productivity [7].

Isolated enzymes in biocatalytic processes lack long-term stability under operational condition
and limit reusability cycles [8]. Lipases are not used as much as other enzymes in industrial
applications because of their high cost of production and their relatively unstable nature. Due to
these reasons, immobilization methods have been developed [9]. Immobilization is one of the useful
techniques to improve the application of enzymes in the industry [10]. The advantages of using
immobilized enzyme systems compared to free enzyme systems are their reusability, lower cost,
easily controlled product formation, rapid termination rate, and ease in separating from reactants
and product [9]. The effectiveness of an immobilization process depends much depends on the
support used. Comparative studies indicated that dramatic differences existed in the activity of lipases
supported on different materials [11]. The cold-active AMS8 lipase is secreted by a psychrophilic
microorganism, Pseudomonas sp. strain AMS8. This strain was isolated from Antarctic soil, and the
AMS8 gene has been cloned and expressed in Escherichia coli [12]. The cold-active lipase AMS8 exhibits
unique properties such as a faster reaction time in comparison to mesophilic and thermophilic enzymes,
as well as increased flexibility, stability and low activation energy at low temperatures. In addition,
this enzyme demonstrates high specific activity, as well as high catalytic activity between 0 ◦C to
20 ◦C. Thus, the aim of this study was to investigate the capacity of the novel psychrophilic lipase,
cold-active AMS8 lipase, to synthesize ethyl hexanoate by direct esterification and to compare the
ability of immobilize and free enzyme in the ester conversion.

2. Results

2.1. Effect of Organic Solvents on the Esterification Reaction

Other than lipase used as a biocatalyst in the synthesis of flavour ester, organic solvent is also
needed in enhancing the reaction organic solvents often to catalyze reverse reactions where water
should be minimal [13]. The effect of organic solvents was studied in order to obtain the esters of good
quality and high percentage of yield. The favoured organic solvent is depending on the polarity of the
enzyme. The production of ethyl hexanoate by AMS8 lipase was studied in the presence and absence
of various organic solvents. Figure 1 shows that the maximum yield for ester conversion obtained in
the presence of toluene was 62%. This value is higher than that obtained in the absence of any organic
solvents (35%). Thus, the conversion percentage was improved in the presence of toluene, compared to
a solvent-free system. The use of hydrophobic solvents such as toluene, hexane and heptane preserve
catalytic activity without disturbing the micro-aqueous layer of enzyme [5]. The presence of solvent
can shift the equilibrium towards the synthesis of esters, most likely due to the total transfer of the
esters into the organic phase [14]. In addition, the use of organic solvents provides high enzyme
thermostability. Enzymes have been reported to be stable and flexible within organic solvents but tend
to exhibit low specific activity [15].

In contrast with polar organic solvent, it has been reported that polar solvent can distort the
water layer around the enzyme which make the enzyme less stable and lead to deactivation of the
enzyme [16]. AMS8 lipase showed the maximum ester conversion was only at 36% in 1-butanol, a polar
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organic solvent which was 1-butanol. A polar organic solvent was reported make low conversion of
ester for R. miehei lipase similarly with AMS8 lipase [17]. In such a medium, the solvent may alter the
native conformation of the enzyme by disrupting hydrogen bonding and hydrophobic interaction,
thereby leading to very low alcoholysis rate [18]. Normally, the ester synthesis by the esterification,
transesterification or interesterification required a suitable mixture of the nonpolar solvents, but in the
food application process, solvent-free systems are preferred [19]. Besides that, solvent-free systems are
preferable due to the absence of any toxicity resulting from the synthesized flavor esters [2].

Figure 1. Effect of various organic solvents on lipAMS8 lipase. Percentage conversion of ethyl
hexanoate catalysed by native AMS8 lipase as affected by various organic solvents in different polarity
(log p value) and solvent-free system. Reactions were performed at 20 ◦C for two hours with 1:1 molar
ratio of hexanoic acid to ethanol.

2.2. Effect of Temperature on the Esterification Reaction

The changes in the reaction temperature can affect the activity and stability of the enzyme and thus
the rate of reaction. Besides that, the effect of temperature can be apportioned to its direct influences
on esterification reaction and the enzyme as well as effect on substrate solubility. The effect of varying
reaction temperatures on the enzymatic synthesis of ethyl hexanoate is shown in Figure 2. The reaction
was optimized at 20 ◦C, with a high percentage of ester conversion (approximately 68.3%) in toluene,
compared to a solvent-free system which was about 45.4%. The ester conversion rate began to decrease
at 25 ◦C. An esterification yield of 75% was reported for the same optimal temperature of 20 ◦C for
butyl-caprylate in n-heptane with an organic phase water concentration 0.25% (v/v) using Pseudomonas
P38 lipase. It shows that the psychrotroph-derived lipase had stable structural flexibility and enzyme
activity within a nearly anhydrous organic solvent phase [20].

The decrease in flavor ester synthesis observed above 20 ◦C was due to the inactivation of the
enzyme at high temperatures. Environmental factors such as low water activity prohibits enzyme
flexibility if thermo stability within an organic solvent is achieved [21]. The optimum temperature for
an enzyme depends on its source, the solvent, the pH, the substrate and the nature of the immobilization
or chemical modification of the reaction medium.

Selvam (2013) had reported that lipase from Rhizopus arrhizus showed that, the percentage of ester
conversion was high at 30 ◦C and started to decrease slowly after 35 ◦C and decreased drastically
above 50 ◦C [22]. Besides, in the other work, the percentage conversion for ethyl valerate increased
with increasing temperature from 30 ◦C (73.29%) to 40 ◦C (77.39%) due to energy received from the



Catalysts 2018, 8, 234 4 of 18

higher temperature heat used to increase the frequency of collision between the molecules. However,
the percentage conversion of ester was slightly decreased at range of 45 ◦C to 55 ◦C and decreased
sharply at 70 ◦C to 80 ◦C. An increment in the reaction of temperature had improved the substrates
solubility and dissociation lead to unfavourable esterification conditions [10].

In addition, the cold active lipases from cold adapted microorganisms and their potential
applications have been examined [23]. The ‘low activity’ meaning that high catalytic activity at
low temperature and flexible as well as stable at low temperature are some of special features
of psychrophilic microorganism thus these features might be the key to success in some of their
applications. These applications include their use as catalyst for organic synthesis of unstable
compounds at low temperature [24].

Cold active lipases having low thermal stability were shown to be favorable for some purposes.
For instance, heat labile lipase can be inactivated by treatment for short periods of time at relatively
low temperatures after being used for the processing of food and other materials. Thus, during heat
activation, materials can be prevented from damage [25]. Ethyl esterification of docosahexaenoic acid
(DHA) in an organic solvent-free system using C. Antarctica lipase has been reported [26], which acts
strongly on DHA and ethanol. Eighty-eight percent of ester product was produced by shaking the
mixture of DHA/ethanol with ratio (1:1, mol/mol) and 2 % (w/v) immobilized C. Antarctica lipase
B at 30 ◦C for 24 h. In addition, the use of lipase B from C. antarctica for the preparation of optically
active alcohol was reported in previous study [27]. The ability of psychrophilic lipases to catalyse
reactions at low or moderate temperature offers novel opportunities for industrial and biotechnological
potential [22]. The effect of reaction temperature can be distributed to its effect on substrate solubility
as well as its direct influences on the enzyme and the esterification reaction.

Figure 2. Effect of various reaction temperatures on AMS8 lipase in toluene and free-solvent-system.
Percentage conversion of ethyl hexanoate catalysed by native AMS8 lipase as affected different reaction
of temperature in toluene and free-solvent system. Reactions were performed for two hours with 1:1
molar ratio of hexanoic acid to ethanol.
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2.3. Effect of Time on the Esterification Reaction

The reaction time for an enzyme provides an insight into its performance. As the reaction
progresses, a determination of the shortest time required to obtain a suitable yield is helpful and
enhances the cost-effectiveness of the process. The lipase-catalyzed reaction reached equilibrium after
two hours at 20 ◦C, with a conversion yield of 69% in toluene while in free solvent-system about 47%
of ester conversion was achieved (Figure 3). After more than two hours of incubation, the ester yield
began to decrease. This was due to production of water molecule, which had achieved the equilibrium
state. As the reaction proceeded, the substrates concentration decreased which led to a fall in the
degree of substrate saturation of the enzyme [28].

In this study, the AMS8 lipase acts as catalyst to speed up the reaction. The best ester conversion of
AMS8 was achieved at 2 h. Ester production declines after prolonged incubation. The instability of the
psychrophilic lipases over longer time periods is one of the factors contributing to the favorable results
obtained for a short AMS8 lipase reaction time. As the reaction proceeds, the substrate concentration
decreases, which reduces the degree of enzyme substrate saturation. The best production of ethyl
hexanoate in 2 h using cold active AMS8 lipase was considered to be a rapid conversion. In contrast
with Pseudomonas P38 lipase catalyzed reaction which reached equilibrium state after 96 h at 20 ◦C [20].
The lipase from Aspergillus terreus was reported to catalyze the esterification of stearic acid with sorbitol
and the ester conversion of 65% was achieved after 48 h at 37 ◦C. The percentage of ester conversion
keeps increasing from 12 h to 24 h; however, the conversion of ester was found to remain constant
after 24 h to 48 h and slightly decrease after prolonged reaction times [29].

The reaction time and the product yield are two important process endpoints in this study. A short
reaction time reduces overall process cost, reduces the requirement for energy and decreases substrate
inventory. Therefore, it has been proven that AMS8 used as a catalyst had speed up esterification
reaction between hexanoic acid and ethanol within two hours incubation time. The time of reaction
is dependent on kinetic factors such as choice of organic solvent, reaction temperature, amount of
biocatalyst used, specific enzyme activity, concentration of cosubstrates, shaking or sonication that
affects mass transfer limitations and reaction rate and also the degree of stirring [30].

Figure 3. Effect of various reaction times on lipAMS8 lipase in toluene and free-solvent-system.
Percentage conversion of ethyl hexanoate catalysed by native lipAMS8 lipase as affected different
reaction of time in toluene and free-solvent system. Reactions were performed at 20 ◦C with 1:1 molar
ratio of hexanoic acid to ethanol.
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2.4. Effect of the Substrate Molar Ratio on the Esterification Reaction

The effect of the substrate (acid to alcohol) molar ratio was investigated using freeze-dried
AMS8 lipase. Figure 4 shows that the ester conversion rate in toluene increased from 15.4% to 71%
as the alcohol-to-acid molar ratio was decreased from 4 to 1, respectively, while an increase in the
acid-to-alcohol molar ratio also contributed to a lower ester yield. However, in free solvent-system,
the ester conversion shows about 48.6% in 1:1 molar ratio acid-to-alcohol. In this study, the substrate
concentration was constant at 25 mM for both acid and alcohol.

The synthesis of ethyl hexanoate increased with an increase in the acyl donor concentration, and a
high percentage of ester formation (70%) was obtained with a 0.025 M substrate mixture (hexanoic acid
and alcohol) after two-hour incubation at 20 ◦C. However, at substrate concentrations greater than
0.025 M, a decrease in the ester yield was observed. This result could have occurred because polar
substrates might have accumulated in the aqueous microenvironment of the enzyme, reaching a
concentration level sufficient to cause protein denaturation [31]. Moreover, high concentration of
alcohols is reported to be terminal inhibitors of lipases [32]. This inhibition may result from substrate
inhibition, enzyme dehydration and pH reduction in the aqueous microenvironment of the enzyme.
This phenomenon is described with lipases with the exception of the esterification rate of C. cylindracea
lipase [33] which was not inhibited even at butyric acid concentration as high as 1 M. However, most of
enzymes are inhibited by low concentration of acid and alcohol. For instance, the Mucor miehei lipase
was inhibited by 0.05 M of acetic acid [34].

A previous study reported that a high concentration of alcohol might impair the reaction rate [35].
Therefore, it is necessary to optimize the actual excess nucleophile concentration to be employed in
a given reaction. Several observations on alcohol inhibition have been reported for lipase catalysis.
For instance, in a previous study, synthesis of ethyl ester has been affected by increasing ethanol
concentration [36].

Figure 4. Effect of different ratio concentration of substrate on lipAMS8 lipase in toluene and
free-solvent-system. Percentage conversion of ethyl hexanoate catalysed by AMS8 lipase is affected at
different substrate molar ratio in toluene and free-solvent system. Reactions were performed at 20 ◦C
for 2 h.
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In addition, an increase in the fatty acid concentration can affect enzyme activation and also
decreases the pH, which can contribute to the hydrolysis of the esters formed [37]. Furthermore,
an increase in either acid or alcohol concentration affects the polarity of the medium, thus altering
the affinity of the organic solvent and reducing the ester conversion rate [38]. Thus, the use of an
equimolar acid-to-alcohol ratio was recommended to achieve an optimal ester conversion rate [37].
However, the ideal substrate molar ratio required to produce a high ester conversion rate depends on
an enzyme’s properties because every enzyme exhibits its own unique characteristics [39].

2.5. Effect of the Enzyme Concentration on the Esterification Reaction

Amount of enzyme plays a crucial role in any biocatalytic process especially in large scale
production. Its influence on the reaction was assessed to facilitate determination of the minimal
amount necessary for achieving good yield. The reaction in this study was carried out using equimolar
concentration of alcohol and acid substrates (0.025 M), and different enzyme amount (1% to 10%)
(w/v) (mg/mL). The system used for ester synthesis was biphasic with the solid enzyme powder
in suspension in the liquid phase in toluene as well as the free solvent-system. The enzyme AMS8
lipase was lyophilized and dried for 48 h before use. The initial rate of ethyl hexanoate synthesis was
proportional to the amount of enzyme added to the reaction mixture. Figure 5 shows that the ester
conversion rate in toluene increased from 1% (24%) to 5% (68%) of enzyme concentration in (w/v)
and started to decrease when added 7% to 10% of enzyme concentration, whereas only 48% of ester
conversion was seen when 5% of enzyme concentration was added in free solvent-system.

The result shows an excess of enzyme concentration did not contribute to the increase in the
percentage conversion. The previous study shows that the percentage of ester conversion for ethyl
valerate was 75.3% in 5% (w/w) to 80.0% (15%) (w/w) and slightly decreased at 20% of enzyme
concentration and sharply dropped when more than 30% of the enzyme amount was added [1]. As the
enzyme concentration was increased above this point, the reaction will slightly decline due to the
steric hindrance produce by excessive enzyme. The amount of enzyme will influence the total reaction
times in esterification reaction, which are required to achieve desired conversion. The most significant
main effect in enzymatic esterification reaction is the initial catalyst concentration [40]. The use of
a large amount of enzyme could significantly increase the fraction of acyl donor molecules to form
acyl–enzyme complexes was indicated in the previous study [41]. Moreover, their active sites were
not exposed to the substrate and remained inside the bulk of enzyme particles without contributing
significantly to the reaction. According to a study, not all active sites are exposed to the substrates
in the presence of high amount of lipase, and resulted molecules of the enzyme tend to aggregate
together [42]. However, small amounts of enzymes may have been insufficient for complete substrate
conversion within the specified reaction period [43].

The percentage yield of ester product from S. acrimycini NGP 1, S. albogriseolus NGP 2 and
S. variabilis NGP 3 were found to be 40.1%, 48.8% and 63.3% from the previous study. It shows
that the percentage of ester conversion was found reach its maximum at 5% to 15% of the enzyme
concentration and decreased when 20% and 25% of the enzyme amount were added in the reaction
mixture [44]. A simple kinetic model derived from a ping pong mechanism was proposed to
describe the mono-esterification of glucose with stearic acid catalysed by immobilized lipases from
Candida sp. When the concentration of the enzyme increased, the percentage yield of ester product
was decreased [27].

The observation the silica immobilized lipase, (SIL) showed that the percentage of ester conversion
were 50% and 56% for n-butyl acetate and n-propyl acetate synthesis respectively after 24 h of
incubation time at an enzyme concentration of 25% (15/mL). Upon an increase of the enzyme amount,
the yield did not increase significantly due to the lack of substrate to access the active site of enzyme
and difficulty in maintaining the uniformity of the biocatalyst at a higher enzyme concentration [45].
In addition, synthesis of isoamyl acetate using the immobilized lipase as a biocatalyst studied the
effect of enzyme concentration in the range of 4 to 20% (by mass per volume) at 40 ◦C [3].
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Figure 5. Effect of different concentration of enzyme on AMS8 lipase in toluene and free-solvent-system.
Percentage conversion of ethyl hexanoate catalysed by native AMS8 lipase as affected different of
enzyme concentration in toluene and free-solvent system. Reactions were performed at 20 ◦C for two
hours 25 mM of substrate concentration (1:1 molar ratio ethanol to hexanoic acid).

2.6. Immobilization of Lipase

In this study, the AMS8 lipase was immobilized using physical adsorption method. The percentage
of immobilization of AMS8 lipase on four types of matrices is investigated. Among the matrices
or supports used, chitosan shows highest percentage of lipase immobilization (76.2%) while,
kaolin showed low percentage of lipases immobilization at 31.2% (Figure 6). It shows that the
difference in percentage values of immobilization as well as protein loadings were in accordance to the
physicochemical properties.

The lipase activity in native and immobilized forms was measured. The lipase activity of native
AMS8 lipase was about 30.5 U/mL, whereas the lipase activity of immobilized enzyme in chitosan,
celite, Amberlite XAD7 and kaolin were 37.2, 33.5, 28.1 and 15 U/mL, respectively.

The differences in percentage of immobilization appeared to be influenced by support pore
size and adsorption capacities. The great value of immobilization onto chitosan could be due to
its particle size and diameter. Previous study shows that chitosan has been shown to be a versatile
nontoxic material with some effects like it controls pathogenic microorganisms and activates several
defence responses including and inhibiting different biochemical activities during the plant-pathogen
interaction. The advantages of chitosan might be extended from the field through to the storage of
numerous horticultural commodities [46].

Bansal, (2011) reported that chitosan can be tailored to produce different forms for use in different
biotechnological industrial applications such as cosmetic fields [47]. It is an essential component in skin
care creams, shampoo, and hairsprays due to its antibacterial properties. Chitosan forms a moisturizing,
protective, and elastic film on the surface of the skin that has the ability to bind other ingredients
that act on the skin. It can be concluded that chitosan is an important support, natural polymer and
versatile, which successfully used in pharmaceutical industries. Therefore, from this experiment,
chitosan was selected to other supports for immobilization of lipase to synthesize ethyl hexanoate.



Catalysts 2018, 8, 234 9 of 18

The particle size of support material also influences the coupling effect during immobilization [48].
The forces between a support and the enzymes include hydrogen bonding, Van der Waals forces and
electrostatic interaction. Furthermore, the smaller pore size may restrict mass transfer and pore
penetration of the protein which is limited the protein interaction with the total surface area of
supports. Hence, intraparticle diffusion effect of substrates was reduce and helping to interact between
enzyme and substrates [49].

Figure 6. Percentage of AMS8 lipase immobilization on various matrices. Protein content was
determined using Bradford (1976) method and percentage of immobilization was calculated using
formula described in earlier section.

Comparison between native AMS8 lipase and immobilized lipases towards the synthesis of ethyl
hexanoate was done. As shown in Figure 7, the lipase immobilized with chitosan showed higher
relative conversion as compared with control with 125.7% and 115.6% in the free-solvent system
and toluene, respectively. Similarly with the previous study reported the activity and stability of the
lipase after immobilization on both LDHs were found to be increased in ester conversion compared
to in native lipase [50]. Similar trend was also reported on Zn/Al-diocytyl sodium sulfosuccinate
(DSS) nanocomposite (NAZAD) which has higher porosity and able to adsorb higher protein and
subsequently increase the ester production. The obtained immobilized lipase was applied for the
synthesis of ethyl butyrate and resulted an ester conversion of 89% compared to native lipase 65% [51].

From the previous study, a method of immobilization of Candida rugosa was investigated where,
the immobilization procedure was improved by addition of calcium alginate to polymer of polyvinyl
alcohol (PVA) to improve the surface area properties and reduce the tendency to agglomerate [52].
On the other hand, the lipase isolated from Bacillus sp. was immobilized on different supports and the
results shows the activity and stability of immobilized lipase were much better compared to native
lipase [53]. Similarly with immobilized lipase from Candida rugosa showed and increment in thermal
stability where the enzyme shifted the temperature from 37 ◦C to 45 ◦C [54]. It shows that the thermal
stability of the immobilized lipase was higher than that the native lipase thus, making immobilized
lipase more stable and more preferable for use in the synthesis of ester [54]. The effectiveness of
an immobilization process depends much on the support used. Comparative studies indicated that
dramatic differences exist in the activity of lipases supported on different materials [11]. Similarly with
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Candida rugose lipase where the enzyme shown high activity or ester conversion when immobilize
with chitosan [55].

In contrast with kaolin, this support showed decrement of synthesize ethyl hexanoate ester
compare with control which are 40.4% and 41% in free solvent and toluene. The unsuitability of
this support also has been reported by a few enzymes such as porcine pancreatic lipase and acid
phosphatase [56–58]. The decrement of ester conversion might be due to electrostatic forces that play
an important role in the adsorption of enzyme where the kaolin was reported to have the negative
charge [58,59].

Figure 7. Synthesis of ethyl hexanoate using native AMS8 lipase and immobilized lipases. The ethyl
hexanoate was synthesis relative to the control (free enzyme) in toluene and free-solvent system.
The reactions were performed at 20 ◦C for two hours 25 mM of substrate concentration (1:1 molar ratio
ethanol to hexanoic acid).

2.7. Morphology Analysis of Chitosan Using Scanning Electron Microscopy (SEM)

A suitable support material that can function effectively in immobilization generally requires the
following characteristics. Among those, it should ease enzyme immobilization without any significant
loss of enzyme activity and it must not contain extractable materials which it may contaminate
the product stream. A support or matrix should also have suitable mechanical properties for the
desired process and should have appropriate pores and particle sizes as well as the surface area, so as
not to limit diffusion of substrates and therefore reaction rates and it should be less expensive [59].
Chitosan showed the highest ester conversion among others support or matrices. High exchange rates
indicate matrix compatibility. In order to support the data, morphology analysis has been done using
scanning electron microscopy (SEM). Figure 8a,b shows that the structure of the chitosan-lipase is more
compact compared the support only. The existence in compactness could indicate the presence of lipase.
The pores or holes of chitosan powder can also be clearly seen under 500× and 1000× magnification.
The pore diameter should be four- to fivefold of the protein diameter in order to prevent restrictions
to the access of the enzymes [59,60]. Pore sizes of the support also contribute to the suitability of the
support with the enzyme leading to increase enzyme activity. Previous study reported that supports
with smaller pore sizes can result in restricting mass transfer and the penetration of the enzyme
molecules, thus limiting protein interaction with the total surface area of the support particles [61].
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The pore size might be useful to explain the adsorption capacity of chitosan. Similarly, a commercial
crude lipase and lyophilized Candida antarctica lipase was not easily dispersed and formed aggregates
due to incompatibility of support [62]. The aggregation of freeze-dried lipase as well as lipase crude
powder is the cause of decrease in their specific activities. This phenomenon could be due to the
removal of essential water surrounding lipase during lyophilization.

Lipase is a hydrophobic enzyme, which explained how a strong hydrophobic or electrostatic
interaction was needed between enzyme and support in an immobilization process in order for the
adsorption to be successful. Strong hydrophobic interactions can be achieved by using hydrophobic
supports or enzymes [10]. Moreover, hydrophobicity of lipase plays an important role in increasing
the amount of immobilized activity due to the stronger preferential binding of the more hydrophobic
lipase on the supports. To show how important physical factors influenced the rate of absorption of the
enzyme, lipase from Candida rugosa has been immobilized using chitosan flakes and porous chitosan
beads (PCB). The result showed that PCB has higher recovery compared to flakes, and internal mass
transfer occurred during the process [61]. Thus, selections of supports have a biggest influence in the
successful immobilization of enzymes.

Figure 8. Scanning electron micrographs of chitosan and chitosan with AMS8 lipase. (A) Chitosan
(500× magnification); (B) chitosan-lipase (1000× magnification).

2.8. Fourier Transform Infrared (FTIR) and Gas Chromatography–Mass Spectrometry (GC–MS) Analyses of
Flavor Ester

Product of the reaction was ascertained using FTIR and GC–MS. The aim of these analyses is to
identify those functional groups in each of samples and specifically is the presence of ethyl hexanoate
ester. The infrared result for ethyl hexanoate is tabulated in Table 1.

Figure 9 show that the sharp peaks at 1704.30 cm−1 that indicated the presence of functional group
carbonyl include esters, aldehydes and ketone group which is more specific for ester within the samples.
The free carbonyl stretching frequency ester in pyrrolic ester is in range of 1701–1711 cm−1 [63] Then,
the ester structures were followed by the presence of v(C-O) in 1257.22 cm−1. This characteristic
differentiates between esters and ketones. The band of ester is doublet at 1717–1723 cm−1 for v(C=O)
and 1266–1257 cm−1 for v(C-O) in acetyl ester bonds [64]. Based on the figure also, it showed the
infrared at 2935.11 cm−1 that indicated the stretching v(C-H) functional group while the infrared at
1423.00 cm−1 showed the bending v(C-H) functional group. The stretching v(C-H) functional group
showed the presence of C-H aromatic group. The infrared spectrum in range around 2800–3000 cm−1

indicated the C-H stretching [64].
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Table 1. Infrared spectrum of ethyl hexanoate.

Compound Frequencies of Absorption (cm−1)

v(C=O) v(C-H) stretch v(O-H) v(C-O) v(C-H) bend
Ethyl hexanoate 1704.30 2935.11 - 1257.22 1423.00

Figure 9. IR spectrum of ethyl hexanoate. Spectrum indicating the presence of ester is shown in
circle area.

The total molecular ion of ester mixtures is represented in Table 2. The molecular ion of
144 m/z indicated the presence of ethyl hexanoate molecules with molecular weight of 144.21 g/mol.
The corresponding ester compound of ethyl hexanoate (C8H16O2) can be recognized by mass spectra.
The highest peak at 43 m/z indicates the hexane substituent fragmented from the ethyl hexanoate
ester while at 60 m/z, the peak showed the presence of ethoxide structure, which is a product of
fragmentation of hydrogen from ethanol. At 88 m/z, the peak indicates presence of hexanoic acid in
the sample whereas the peak for ethyl ester appeared at 73 m/z. Thus, it has proven that the existence
of ester group in the sample. The presence of suitable organic solvent in esterification reaction has
helped to minimize the water content and lead to maximize the yield ester production due to the
thermodynamic equilibrium shifting to forward reaction (synthesis) instead of reverse (hydrolysis)
reaction of esterification.

Table 2. Molecular ion fragments of ethyl hexanoate mixtures. The mass spectrum showed the presence
of ethyl hexanoate (144 m/z) in the sample with the compound structure and fragment molecular ions.

m/z Fragment Ion

43 CH3CH2CH2+
60 CH2COOH
73 +COOCH2CH3
88 CH3COOCH2CH3
99 CH3CH2CH2CH2CH2CO+
115 CH3CH2CH2CH2CH2COO+
144 CH2CH2CH2CH2COOCH2CH3
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3. Materials and Methods

3.1. Materials

Hexanoic acid (95%) and toluene (95%) were purchased from Merck KGaA (Darmstadt, Germany).
Acetone and absolute ethanol were obtained from Sigma-Aldrich Co. Ltd. (Poole, UK). Sodium hydroxide
was supplied by Merck. Molecular sieve dehydrate 3A, with indicator, for drying solvents was
purchased from Fluka (Buchs, Switzerland). All other chemicals and solvents used in this study were
of analytical grade.

3.2. Preparation of Crude Freeze-Dried AMS8 Lipase

Recombinant E. coli containing a pET32/LipAMS8 gene vector was obtained from the Laboratory
of Enzyme and Microbial Technology, Faculty of Biotechnology and Biomolecular Sciences,
Universiti Putra Malaysia, Selangor, Malaysia The stock culture was maintained in a sterile
microcentrifuge tube containing 0.2 mL of glycerol and 0.8 mL of Luria-Bertani (LB) medium in a deep
freezer at −80 ◦C prior to use. For the production of lipase, the culture was incubated in a 500 mL
conical flask containing 100 mL of production medium (LB medium with 1% (v/v) culture, 0.1 mL
ampicillin and 0.1 mL IPTG) for 12 h with reciprocal shaking at 20 ◦C and 200 rpm. After incubation,
the culture was centrifuged at 4 ◦C, and the supernatant was discarded. The pellet was resuspended
in 30 mL of 0.05 M Tris-HCl buffer (pH 8) and was sonicated for six minutes at 30-second intervals.
Then, the enzyme was centrifuged at 4 ◦C, and the supernatant was collected. The AMS8 lipase was
freeze-dried overnight. The dried crude AMS8 lipase sample was stored at 4 ◦C prior to use.

3.3. Lipase Hydrolytic Activity

The activity of the freeze-dried AMS8 lipase was measured under the standard assay conditions
described previously [10] using an olive oil emulsion as a substrate. AMS8 lipase activity is expressed
as unit per milliliter of enzymatic solution. One unit (IU) of lipase activity was defined as the amount
of enzyme that catalyzed the liberation of 1 µmol of free fatty acid from olive oil per minute at 20 ◦C
under optimized conditions.

3.4. Synthesis of Ethyl Hexanoate

3.4.1. In Solvent-Free System

The reactions were carried out in screw-capped bottles containing 5 mL of the substrate mixture
(hexanoic acid and ethanol), which consisted of a 1:1 molar ratio of acid to alcohol, at 20 ◦C in the
presence of 5% freeze-dried AMS8 lipase with shaking (200 rpm). A reaction under the same conditions
without added enzyme was performed in parallel and used as a control.

3.4.2. In Toluene

The reactions were performed in 5-mL screw-capped bottles with a substrate concentration of
0.025 M each. Afterwards, 10 mL of toluene was added to the mixture. The reaction mixture was
incubated at 20 ◦C in the presence of 5% freeze-dried AMS8 lipase with shaking (200 rpm).

3.5. Reaction Analysis

Aliquots of the reaction mixture were withdrawn periodically, and the residual acid content was
assayed by titration with 0.5 M sodium hydroxide using phenolphthalein as an indicator and 3 mL of
ethanol as a quenching agent. The ester synthesis rate was calculated based on the conversion of the
acid to an ester. The ethyl hexanoate yield is expressed as a percentage (%) of converted hexanoic acid
compared to the total initial fatty acid content in the reaction mixture.
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The conversion of ester was expressed as percentage conversion (%) under various reaction
conditions according to the following formula:

Conversion of ester (%) =
[ volume of NaOH (control − with enzyme) ]× 100

volume NaOH (control)

3.6. Effect of Reaction Temperature

The reaction mixture was incubated at various temperatures (10, 15, 20, 25, 30, 35, 40, 45, 50) ◦C
using a horizontal water bath shaker with a continuous shaking speed of 200 rpm. The conversion
percentage was determined as described above.

3.7. Effect of Reaction Time

The reaction mixture was incubated for various reaction time intervals (15, 30 45, 60, 120, 240,
480, and 960 min) using a horizontal water bath shaker with a continuous shaking speed of 200 rpm.
The conversion percentage was determined as described above.

3.8. Effect of Substrate Concentration

The reaction mixture was incubated at various substrate molar ratios (1:1, 1:2, 1:3, 1:4, 1:1, 2:1, 3:1,
and 4:1) and different substrate concentrations (5, 10, 25, 50, 75, and 100) mM using a horizontal water
bath shaker with a continuous shaking speed of 200 rpm. The conversion percentage was determined
as described above.

3.9. Effect of Enzyme Concentration

The reaction mixture was incubated at various enzyme concentrations (w/v) in percentage (%)
which are (1%, 3%, 5%, 7% and 10%) using a horizontal water bath shaker with a continuous shaking
speed of 200 rpm. The conversion percentage was determined as described above.

3.10. Immobilization of AMS8 Using Commercial Supports

10 mL of AMS8 lipase and 1.0 g of commercial supports (celite, chitosan, amberlite and kaolin)
were chosen to immobilize the AMS8 lipase. The mixture was incubated for two hours at 25 ◦C with
100 rpm in a water bath shaker. The enzyme-loaded supports were separated from the supernatant
by filtering through Whatmann No. 1 filter paper using vacuum pump. Then, two to three times of
washing of the enzyme-loaded supports were carried out using distilled water (10 mL) to remove the
unabsorbed enzyme. The immobilized AMS8 lipases were then lyophilized in the freeze drier for 24 h.

The lipase activity of immobilized AMS8 lipases were determined using colorimetric method
(Kwon and Rhee, 1986) while the protein content was determined by Coomassie dye binding
(Bradford, 1976). The amount of bound protein was indirectly determined by comparing the difference
between the amounts of protein introduced into the support (before immobilization) and the amount
of protein both in filtrate and in the washing solutions after immobilization.

The protein immobilization was calculated using the following formula:

% Immobilization =
(Protein A − Protein B)× 100%

Protein A

whereby, Protein A is total amount of protein in supernatant before immobilization and Protein B is
total amount of protein in supernatant after immobilization.

Esterification Reaction Using the Immobilized Lipase

The enzymatic esterification reactions for immobilized AMS8 lipase was conducted using
optimum parameters at optimized reaction conditions using native AMS8 lipase. They consisted of
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substrates (3.12 mL of 25 mM of hexanoic acid and 1.46 mL of 25 mM of ethanol) were mixed in 10 mL
of toluene, 0.15 g of molecular sieves and various immobilized lipase derivatives (containing 10 mg
protein). The mixture was incubated with shaking speed of 200 rpm in water bath shaker at 20 ◦C
for two hours. The mixture without lipase acted as the control of the process. After incubation,
the mixtures were terminated using mixture of acetone and ethanol, ratio (1:1). The mixtures then
were filtered by Whatman No. 1 filter paper and followed by titration with NaOH. This reaction was
done in triplicate.

3.11. Fourier Transform Infra-Red Spectroscopy (FTIR) and Gas Chromatography—Mass Spectrometry
(GC–MS) Analysis

FTIR and GC–MS (Shimadzu, Japan) were used to identify the functional groups present in the
sample by utilizing a universal attenuated total reflectance sensor and the wavenumbers ranging from
280–4000 cm−1. At the end of the reaction of two hours, enzyme (native lipase and immobilized lipases)
and molecular sieve were filtered, while the solvent (toluene) from the reaction mixture was removed by
rotary evaporation at 40 ◦C. Product and substrate were identified using FTIR spectroscopy (Shimadzu,
Japan). A semi-solid sample was dissolved in a defined amount of methanol/acetonitrile (70:30).
Through this solution, the FTIR spectra of reaction mixtures were analyzed on a spectrophotometer
(Secomam, France).

GC–MS analysis of product from the reaction mixtures before incubation (absence of lipase) and
after incubation in the presence of lipase were performed on a Shimadzu (model GC-17 A., model MS
QP5050A; Shimadzu, Tokyo, Japan) instrument using a nonpolar column (column SGE BPXS, 30 m,
0.25 mm ID, 0.25 µm thickness). The carrier gas was helium at a flow rate of 2.0 mL/min with injection
volume of 0.5 µL. The column temperature was programmed at 50 ◦C.

4. Conclusions

The AMS8 lipase can act as a catalyst to speed up the esterification reaction between hexanoic
acid and ethanol. AMS8 lipase has an ester conversion rate of 70%, which was obtained at 20 ◦C in
the presence of toluene. Immobilization of the enzymes has proven that the enzyme is more stable
compared with the native enzyme during esterification process. Matrices enhance and decrease the
process of ester conversion. Comparison between the native AMS8 lipase and the immobilized lipases
revealed that immobilized lipases with suitable matrices (chitosan) showed a higher production of ethyl
hexanoate than native lipase. Thus, the ability of psychrophilic lipase, AMS8 lipaseto catalyze reactions
at a low temperature offers novel opportunities for industrial and biotechnological applications.
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