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Abstract

The use of immobilized lipase from Candida antarctica (Novozym® 435) to catalyze ferulic acid of
esterification was investigated in this study. The synthesis product was analyzed using HPLC. The
results revealed that the major product was 2-ethylhexyl ferulate. Response surface methodology
and 3-level-3-factor central composite rotatable design were adopted to evaluate the effects of
synthesis variables, including reaction temperature (60°C - 80°C), enzyme amount (500 - 1500 PLU)
and reaction time (8 - 24 h) on the percentage molar conversion of 2-ethylhexyl ferulate. The re-
sults showed that reaction temperature and reaction time were the most important parameters
on percentage molar conversion. Based on ridge max analysis, the optimum conditions for synthe-
sis were: reaction time 23 h, reaction temperature 71°C and enzyme amount 1422 PLU. The molar
conversion of actual experimental values was 98% under optimal conditions.
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1. Introduction

Ferulic acid (4-hydroxy-3-methoxy cinnamic acid, FA) belongs to the family of phenolic acids and is very ab-
undant in grains, fruits and vegetables. It has a capacity of antioxidation [1], excellent UV-absorbing, antitumor
activity [2] [3], potential health benefits against cardiovascular problems, inflammatory diseases and cancer [4],
which find a variety of applications in the pharmaceutical, cosmetic and food industries. The solubility of ferulic
acid in either a hydrophobic or hydrophilic solvent is low and thus limits its application. Therefore, to apply
natural phenolic acids in lipophilic formulation and processing, lipophilization is needed where enzymatic este-
rification with alcohols has proved itself to be a promising approach [5]-[8]. In recent years, a number of studies
reported the enzymatic synthesis of hydrophobic derivatives of ferulic acid to increase its oil-solubility [9]-[11].
Chemical synthesis of these derivatives is difficult, as FA is susceptible to oxidation under certain pH condi-
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tions [12]-[14]. Thus, enzymatic biosynthesis of FA lipids has been used as an attractive alternative to the con-
ventional chemical processes [15]. Environment-friendly preparation of hydrophobic derivatives of FA is there-
fore a challenge for research. Enzymatic direct esterifications of FA with aliphatic alcohols have been reported
[16]. Hydrophilic feruloylated derivatives can be produced using the esterification of FA with alcohols. The
strategy of esterification of hydrophilic FA with lipophilic molecules, such as aliphatic alcohols, can be em-
ployed to alter its solubility in a hydrophobic medium. The esterification of FA with monosaccharides as well as
n-octyl glycoside to produced hydrophilic feruloylated derivatives. The water-soluble derivative of glyceryl fe-
rulate was biosynthesized by esterification of FA with glycerol using pectinase [17]. Solvent-free enzymatic
transesterification of EF with triolein (TO) with a higher EF conversion 77% [18]. However, the reaction rate for
the condensation of FA with an alcoholic substrate is low because FA has conjugation with a carboxyl group
and a bulky noncarboxylic region [19].

In this study, lipase-catalyzed transesterification of FA to biosynthesis 2-ethylhexyl ferulate was optimized. In
order to optimise the biosynthesis conditions, including concentration of solvent, reaction temperature, enzyme
load, reaction time, duty cycle, and solvent-to-material ratio, response surface methodology (RSM) has been
used. By establishing a mathematical model, RSM evaluates multiple parameters and their interactions using
quantitative data, effectively optimising complex extraction procedures in a statistical way, thus reducing the
number of experimental trials required.

2. Experimental Procedure
2.1. Materials and Methods

Immobilized lipase Novozyms® 435 (10,000 U/g; propyl laurate units (PLU)) from Candida antarctica B
(EC3.1.1.3) supported on a macroporous acrylic resin was purchased from NovoNor disk Bioindustrials Inc.
(Copenhagen, Denmark). Ferulic acid (FA), 2-ethyl hexanol (2-EH), 2-methyl-2-butanol (2M2B), methanol and
acetic acid were purchased from the Sigma Chemical Co. (St. Louis, MO). A molecular sieve 4 A was pur-
chased from Davison Chemical (Baltimore, MD, USA). All other reagents and chemicals, unless otherwise
noted, were of analytical grade.

2.2. Enzymatic Synthesis of 2-Ethylhexyl Ferulate

All materials were dehydrated by a molecular sieve 4 A for 24 h before use. Ferulic acid (0.05 M) and No-
vozym®435 were well mixed with 1 mL 2-ethyl hexanol (2-EH) (substrate molar ratio 1:123) at 80 rpm and 560
torr by the rotary evaporator (EYELA N-1100, Tokyo Rikakikai Co., Ltd.). The volume is 6 fingernails emis-
sions glass flask. The diameter of the capillary is 2 cm. The transesterification of ferulic acid catalyzed by No-
vozym® 435 is represented in Figure 1.

Liquid samples were withdrawn from the reaction mixture and analyzed by high-performance liquid chroma-
tography (HPLC). Samples were centrifuged and diluted with hexanol/2-methyl-2-butanol (1:150). Analysis was
done by 30 L of the reaction mixture into a HPLC (Hitachi L-7400; Tokyo, Japan) and a Thermo C18 column
(250 cm 4.6 mm, Agilent, USA) was used. Separations were carried out using a gradient elution by employing
0.1% acetic acid and methanol. The reaction mixture separation was achieved by an elution system consisting of
0.1% acetic acid and methanol for the last 5.5 minutes. The flow rate was 1.0 mL/min and sampling was de-
tected under UV light at 325 nm. The molar conversion were calculated from the peak areas of the sample.

2.3. Experimental Design
A 3-level-3-factor Box-Behnken was employed in this study, requiring 15 experiments. To avoid bias, the 15
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Figure 1. Scheme of enzymatic synthesis of 2-ethylhexyl ferulate catalyzed

by Novozym® 435.
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runs were performed in a totally random order. The variables and their levels selected for the study of
2-ethylhexyl ferulate biosynthesis were: reaction temperature (60°C - 80°C), enzyme amount (500 - 1500 PLU)
and reaction time (8 - 24 h). Table 1 shows the independent factors (xi), levels and experimental design in terms
of coded and uncoded.

2.4. Statistical Analysis

The experimental data were then analyzed by the response surface regression (RSREG) procedure with design
expert software to fit the following second-order polynomial Equation (1):

3 3 2 3
Y =B+ 2 B% 2 Bkt D D BiXiX @
i=1 i=1 i=1 j=i+l

where Y is the molar conversion of 2-ethylhexyl ferulate; f, is a constant, £, £i and f; are constant coefficients;
and x; and x; are uncoded independent variables. The suffixes | and j are seen in the above equation with the
three independent variables denoting: x, for reaction time, x, for enzyme amount and x; for reaction temperature.
The option of a ridge max option in the design expert software was employed to compute the estimated ridge of
maximum response when increasing the radius from the center of the original design.

3. Results and Discussion
3.1. Primary Experiment

The lipase-catalyzed synthesis of 2-ethylhexyl ferulate from ferulic acid and 2-ethyl hexanol was carried out
with oil bath by rotary evaporator. The reaction conditions were set at reaction temperature 70°C, substrate mo-
lar ratiol : 123 (ferulic acid: 2-ethyl hexanol), enzyme amount 1970 PLU, reaction time 24 h, 80 rpm, and 560
torr. The HPLC chromatogram at 325 nm for the reaction mixture is shown in Figure 2. Ferulic acid (2.85 min)
has a shorter retention time in the C18 column. However, 2-ethylhexyl ferulate (7.37 min) has a longer retention
time, because transesterification increases its hydrophobicity.

Table 1. Box-Behnken rotatable design and experimental data for 3-level-3-factor response surface analysis.

Independent variable
Rua Ti::fh:p mmxffm,m Tmpefl‘ure(m Molar conversion(36)

1 8 1000 60 427+33
2 24 1000 60 64221
3 3 1000 20 B63L2 R
4 24 1000 20 98719
3 3 300 70 68741
6 24 300 70 823432
7 8 1300 70 B04=21
3 24 1500 70 98816
g 16 500 60 398227
10 & 300 80 B37£34
11 & 1300 &0 44842
12 18 1500 80 989225
12 18 1000 70 924231
14 18 1000 70 92028
15 16 1000 70 917223



K.-C. Huang et al.

[—)

(—)

o

- 2)
S
TE-
)
‘@
=
g 2.
= s (1)

= -

T T T T
0 2 4 6 8 10

Retention Time (min)

Figure 2. HPLC analysis of the reaction mixture for (1) ferulic acid, (2) 2-
ethylhexyl ferulate.

The reaction time course for the transesterification of ferulic acid by Novozym® 435 was shown as Figure 3
(A). The percent molar conversion of 2-ethylhexyl ferulate increased to 81.66% at 8 h. The selection of reaction
time range needs to be extremely precise in studies of CCRD, otherwise the optimal condition of synthesis can-
not be found inside the experimental region through the analyses of statistics and contour plots. The reaction
temperature course for the biosynthesis of 2-ethylhexyl ferulate was shown as Figure 3(b). The percent molar
conversion of 2-ethylhexyl ferulate increased to 83.83% at 80°C, 8 h. The results indicated increase of molar
conversion by high temperature. It is well known that the reaction temperature is a crucial parameter in biocata-
lysis. From report, enzymatic transesterification of ethyl ferulate (EF) and monostearin for feruloylated lipids
production was investigated. The optimum condition of reaction temperature was 74°C. A novel enzymatic route
of feruloylated structured lipids synthesis by the transesterification of EF with castor oil, in solvent-free system,
was investigated. High EF conversion was obtained under the reaction temperature 90°C [20]. The temperature
also has a large effect on the thermodynamic equilibrium of a reversible reaction. The enzyme amount course
for the bioctatlysis of 2-ethylhexyl ferulate was shown as Figure 3(c). The percent molar conversion of 2-
ethylhexyl ferulate increased to 90.16% at 2000 PLU. From preliminary experimental data, the variables and
their levels selected in this study were: reaction time (8 - 24 h), temperature (60°C - 80°C), and enzyme amount
(500 - 1500 PLUV), as shown in Table 1.

3.2. Model Fitting

In order to systemically understand the relationships between reaction temperature, enzyme amount and time for
the synthesis of 2-ethylhexyl ferulate, a 3-level-3-factor Box-Behnken design was applied and a total of 15
treatments (experiments) were carried out. The main objective of this work was to develop and evaluate a statis-
tical approach to better understand the relationship among the variables and the response (percent molar conver-
sion of 2-ethylhexyl ferulate). On the basis of this concept, a large-scale process can be optimized with lower
costs in terms of time and labor requirements. In comparison with the one-factor-at-a-time design, response sur-
face methodology (RSM), as employed in this study, is more efficient in reducing the experimental runs and
time for optimal 2-ethylhexy! ferulate production.

The RSM procedure for Box-Behnken was employed to fit the second-order polynomial equation to the expe-
rimental data (Table 1). Among the various treatments, the highest mole conversion (98.9% + 2.5%) was treat-
ment 12 (reaction temperature 80°C, enzyme amount 1500 PLU and reaction time 16 h), and the lowest mole
conversion (42.7% + 3.3%) was treatment 1 (reaction temperature 60°C, enzyme amount 1000 PLU and reaction

time 8 h). The second-order polynomial Equation (2) obtained was as follows:
Y =-968.26667 + 3.60052 X, + 26.28208X, +0.039783X, —0.027812X, X, ?
+0.0003X, X, +0.0004 X, X, —0.028971X > —0.17154X 7 —0.0000305167 X ?

The analysis of variance (ANOVA), represented in Table 2, indicated that this second-order polynomial
model was highly significant and adequate to represent the actual relationship between the response (percentage
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Figure 3. The reaction was carried out at (a) reaction time 0 - 24 h; (b) reaction temperature 50°C - 80°C
and (c) enzyme amount 500 - 2000 P LU, substrate molar ratio of 1:123 in 80 rpm and 560 torr by the
rotary evaporator.

Table 2. ANOVA for synthetic variables pertaining to the response of molar conversion.

Source Sum of squares df Mean square F value ;:};1:;
Model 225 9 25 37.08 0.0005
A-time 187 1 187 27.68 0.0033
B-temperature 1472 1 1472 2183 <0.0001
C-enzyme 0.85 1 0.85 12.61 0.0614
AB 0.17 1 0.17 248 0.1762
AC 0.0090 1 0.0090 0.13 0.7297
BC 0.021 1 0.021 0.32 0.3973
Al 0.015 1 0.015 0.23 0.6545
B? 433 1 433 64.15 0.0003
(o3 0.79 1 0.79 1.7 0.0188
Residual 16.18 5 324
Lack of Fit 132 3 5.07 1027 0.09
Pure Error 0.99 2 049
Cor Total 6922.94 14

molar conversion) and the significant variables with a very small p value is 0.0005 (<0.001) and a satisfactory
coefficient of determination (R? = 0.9852). The ANOVA results of responses reveal an insignificant “lack of fit”
for p > 0.05. Therefore, these models were adequate for prediction within the range of variables employed. Fur-
thermore, the ANOVA results indicate that the linear terms had significant (p < 0.05) influence on molar con-
version. The quadratic and cross product terms had less influence (p > 0.05).

3.3. Mutual Effect of Parameters

The effect of varying reaction temperature and enzyme amount on transesterification efficiency at a constant
reaction time of 16 h is shown in Figure 4(a). With the highest reaction temperature (80°C) and enzyme amount
(1500 PLU), 2-ethylhexyl ferulate molar conversion of 98.9% * 2.5% was obtained, when the enzyme amount
was decreased to 500 PLU and the reaction temperature was decreased to 60°C, only 39.8% * 2.7% molar con-
version remained. Figure 4(b) shows the effects of reaction time and reaction temperature on 2-ethylhexyl feru-
late biosynthesis at a constant enzyme amount (1000 PLU). At the lowest reaction time (8 h) and reaction tem-
perature (60°C), the molar conversion was 42.7% + 3.3%. The molar conversion increased when the reaction
temperature and reaction time increased. These results revealed that reaction temperature and reaction time are
most important parameters on the molar conversion of 2-ethylhexyl ferulate.

3.4. Optimal Optimum Synthesis Conditions

The optimum biosynthesis of 2-ethylhexyl ferulate was determined by the ridge max analysis, which showed
that the maximum molar conversion was 98.9% * 2.5% at 16 h, temperature 80°C and enzyme amount 1,500
PLU. The represents the correlation between the experimental values and the predicted values of RSM model for

@
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average cutting speed. A verification experiment performed at the suggested optimum conditions obtained a
molar conversion of 99.5% + 1.5%, which was close to the predicted molar conversion; thus, the predicted mod-
el was successfully developed. In this study, the lipase-catalyzed biosynthesis of 2-ethylhexyl ferulate was car-
ried out with easy method. The enzyme esterification of phenolic compounds is usually reacted with an excess
amount of acyl acceptor or donor due to the steric hindrance caused by benzoic structure. In this study, increased
of reaction temperature would result in a higher molar conversion of product; however, extremely high temper-
ature might inhibit the enzyme.

To examine the enzyme reusability, the ability of immobilized lipase for 2-ethylhexyl ferulate synthesis was
investigated under optimum conditions in Figure 5. The immobilized lipase was recovered from the reaction

Molar conversion

1000.00 70.00

Molar conversion
Molar conversion

1250.00 2000
100000 1600
B: temperature

€000 800 C: enzyme A: time
50000800

(b) (c)

Figure 4. Response surface plot showing the relationships between 2-ethylhexyl ferulate molar conversion and reaction pa-
rameters: (a) reaction temperature and enzyme amount; (b) reaction temperature and reaction time and (c) reaction time and
enzyme amount.
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Figure 5. Reusability of Novozym® 435 to synthesis 2-ethylhexyl ferulate under an operating condition of 71°C, 1422 PLU,
23 h, substrate molar ratio of 1:123 in 80 rpm and 560 torr by the rotary evaporator.
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medium after reaction and directly reused in the next batch. After the batch of immobilized lipase was reused 5
times, the molar conversion of 2-ethylhexyl ferulate still remained at about 90.4%. This result showed that the
immobilized lipase remained stable through a long-term 2-ethylhexyl | exposure. Thus, the result demonstrated
that the lipase could be effectively applied for 2-ethylhexyl ferulate synthesis and that the stability was high
enough to permit reuse. Novozym® 435 showed the best catalysis performance, which made the work more
suitable for feruloyl structured lipids preparation, due to the oxidizability and heat sensitivity of 2-ethylhexyl
ferulate.

4. Conclusion

The immobilized C. antarctica lipase is able to synthesis of 2-ethylhexyl ferulate. A 3-level-3-factor RSM and
Box-Behnken were employed for the experimental design and data analysis. A model for the 2-ethylhexyl feru-
late synthesis was built and the optimal synthesis condition was in a reaction time of 23 h, reaction temperature
of 71°C and enzyme amount 1422 PLU. Biosynthesis of 2-ethylhexyl ferulate under this optimal condition was
actually performed and 99.5% + 1.5% conversion was obtained. The results indicate that the temperature af-
fected the enzymatic synthesis significantly. In this experiment, green chemistry, based in solvent-free system,
breaking the previous ferulic acid lipid synthesis time, the time will be shortened to one day, the conversion rate
as high as 99.5%.
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