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Abstract

The aim of this study was to compare activities of commercial lipases in synthesis of various esters in solvent-free system and in isooctane.
Moreover, the effect of substrate polarity (expressed as log P) on solvent-free synthesis was investigated. The decrease of yields of esters of butanoic
acid in absence of organic solvent was observed, while similarly high yields were noticed in synthesis of esters of octanoic acid in both systems
(solvent-free and organic solvent). The kinetic analysis has shown that ester synthesis can be described with Ping-pong bi-bi kinetics. In a case of
esterification of butanoic acid in solvent-free system additional term, which represents enzyme inactivation by acid substrate, must be included. It
was found out that log P of initial substrate mixture was in linear correlation with kcat of ester synthesis, while final yields depend only on type of
acid substrate. Each of the examined lipases showed similar properties, although immobilized lipase from Rhizomucor miehei was slightly more
resistant to harmful influence of butanoic acid. Finally, it was also shown that detrimental influence of butanoic acid could be circumvented by

two-step addition of acid substrate in reaction catalyzed with immobilized lipase from R. miehei.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Aroma esters are important ingredients of variety of prod-
ucts of food industry. Although these important products are
manufactured mostly by a chemical method that includes use of
aggressive chemical catalysts, development of the research area
of enzymatic esterification is very propulsive during previous
two decades [1]. An important impetus for development of
enzymatic synthesis of flavor and fragrance esters was the fact
that esters produced in such a way can be labeled as natural
[2]. Numerous reports of achieving high yields of esters with
various lipases (triacylglycerol hydrolases) of microbial origin
have been published [3-5]. The enzymatic ester synthesis was
prevalently performed in various organic media with low water
content because lipase has stable active conformation in these
systems and improved thermostability [6]. The downsides are
high price, toxicity and flammability of organic solvents and
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higher investment costs in order to meet safety requirements.
The enzymatic processes in solvent-free systems are attractive
for the synthesis of esters with the lower melting points because
of considerable simplification of the downstream processing
and reduced environmental hazard. Additional advantages of
reactions in solvent-free system are savings in reactor design
in large-scale process and reduction of separation costs due
to avoiding solvent recovery [7,8]. Therefore, studies of the
solvent-free ester synthesis are more frequent during last
decade. Ghamgui et al. obtained high yields of buthyl oleate
by using lipase from Rhizopus oryzae immobilized on CaCOs3
[9], while Garcia et al. successfully performed synthesis of
isopropyl palmitate with highly active lipase from Candida
antarctica [10]. Significant activity in solvent-free synthesis of
ethyl oleate was observed for lipase from Rhizomucor miehei,
free and immobilized on polyamide support [11]. Isoamyl
acetate (banana flavor) was obtained with yields over 60%
by immobilized lipase from Staphylococcus simulans [12].
Goldberg et al. performed syntheses of heptyl octanoate and
heptyl oleate by lipase from Candida cylindracea in solvent-
free system and achieved yields over 50% [8]. Additionally,
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solvent-free lipase-catalyzed systems has been used recently
for the synthesis of long-chain acyl thioesters [13], amidation of
carboxylic acids [14], transesterification of high-oleic sunflower
oil [15] and synthesis of esters of docosahexaneoic acid [16].
In some of above-mentioned studies, solvent-free esterifica-
tion was compared with esterification in organic solvent, but the
influence of physicochemical properties of alcohol or acid sub-
strate on efficiency of solvent-free synthesis was not thoroughly
investigated. In this study syntheses of esters of various lengths
were performed with porcine pancreatic lipase. Parallel experi-
ments in solvent-free system and in isooctane were performed,
and the influence of substrate polarity (expressed as log P) on
lipase-activity in solvent-free system was studied.

2. Experimental
2.1. Materials

Porcine pancreatic lipase (triacylglycerol hydrolase, EC
3.1.1.3) was provided by Sigma (St. Louis, USA). Lipozyme
(immobilized lipase from R. miehei) was kindly gifted by
Novo Nordisk (Bagsvaerd, Denmark). Isooctane was provided
by Fluka (Buchs, Switzerland). Butanoic acid and n-pentanol
were provided by Farmitaliana Carlo Erba (Milano, Italy).
Hexanoic acid, octanoic acid, n-heptanol, n-octanol, and n-
propanol were purchased from Fluka (Buchs, Switzerland).
Geraniol (trans-3,7-dimethyl-2,6-octadien-1-ol) was purchased
from Acros Organics (New Jersey, USA). All chemicals were of
99% or higher purity. Hydranal® solvent and Hydranal® titrant
5 was purchased from Riedel de Haen (Seelze, Germany).

2.2. Methods

Specific activities were 141 and 157 IU/g for pancreatic lipase
and for lipozyme, respectively, determined by Sigma method
[17], where 11U is defined as the amount of enzyme required
to produce 1 pmol of free fatty acid per min under the assay
conditions (37 °C, pH 7.7). Ester synthesis was carried out in
stoppered flasks (100 ml) in isooctane (up to 10 ml of reaction
mixture) or solvent-free system. The reaction mixture, contain-
ing 50 mg of enzyme, 10 pl of water and 2.5 x 10~ mol of each
substrate, was incubated on a shaker at 150 rpm and at 45 °C.
Two-step addition of acid substrate was carried out with addition
of first portion of acid (1.25 x 1073 mol) in the initial reaction
mixture, and addition of second portion (1.25 x 10~3 mol) in
the moment when almost entire amount of acid was converted
to ester. Each experimental data was obtained by performing the
synthesis in separate flasks. All of the experiments were car-
ried out in duplicate. Average values and standard deviations
of experimental results are presented in figures. Control exper-
iments (without enzyme) were performed and it was observed
that ester yield is negligible (below 2%).

The progress of esterification was monitored by determina-
tion of the residual acid content by titration against sodium
hydroxide using phenolphthalein as an indicator and mixture of
ethanol and diethyl ether (1:1) as a quenching agent. The amount
of ester was calculated as being equivalent to acid consumed.

The accuracy of this method was tested by determination of
ester concentration on Varian 3400 gas chromatograph equipped
with a DB-1 capillary column and a flame ionization detector.
Nitrogen was used as a carrier gas. The initial reaction rates
were determined from the slope of the initial linear portions
of the plots of ester concentration versus time. Initial rates and
yields determined by GC analysis and titrimetry were in good
agreement.

The kinetic analysis of concentration—time curves was per-
formed by using software Encora version 1.2 [18].

Equilibration of reaction mixtures at a,, = 0.67 was performed
in desiccators above a saturated solution of CuCl,-2H»O. The
equilibration was performed for 2 days at room temperature.

The measurement of water concentration was performed
on the Karl-Fischer apparatus (Mettler Toledo, USA). Water
concentrations in solvent-free reactions were in narrow range
between 1.52 and 1.69%.

3. Results and discussion

A comparative study of pancreatic lipase-catalyzed esterifi-
cation of n-butanoic acid in solvent-free system and in isooctane
was carried out with three alcohols: n-pentanol, n-heptanol and
geraniol. Obtained results are illustrated in Fig. 1. In solvent-
free system final yield was reached significantly faster (within
first 15 h) than in reactions carried out in isooctane, but it is evi-
dent that obtained yields were below 20%, while the final yields
in isooctane were around 90%. The results of kinetic analy-
sis (performed with Encora 1.2 software) imply that different
kinetic models describe ester synthesis in solvent-free system
and in organic solvent. The synthesis in organic solvent can
be described with basic Ping-pong bi-bi kinetic model (Eq. (1)),
while for solvent-free synthesis enzyme inactivation by acid sub-
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Fig. 1. The synthesis of esters of butanoic acid with porcine pancre-

atic lipase. Reaction conditions: 1=45°C, ng(Al)=ng(Ac)=2.5 x 1073 mol;
Vo(H20) =10 pl; m(E) =50 mg. (M) Pentyl butanoate (in isooctane); (@) hep-
tyl butanoate (in isooctane); (#) geranyl butanoate (in isooctane); ((J) pentyl
butanoate (solvent-free); () heptyl butanoate (solvent-free); (¢) geranyl
butanoate (solvent-free). When reactions were performed in organic solvent,
volume of reaction mixture was 10 ml.
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Fig. 2. The synthesis of esters of octanoic acid using porcine pancre-
atic lipase. Reaction conditions: =45 °C, ng(Al)=ng(Ac)=2.5 x 1073 mol;
Vo(H20) =10 pl; m(E) =50 mg. (M) Octyl octanoate (in isooctane); (@) heptyl
octanoate (in isooctane); (¢) propyl octanoate (in isooctane); ((J) octyl octanoate
(solvent-free); () heptyl octanoate (solvent-free); ({) propyl octanoate
(solvent-free). When reactions were performed in organic solvent, volume of
reaction mixture was 10 ml.

strate must be included in Ping-pong bi-bi kinetic model (Eq.

2):

v = Vinax [Al][Ac] (1)
~ [AII[Ac] + Kai[Ac] + Kac[Al]
dlE]

—=q = kolEllAc] 2

where v is the initial reaction rate, Viyax the maximum reaction
rate, K1 and K. Michaelis constants of alcohol and acid, and kp
is the constant of enzyme deactivation. The results were in a good
agreement with kinetic models—divergences of model were less
than 10% in all experiments. The obtained rate constants are
illustrated in Table 1. It can be seen (Table 1) that k., is 5—6 times
higher in an organic solvent than in the solvent-free synthesis.

In Fig. 2 reaction curves of pancreatic lipase-catalyzed syn-
thesis of esters of n-octanoic acid (with n-propanol, n-heptanol

and n-octanol) in a solvent-free system and in isooctane were
presented. In this experimental series pancreatic lipase showed
somewhat different behavior than during synthesis of esters of
n-butanoic acid. High final yields of ester (each above 85%)
were achieved in all experiments. Opposite to previous part of
the study, the final yields were higher in a solvent-free system,
although differences were less significant. The kinetic analysis
has shown that reaction in both systems could be described by
Ping pong bi-bi kinetics (Table 1). Additionally, initial rates were
very high in solvent-free system. The solvent-free system was
especially advantageous for the synthesis of heptyl octanoate
and octyl octanoate because yields above 90% were reached
within 20h, while in reaction performed in isooctane similar
yields were achieved after 70 h. After comparison of kinetic
parameters of synthesis of esters of butanoic and octanoic acid
(Table 1), it can be concluded that if octanoic acid is used as
acyl donor, k¢y is significantly higher in solvent-free system,
while in synthesis in organic solvent no significant difference
between various acyl donors has been noticed. In addition, it
can be noticed that the type of applied acid substrate was even
more important for achieving high yields of esters in solvent-
free system. Esters of butanoic acid could not be obtained with
yields higher than 20% in solvent-free system, while signifi-
cantly higher yields were achieved for esters of octanoic acid.
It is plausible that such behavior of pancreatic lipase is conse-
quence of higher polarity of butanoic acid in comparison with
octanoic acid. It is well known fact that certain water micro-layer
around enzyme molecule is necessity for keeping the enzyme in
its active conformation and that polar substances readily destroy
this layer [19,20]. That is the most important reason for applica-
tion of non-polar organic compounds as solvents for enzymatic
synthesis. Lower yields in solvent-free system could be a conse-
quence of damaging water layer by high concentration of polar
substrate in a vicinity of enzyme. Additionally, some researchers
emphasized that enhanced dissociation of weak organic acid
leads to the increase of rate of the reverse reaction (hydrolysis)
[20]. This could be another explanation of low yields in synthesis
of esters of butanoic acid, since dissociation constant of butanoic
acid is lower in comparison with octanoic acid (1.52 x 107> and
1.29 x 107>, respectively). It must be emphasized that propanol,

Table 1

The kinetic constants of ester synthesis catalyzed with porcine pancreatic lipase

Ester Kmac (M) Km.at (M) keat (mmol h=! g=!) Ka (h"'M7h
Heptyl butanoate 0.6120 7.0180 18.000 -
Heptyl butanoate (s.f.) 0.6242 7.0640 2.8940 0.058
Geranyl butanoate 0.60264 6.95634 7.132 -
Geranyl butanoate (s.f.) 0.66778 6.93217 1.428 0.064
Pentyl butanoate 0.6034 6.9885 11.114 -
Pentyl butanoate (s.f) 0.6100 6.9948 2.222 0.082
Propyl octanoate 0.6184 6.9594 8.0872 -
Propyl octanoate (s.f.) 0.63665 6.913 3.6715 -
Heptyl octanoate 0.65010 8.47448 7.41308 -
Heptyl octanoate (s.f.) 0.623 7.756 9.85 -
Octyl octanoate 0.6234 6.9177 4.821 -
Octyl octanoate (s.f.) 0.6211 6.8974 11.104 -
Heptyl hexanoate 0.6161 6.9968 11.22 -
Heptyl hexanoate (s.f.) 0.624 6.9265 4.856 -
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which was also used as substrate, is even more polar than butyric
acid but enzyme inactivation was not observed in its presence.
Moreover, polar acid substrate is probably more harmful for
vicinity of active site of enzyme due to the fact that it was
postulated in numerous studies that prerequisite for enzymatic
esterification is formation of acyl-enzyme complex [21].

In order to elucidate the role of water in discrepancies
between yields in different systems additional experimental
series was performed. In these experiments both systems were
saturated to same water activity (ay =0.67) prior to esterifica-
tion. It seems water activity did not have significant influence on
the esterification since yield of ester in solvent-free reaction was
still significantly lower (27%, compared with 94% in isooctane).

On the other hand, in the synthesis of heptyl octanoate and
octyl octanoate considerably higher initial rates of ester forma-
tion were observed in solvent-free system. It is plausible that in
system that contains only medium-chain substrates there is no
occurrence of destruction of water layer, which was limiting phe-
nomenon in the synthesis of esters of butanoic acid. Therefore,
higher initial rate of solvent-free synthesis could be consequence
of higher concentration of substrates in the vicinity of enzyme,
which led to higher number of efficient enzyme-substrate colli-
sions.

The next part of this study was focused on finding correla-
tion between change in lipase activity in solvent-free system
(compared with reaction in organic solvent) and properties of
substrate mixture. Several physicochemical properties of reac-
tion media have been tested during previous few decades for
prediction of biocatalytic activity [22]. The logarithm of the
octanol/water partition coefficient for solvent (log P) is usually
used as parameter that guide the choice of solvent in lipase-
catalyzed reactions, because it was determined in a number of
studies that activity of lipases increased with an increase of log P
[23]. Therefore, in this study was investigated if discrepancies
between lipase activities in solvent-free system and organic sol-
vent could be correlated with log P value of reaction mixture.
Log P values were calculated by Eq. (3):

log P = x1(log P); + x2(log P), 3)

where x| and x; represent molar fractions of substrates, while
(log P); and (log P), stand for log P values of substrates. Litera-
ture values for log P of substrates [24] and calculated values for
substrate mixtures are shown in Table 2. The attempt was made
to find correlation between ratios of k¢ in different reaction sys-

Table 2
Literature values of log P of individual substrates and calculated values for initial
substrate mixtures

Acid LogP Alcohol LogP Log P of substrate
mixture

n-Butanoic 0.79 n-Pentanol 1.51 1.18

n-Heptanol 2.62 1.90

Geraniol 3.56 2.61
n-Octanoic 3.05 n-Propanol 0.25 2.58

n-Heptanol 2.62 2.85

n-Octanol 3.00 3.03

Iog(kcat’s_/kca‘ls_) =0.858"logP, , - 2.284

0.4
R =0.987

0.2 +
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Fig. 3. The effect of log P of initial substrate mixture on the initial rate of the
ester synthesis.

tems and log P value of reaction mixtures. As it can be seen from
Fig. 3 strong linear correlation between logarithm of k., ratios
and log P exists at log P values above 1.75 (linearity coefficient
0.987). On the other hand, at log P values below 1.75, k¢, ratio
became almost constant at value that indicates favorable syn-
thesis in organic solvent. It can be seen (Fig. 4) that there was
no quantitative correlation between the final yield of ester and
initial log P of substrate mixture, but it seems that type of acid
substrate has crucial influence on final yield. Specifically, yields
of esters of butanoic acid were drastically lower in solvent-free
system compared with yields of esters of hexanoic or octanoic
acid.

The results of previously mentioned experiments showed that
medium-chain esters could be obtained in lipase-catalyzed syn-
thesis with yields higher than 90% in solvent-free system. The
attempt was made to overcome the problem of low yields of
esters of butyric acid by two-step addition of butanoic acid

0.8
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024 B

0.0 +——F——F—"F—""—"F——T——]——
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Fig. 4. The effect of log P of initial substrate mixture on the final yield of the
ester synthesis. («) Octyl octanoate; (¥) propyl octanoate; (») heptyl hexanoate;
(A) geranyl butanoate; (¢) heptyl octanoate; () pentyl butanoate; (@) heptyl
butanoate.
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Fig. 5. The synthesis of pentyl butanoate using two-step addition of acid
substrate with immobilized lipase from R. miehei. Reaction conditions:
1=45°C, np(Al)=2.5 x 1073 mol; ng(Ac) = 1.25 x 1073 mol; V(H20) = 10 pl;
m(E) =50 mg. When reactions were performed in organic solvent the volume of
reaction mixture was 10 ml. (ll) One-step process (in isooctane); (CJ) one-step
process (solvent-free); (¢) two-step process (solvent-free).

in reaction mixture. This approach was successful in reducing
inhibitory effect of methanol in lipase-catalyzed synthesis of
biodiesel [25]. The synthesis of pentyl butanoate was used as a
model system. There was no improvement in comparison with
one-step esterification with pancreatic lipase (results not shown).
Nevertheless, results (depicted in Fig. 5) showed that high yield
of ester (similar to reaction in isooctane) was obtained by per-
forming esterification in such a way when immobilized lipase
from R. miehei was used. It is plausible that irreversible change
of conformation of pancreatic lipase occurs due to destruction of
water layer around enzyme molecule, while immobilized lipase
was more resistant because a certain amount of water is retained
in support.

4. Conclusion

The synthesis of various aliphatic esters was successfully per-
formed with porcine pancreatic lipase and immobilized lipase
from R. miehei. The obtained results indicate that solvent-
free reactions have great potential for enzymatic synthesis of
medium-chain esters with different enzyme preparations. In this
study was also shown that discrepancies between kinetic prop-
erties of lipase in different reaction media (solvent-free and
organic solvent media) can be correlated with log P values of
substrate mixtures. Consequently, the prediction of efficiency of
lipase in solvent-free synthesis is feasible if log P values of both

substrates are known. The main obstacle to successful applica-
tion of solvent-free synthesis was the increased susceptibility of
enzymes toward polar acid substrates and their faster denatu-
ration. This drawback was successfully circumvented by using
two-step addition of acid substrate in synthesis catalyzed by
immobilized lipase from R. miehei. It may be concluded that
various aroma esters can be successfully produced in a solvent-
free system using inexpensive free or immobilized lipases in an
environmental-friendly conditions.
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