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ABSTRACT: Response surface methodology is a statistical de-
sign that helps one to determine optimal conditions for an en-
zyme-catalyzed reaction by performing a minimal number of
experiments. This methodology was adapted for modifying co-
conut oil TAG by using lipase-catalyzed acidolysis in hexane to
incorporate n-3 or n-6 PUFA. FFA obtained after hydrolysis of
cod liver oil and safflower oil were used as acyl donors. Immo-
bilized lipase, Lipozyme IM60, from Rhizomucor miehei was
used for catalyzing the reaction. The reaction conditions—sub-
strate molar ratio, incubation time, and temperature—were
optimized. The experimental data were fitted to a response
function based on the central composite rotatable design. The
optimal conditions generated from models indicated that maxi-
mal incorporation of n-3 PUFA occurred at a 1:4 molar ratio of
TAG/FFA when incubation was carried out for 34 h at 54°C.
Similarly, maximal incorporation of n-6 FA was predicted at a
1:3 molar ratio of TAG/FFA when incubated for 48.5 h at 39°C.
Experiments conducted at optimized conditions predicted by
the equation obtained from response surface methodology
yielded structured lipids with 13.65 and 45.5% of n-3 and n-6
FA, respectively. These values agreed well with that predicted
by the model. The reactions were also scaled up to 100 g levels
in batch reactors with the incorporation level of n-3 and n-6
fatty acids agreeing closely with that observed when the reac-
tions were carried out at lab scale (100 mg). These studies indi-
cated that response surface methodology is a useful tool in pre-
dicting the conditions for incorporating desired levels of spe-
cific FA during the synthesis of structured lipids.
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Structured lipids with specific combinations of FA have re-
ceived greater attention in recent years (1,2). Enzymatic aci-
dolysis reactions have been employed by many investigators
for the modification of the FA composition of vegetable oils
to synthesize structured lipids (1-4). A number of studies
have focused on obtaining TAG having a combination of
medium-chain FA and PUFA (3-5). n-3 PUFA like eicosa-
pentaenoic acid and docosahexaenoic acid have beneficial ef-
fects in controlling cardiovascular diseases, immune disor-
ders, inflammation, renal disorders, allergies, diabetes, and
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cancer. These FA also are essential for the development of the
brain and retina in humans (6). Similarly, linoleic acid (n-6)
is an EFA. It is utilized for the synthesis of complex lipids
that provide the permeability barrier to the epidermis (7).
PUFA also help to maintain optimal levels of unsaturation in
tissue lipids (8). Medium-chain TAG (MCT) offer numerous
health benefits and have been studied extensively for med-
ical, nutritional, and food applications. They are easily ab-
sorbed, are rapidly metabolized to yield quick energy, and are
not deposited in the body as fat (9). Although a source of
MCT, coconut oil cannot function as an ideal fat source for
humans as it does not provide EFA, which are essential for
body functions. The nutritional value of coconut oil can be
improved by incorporating EFA using lipase-catalyzed inter-
esterification reactions (10).

Lipases are enzymes that normally catalyze the hydrolysis
of TAG to form FFA, DAG, MAG, and glycerol. However,
when reaction conditions are modified, lipases also catalyze the
reverse reaction: catalysis of the formation of acylglycerols
from FFA and glycerol esters (11). Enzymatic interesterifica-
tion with substrate-specific lipases provides an efficient method
to improve the nutritional and physical properties of lipids. Li-
pases require mild reaction conditions and hence are preferred
in the incorporation of the highly labile PUFA into TAG (12).
Immobilized lipases have greater stability and can be reused
for many cycles without losing efficiency. This is very useful
when structured lipids have to be prepared in large scale (13).

Coconut oil has been incriminated as an atherogenic lipid,
owing to the presence of 92% of saturated FA in the lipid. The
lauric, myristic, and palmitic acids, which form around 81% of
its total FA, have hypercholesterolemic effects (14,15) that are
arisk factor for cardiovascular disease. We earlier reported that
the saturated FA in coconut oil can be partially replaced with a
long-chain saturated FA such as stearic acid (2), which has a
neutral effect on serum cholesterol level. However, when simi-
lar experimental conditions were adapted for the incorporation
of n-3 or n-6 PUFA into coconut oil lipids, the extent of incor-
poration differed considerably as compared to that of stearic
acid. This underscores the need for optimizing reaction condi-
tions for each FA to obtain desired level of incorporation into
structured lipids. This could necessitate the conduct of a large
number of experiments with each FA. However, these can be
circumvented by using response surface methodology (RSM)
to optimize reaction conditions with a minimum number of
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experiments to obtain statistically acceptable results. RSM en-
ables evaluation of the effects of multiple parameters, alone or
in combination, on response variables and also predicts their
behavior under a given set of conditions (16).

In the present study, RSM was employed to optimize the
conditions for the incorporation of n-3 or n-6 PUFA into co-
conut oil TAG by considering different variables involved in
the lipase-catalyzed reaction. The study aimed at examining
the influence of three variables, incubation time, temperature,
and the substrate molar ratio, on the incorporation of n-3 or
n-6 FA into coconut oil TAG. Based on these results, large-
scale synthesis of structured lipids was undertaken.

EXPERIMENTAL PROCEDURES

Materials. Coconut oil, safflower oil (SFO), and cod liver oil
(FO) were obtained from the local market. Immobilized 1,3-
specific lipase, Lipozyme IM 60 from Rhizomucor miehei, was
a gift from Novo Nordisk Bioindustrial Inc. (Danbury, CT). Sil-
ica gel G and alumina for chromatography were procured from
Sisco Research Laboratories (Mumbai, India). All organic sol-
vents were of analytical grade and distilled before use.

Enzymatic acidolysis. Enzymatic acidolysis in hexane was
initially carried out at laboratory scale (2). Reaction condi-
tions such as incubation time, temperature, and substrate ratio
were optimized for the synthesis of structured lipids from co-
conut oil TAG and FA obtained by hydrolysis of FO and SFO
(rich in n-3 and n-6 FA, respectively) as acyl donors. The re-
action mixture consisted of 2 mL hexane, 100 mg of coconut
oil, and different amounts of FFA from either FO or SFO, as
indicated, in 25-mL stoppered conical flasks. Immobilized li-
pase IM 60 (5 wt% of reactants) was added. Incubation was
carried out at different temperatures and for different time pe-
riods, as indicated, in an orbital-shaking incubator at a speed
of 160 rpm.

Analysis of products. At the end of the incubation period,
the enzyme was removed and the reaction mixture was de-
canted and passed over anhydrous sodium sulfate. The sol-
vent was evaporated under a stream of nitrogen. After dis-
solving the sample in 0.5 mL hexane, it was applied on
preparative TLC plates coated with silica gel G. The plates
were developed using petroleum ether/ethyl ether/acetic acid
(90:10:1, by vol) as mobile phase. Bands corresponding to
different lipid fractions were visualized under UV light after
spraying with 0.2% 2,7-dichlorofluorescein in methanol. The
bands corresponding to TAG were eluted using chloro-
form/methanol (2:1, vol/vol). The TAG were saponified using
methanolic KOH, and the FFA were methylated with boron
trifluoride in methanol. The FAME were extracted with
hexane, dried over anhydrous sodium sulfate, and analyzed
by GC with FID detection. A fused-silica capillary column,
25 m x 0.25 mm (Parmabond FAP-DF-0.25; Machery-Nagel
GmBH Co., Diiren, Germany) was used. The injector and de-
tector temperatures were kept at 210 and 250°C, respectively.
The initial temperature of the column was 160°C, and it was
programmed to increase at the rate of 6°C/min to 250°C. The
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individual FA were identified by comparison with the reten-
tion times of standards obtained from Nu-Chek-Prep
(Elysian, MN) (2).

Experimental design for RSM studies. A five-level, three-
variable central composite rotatable design (CCRD) was
adopted (17). Variables considered important for the reaction
were incubation time, temperature, and substrate molar ratio.
The design consisted of 8 factorial points, 6 axial points (2
axial points on the axis of each design variable at a distance
of 1.68 from the design center), and 5 center points. For cre-
ating response surfaces, the experimental data obtained based
on the above design were fitted to a second-order polynomial
equation of the form,

3 3 2 3
Y=by+ Y bix;+ 2 byx 2 Y, Y byxx; (1]
i=1 i=1 i=1 j=i+l
where Y = % incorporation of FFA; bo = constant, bl. = linear
term coefficients, bii = quadratic term coefficients, and bl.. =
cross-term coefficients. The regression analyses, statistical
significance, and response surfaces were done using Mi-
crosoft Excel software (version 5.0). Optimization of the re-
action parameters for maximal incorporation of FA was ob-
tained through a software package “Microsoft Excel—Solver
program” (version 5.0), which used Newton’s search method.
Optimization of reaction conditions in terms of FFA to co-
conut oil molar ratio, incubation temperature, and time were
calculated using the predictive equation from RSM.

Large-scale preparation of structured lipids. (i) Produc-
tion of FFA. FO and SFO were hydrolyzed to produce FFA
rich in n-3 and n-6 PUFA, respectively (18). Briefly, 1 kg of
oil was refluxed with 2 L of 0.5 N methanolic NaOH solution
with EDTA for 1 h at 60°C under a nitrogen atmosphere. The
mixture was cooled to room temperature and transferred to a
separatory funnel. Concentrated HCI was added till the pH of
the solution reached 3. After 6 h the lower phase was dis-
carded and the methanolic phase with the FFA was washed
and then dried over anhydrous sodium sulfate. Next,
methanol was evaporated in a vacuum rotary evaporator.
Analysis of the resulting FFA preparations by TLC indicated
an absence of TAG, DAG, and MAG. The FA compositions
of the preparations, determined by methylation and GC analy-
sis, matched those expected for FO and SFO. The FFA were
stored under nitrogen at —10°C till used for the reaction. In
total, 5 kg of cod liver oil and 3 kg of SFO were hydrolyzed
in batches of 1 kg each for the production of FFA.

(ii) Scale-up. Based on the optimal conditions determined
with RSM, large-scale production of structured lipids was
carried out. The TAG level was increased from 100 mg, used
in the lab scale, to 100 g with the corresponding increase in
the amount of hexane and FFA. Reactions were carried out at
optimized conditions as predicted by RSM. Two types of
structured lipids were synthesized from coconut oil TAG by
incorporating either n-3 or n-6 FA. In the former case, co-
conut oil and the FFA from FO were taken in 1:4 molar ratio.
Each batch consisted of 100 g of coconut oil, 240 g of FFA
from FO, and 17 g of immobilized lipase taken in a 1-L stop-
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pered conical flask. Incubation was carried out at 54°C for 34
h with constant agitation. In the case of structured lipids with
n-6 FA, coconut oil and FFA from SFO were taken in a 1:3
molar ratio. In each batch, 100 g of coconut oil, 135 g of saf-
flower oil FFA, and 12 g of immobilized lipase were taken.
Incubation was carried out for 48.5 h at 39°C.

Purification of reaction products. TAG were separated from
the reaction mixture by column chromatography. A mixture of
20 g each of alumina and silica gel (100—200 mesh size) was
activated at 200°C for 2 h and cooled in a desiccator. A slurry
of this was made in hexane and packed in 35 X 4 cm glass
columns. A 30 g sample from the reaction mixture was loaded
on the column and eluted with 350 mL of hexane/diethyl ether
(95:5 vol/vol). The fractions containing TAG were pooled, and
solvent was removed in a vacuum rotary evaporator. The pu-
rity of TAG was checked by TLC. Petroleum ether/diethyl
ether/acetic acid (80:20:1, by vol) was used as the developing
solvent. The structured lipids were stored in stoppered flasks
and kept in a cold room after flushing with nitrogen.

RESULTS AND DISCUSSION

Enzymatic acidolysis in hexane was employed to modify the
FA composition of coconut oil. The FFA obtained from SFO
contained 68% 18:2n-6 (PUFA). The FFA obtained from FO
contained 13% 20:5n-3 and 8% 22:6n-3 PUFA. The TAG of
unmodified coconut oil showed 12:0 as the predominant FA
(48%), followed by 14:0 (24%) and 16:0 (9%). When coconut
oil TAG were subjected to acidolysis with FA from FO or
SFO in the presence of lipase, the resulting structured lipids
were enriched in n-3 or n-6 FA, respectively. The actual val-
ues of the variables employed for the RSM experiments are
given in Table 1.

Incorporation of n-3 FA. Incubation temperature, time, and
substrate concentration were selected as the factors affecting
the reaction. All three parameters were found to influence the
incorporation of n-3 PUFA into TAG. Based on experimental
results (Table 1), the regression coefficients of the response
surface model as given by Equation 1 were evaluated. The re-
sponses and variable settings from Table 1 were fitted to each
other with multiple regressions. A good fit was obtained, and
no outliers were observed. Student’s z-test indicated that all
the linear coefficients, and all quadratic terms except temper-
ature were highly significant (P < 0.05). However, none of
the interaction terms was found to be significant. The regres-
sion statistics and the ANOVA are presented in Table 2. The
ANOVA indicates that the model is highly appropriate for the
prediction as the F, ., value (37.0) is very high compared to
the F 5.13 value (4.86). The coefficient of determination (R?)
of the model was 0.93, which indicates that the model ade-
quately represented the relationship among the selected reac-
tion parameters. The average absolute relative deviation of
the predicted response from the experimental response is
7.8%. The normal percentage probability plot (Fig. 1) of the
residuals showed a general linearity with the errors normally
distributed (R? = 0.96) and independent of each other. The
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TABLE 1
Actual Experimental Settings of the Factors and the Responses
Therefrom for the Optimization of the Reaction
by Response Surface Methodology
Substrate % Incorporation
molar ratio Temp. Time into coconut oil of
(TAG/FFA) (°C) (h) n-3 PUFA n-6 PUFA
1.5 30 15 3.98 14.37
4.85 30 15 11.12 23.46
1.5 48 15 9.88 32.32
4.85 48 15 14.95 48.67
1.5 30 40 7.79 30.32
4.85 30 40 11.27 33.54
1.5 48 40 11.35 32.68
4.85 48 40 15.16 42.14
0.36 39 27.5 5.20 28.73
5.99 39 27.5 10.50 38.68
3.175 23.9 27.5 10.19 24.64
3.175 54.1 27.5 16.78 30.99
3.175 39 6.5 7.84 33.06
3.175 39 48.5 13.13 46.15
3.175 39 27.5 12.85 40.87
3.175 39 27.5 14.09 40.63
3.175 39 27.5 12.98 44.07
3.175 39 27.5 12.64 42.50
3.175 39 27.5 14.83 43.18

error variances are homogeneous, which also indicates that
the model adequately represents the relationships among the
selected reaction variables. The insignificant terms in the
response model were eliminated after examining the coeffi-
cients and the model was finally refined. The best-fitting qua-
dratic model by multiple regression and backward elimina-
tion was determined to be

Y =13.52+2.08X, +2.07X, +1.07X; —1.95X, X; —1.01X;X; [2]

TABLE 2
Statistical Analysis of the Response Function for Incorporation
of n-3 and n-6 FA in Coconut Oil

Regression statistics: n-3 PUFA n-6 PUFA
Multiple R 0.967 0.938
Standard error 1.025 3.754
ANOVA analyses for n-3 PUFA
Degree Sum Mean Significance
of freedom of squares sum squares F ratio F
Regression 5 194.05 38.81 36.96 0.000
Residual 13 13.65 1.05
Total 18 207.70
ANOVA analysis for n-6 PUFA
Degree Sum Mean Significance
of freedom of squares sum squares F ratio F
Regression 6 1238.18 206.36 14.65 0.000
Residual 12 169.07 14.09
Total 18 1407.25
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However, when the substrate ratio was held constant at 3.17,
incorporation increased with time up to 38 h and then leveled
off (Fig. 2B). At any incubation time, incorporation increased
steadily with temperature. Thus, if the mixture was incubated
at higher temperatures for up to 38 h, maximal incorporation
was predicted at a 3.17 molar ratio of FFA to TAG. Incorpo-
ration increased linearly with temperature up to at least 54°C
although this increase was not highly significant. Figure 2C
shows the effect of temperature and substrate at constant in-
cubation time (27.5 h). At 27.5 h of incubation, temperature
gave a slight linear increase in product but with an increasing
in the substrate ratio, the extent of incorporation increased,
reaching equilibrium at a molar ratio of 4.5. A substrate ratio
of 3.17 (FFA/TAG) and high temperature of up to at least
54°C gave high levels of incorporation of n-3 PUFA.
Maximal incorporation of 17.8% n-3 FA into coconut oil
was predicted by RSM when a substrate molar ratio of 1:4.1
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FIG. 2. Response surfaces showing incorporation of n-3 FA into coconut
oil (A) at temperature = 39°C, (B) at substrate molar ratio = 3.175, and
(C) at time =27.5 h.

of TAG/FFA, temperature of 54.1°C, and incubation time of
34 h were used.

Incorporation of n-6 FA. The coefficients of the response
surface model as given in Equation 1 were evaluated for in-
corporation of n-6 PUFA into coconut oil TAG. Student’s #-
test indicated that all the linear coefficients and quadratic
terms were highly significant (P < 0.05) except time and tem-
perature-time interaction terms. The regression statistics and
the ANOVA are presented in Table 2. The ANOVA indicates
that the model has high levels of significance, as the F
value (14.7) is very high compared to tabular F |, value
(4.82). The coefficient of determination (R?) of the model for
incorporation of n-6 FA was 0.88. The average absolute rela-
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tive deviation of the predicted response from the experimen-
tal response was 7.6%. The normal percentage probability
plot (Fig. 1) of the residuals indicates that the errors are nor-
mally distributed (R? = 0.96) and are independent of each
other and that the error variances are homogeneous. Neglect-
ing the insignificant terms, the final predictive equation ob-
tained is given as

Y =41.225+4.019X, +4.748X, +3.067X; —3.071X, X,
~5.158X,X, —4.025X, X

All the linear coefficients are positive, and quadratic coef-
ficients of the substrate molar ratio and temperature variables
are negative. Incorporation of n-6 FA into coconut oil was af-
fected by all three reaction variables studied. Figure 3A
shows that, at a constant temperature of 39°C, the incorpora-
tion increased with time and substrate molar ratio. But at any
given time, incorporation increased with an increase in sub-
strate only up to a ratio of 4.58, beyond which it decreased.
The levels of incorporation of n-6 PUFA did not decrease
even at 48 h. At a constant substrate ratio of 3.17, at any given
time, incorporation of n-6 PUFA increased up to a certain
temperature after which it decreased (Fig. 3B). For instance,
at 3.17 molar ratio of FFA over TAG, when incubation was
carried out for 27.5 h at 24, 39, and 54°C, incorporation of n-6
PUFA was 25, 44, and 31%, respectively. Incorporation of n-6
PUFA was greater when reactions were carried out at lower
temperatures for longer periods of time and for shorter time
at higher temperatures. The incorporation of n-6 PUFA
peaked at around 40°C and then decreased, as shown in Fig-
ure 3B. This could be attributed to the hydrolysis of TAG at
higher temperatures (2). When compared to n-3 PUFA (Fig.
2), the influence of temperature and time on incorporation of
n-6 PUFA was different. As PUFA are more prone to lipid
peroxidation especially at higher temperatures, the lipid per-
oxidation product might have reduced lipase activity, as has
been observed by earlier workers (19). However, such an ef-
fect was not observed in the case of incorporation of n-3
PUFA. The FFA from SFO contained 68§% PUFA while in FO
it was present to an extent of 35%. Figure 3C shows the ef-
fect of temperature and substrate molar ratio on incorporation
of n-6 PUFA when incubation was carried out for 27.5 h. An
increase in substrate molar ratio increased the incorporation
of n-6 PUFA till a temperature of 43°C was reached beyond
which it decreased. Similarly, incorporation of n-6 FA in-
creased with an increase in substrate ratio till it reached a
level of 4.6 and then decreased. Time does not seem to play a
crucial role in these reactions as has been observed earlier by
Huang and Akoh (16), who noticed slower incorporation of
capric acid into TAG at longer incubation times. At lower
temperatures, incorporation increased with time but beyond
40°C, an increase in incubation time decreased the incorpora-
tion. The interaction of substrate molar ratio and temperature
on incorporation is similar for n-6 and n-3 PUFA. It has been
generally observed that the higher the incubation time, tem-
perature and substrate, the higher the incorporation obtained.
This agrees with the reports of Xu et al. (1), where similar ob-
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FIG. 3. Response surfaces showing incorporation of n-6 FA into coconut
oil (A) at temperature = 39°C, (B) at substrate molar ratio = 3.175, and
(C) attime = 27.5 h.

servations were made for the incorporation of capric acid into
menhaden oil. In the present study, values obtained from
RSM predicted the synthesis of structured lipids with a maxi-
mum of 46.38% of n-6 PUFA at a substrate molar ratio of
1:3.17 of TAG/FFA, incubation temperature of 39°C, and in-
cubation time of 48.5 h.

Model validation. Based on the RSM studies, actual ex-
periments were carried out at optimized conditions predicted
by the model. It was observed that, at optimal conditions, the
structured lipids contained 13.65% n-3 PUFA as against the
predicted maximum of 17.8%. Similarly, when experiments
were conducted at optimal conditions, structured lipids

JAOCS, Vol. 79, no. 9 (2002)
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TABLE 3
FA Composition (mol%) of Unmodified Coconut Oil and Structured
Lipids Synthesized at Optimal Conditions

Structured lipids synthesized
from coconut oil enriched with

FA Coconut oil n-3 PUFA n-6 PUFA
8:0 2 — —
10:0 3 — —
12:0 48 16 17
14:0 24 11 12
16:0 9 15 10
16:1 — 3 —
18:0 3 4 2
18:1 9 25 15
18:2n-6 2 5 46
20:1 & 22:1 — 6 —
20:4 — 3 —
20:5n-3 — 10 —
22:6n-3 — 4 —

containing 45.5% n-6 PUFA were obtained as against a pre-
dicted maximum of 46% from the model.

Large-scale synthesis of structured lipids. Enzymatic aci-
dolysis reactions were scaled up to the 100 g level under op-
timized conditions predicted by the RSM models. The FA
composition of the resulting structured lipids is given in
Table 3. The structured lipids from coconut oil contained ei-
ther 14% n-3 FA when FO FA were used or 46% n-6 FA when
SFO FA were used. Recovery of the purified TAG obtained
was 87% for the structured lipids with n-3 FA and 90% for
the ones with n-6 FA.

In the present study, linoleic acid was increased from 2%
in the unmodified to 46% in the modified coconut oil lipids.
Similarly, when n-3 FA from cod liver oil were used for mod-
ification, the concentration of n-3 PUFA increased from O to
14% in the coconut oil lipids. The structured lipids developed
in the present study still retained medium-chain fatty acids
and at the same time contained beneficial n-3 or n-6 FA. Thus
the RSM model helped in optimizing the conditions for in-
corporating n-3 or n-6 PUFA into coconut oil lipids with a
minimum number of experiments.
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