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Abstract

Purpose: This study aimed to develop a model for producing diacylglycerols 

(DAGs) in safflower oil. Oils with a high diacylglycerol (1,3-DAG) con-

tent have attracted considerable attention due to their favourable effects 

in preventing many diseases. There are valid scientific reports on the ef-

fects of diacylglycerol oil in preventing the accumulation of body fat and 

obesity, increased sensitivity of cells to insulin, reduced sodium concentra-

tion in the blood, LDL and cholesterol and blood pressure in people with 

atherosclerotic disease.

Design/methodology/approach: In this study, 1,3-DAG was synthesized from 

safflower oil using the glycerolysis reaction in a solvent-free system with li-

pozyme TL IM as a biocatalyst. A D-optimal design was used to model and 

optimize the reaction conditions. Evaluation of the resulting model enabled 

the determination of optimal reaction conditions for glycerolysis, aiming at 

a high DAG yield. The glycerolysis reaction was optimized with four factors 

of temperature, time, molar ratio of glycerol to oil and enzyme percentage. 

Findings: The DAG content of the product was dependent on all parameters 

examined except reaction temperature. DAG formation increased with in-
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creasing substrate ratio and decreasing enzyme load and reaction time. The 

highest DAG production was 52% (w/w, on the basis of total fat) and opti-

mal conditions were found to be 0.75% enzyme, 5.3 g glycerol, a temperature 

of 46.9 °C and a reaction time of 4 h. In these conditions, after purification, 

DAG content increased to 53.84. The content of sn-1,3-DAG was higher 

than that of sn-1,2-DAG (70:30) under all reaction conditions.

Keywords: Safflower oil, Lipozyme TL IM, Glycerolysis, Diacylglycerol oil
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INTRODUCTION

Fats and oils are essential ingredients and important components in 

our daily diet (Lo et al., 2008). They are important sources of energy, 

essential fatty acids and fat-soluble vitamins, and impart excellent 

flavour, texture and palatability to the food (Wang et al., 2009). 

However, studies have documented the health concerns associated 

with diets high in fats. A high intake of fats has been responsible 

for the high incidence of cardiovascular disease, hypertension, and 

obesity. Diacylglycerols (DAGs), are esters of glycerol with two fatty 

acids (FAs) which have two structural isomers, i.e., sn-1,2(2,3) DAG 

and sn-1,3 DAG. DAGs are the most widely used emulsifiers in food 

and pharmaceutical industries. These new healthy oils are naturally 

present as minor components in various edible oils and fats (Yang et 

al., 2004), and are digested and metabolized in a different way, which 

significantly affects the body weight increase (Kristensen et al., 2005a).

Recently, it has been reported that the use of DAG as a cooking 

oil has health benefits (Lo et al., 2004). In early 1999, Kao introduced 

a novel application of diacylglycerol oil as a functional cooking oil to 

Japanese consumers. Researchers at Kao have found that DAG oil has 

metabolic characteristics that are different from triacylglycerol (TAG) 

oils (Lo et al., 2008). DAG oil (which is 1,3-DAG) is the first and only 

oil clinically shown to be stored less as fat in the body compared to other 

edible oils. The energy value of DAG oil and TAG oil (with similar 

fatty acid composition) was virtually identical, that is 9.30 and 9.46 

kcal/g, respectively. Moreover, no significant differences in absorption 

rates (96.3% in both cases) were observed. Therefore the beneficial 

characteristic of DAG oil is not due to a difference in energy value or 

absorption rate, but is attributable to the different metabolic mechanism 
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of TAG and 1,2-DAG compared to 1,3-DAG after absorption by 

intestinal epithelial cells (Blasi et al., 2007).

Consumption of DAG oils could have several positive effects on 

the human body, including increased oxygen consumption, energy 

consumption, beta-oxidation in the liver and small intestine to produce 

energy, blood insulin and sensitivity of cells to insulin, blood fibrinogen 

concentration and reduction in the amount of platelets, activity of lactate 

dehydrogenase, sodium concentration in the blood, weight and body fat 

and amount of blood glucose (Matsuo, 2004; Morita and Soni, 2009).

DAGs can be produced chemically or enzymatically through 

esterification (glycerol and FA), glycerolysis (glycerol and TAG) and 

partial hydrolysis (TAG and water) processes in organic solvents and 

in a solvent-free system (Weber and Mukherjee, 2004). The enzymatic 

processes are ideal because of their mild reaction conditions (temperature 

and pressure), energy conservation, availability from a wide range of 

sources, potential for improvement via genetic engineering, higher product 

purity and quality, the regioselectivity (nonspecific and 1,3-specific) 

and enantioselectivity of lipases, the possibility of recoverability and 

recyclability, less environmental impact and the safety of the end 

products (Guo and Sun, 2007). Among these enzymatic approaches for 

DAG preparation, glycerolysis of TAG in a solvent-free system has been 

proven to be efficient for the preparation of sn-1,3-DAG (Yeoh et al., 

2009). Response surface methodology (RSM) is a set of mathematical 

and statistical methods developed for modelling and to find alone or in 

combination with a number of experimental factors that lead to optimum 

responses. It also offers a large amount of information from a small number 

of experiments (Ferreira-Dias et al., 2001; Kristensen et al., 2005b).

In this study, DAG is produced through lipase-catalyzed glycerolysis 

of safflower oil using immobilized Thermomyces lanuginosus lipases (TL 

IM), in a solvent-free system. As there are many factors affecting DAG 

production, the objective of this study was to optimize the reaction time, 

enzyme load, reaction temperature and substrate molar ratio (safflower 

oil/glycerol) by RSM for maximum yield of diacylglycerol.

MATERIALS AND METHODS

Safflower seeds were provided by the Oil Crop Development Centre in 

Isfahan, Iran. All solvents and chemicals used were of analytical grade 
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and obtained from Merck (Darmstadt, Germany). Silylation reagents 

(TMCS (trimethylchlorosilane) and BSTFA (N,O-bis[trimethylsilyl] 

trifluoroacetamide), fatty acid (palmitic, stearic, oleic, linoleic and 

linolenic acids), mono and diacylglycerol (1-linoleoyl-rac-glycerol and 

1,3-dilinoleoyl-rac-glycerol) as standard for GC analysis were purchased 

from the Sigma Chemical Co. (St. Louis, MO, USA). lipozyme TL IM 

(Thermomyces lanuginosus lipase immobilized) was generously supplied 

by Novozymes A/S (Tehran, Iran).

SOLVENT EXTRACTION

Hexane was used to extract oil from the safflower seeds. The milled 

seeds were exposed to hexane at ratio of 1:2 at room temperature for 

12 h, twice. The extract was filtered through filter paper for removal of 

particles. Finally, hexane was removed by rotary vacuum evaporator.

ANALYSIS OF ACYLGLYCEROLS

GLYCEROLYSIS REACTION

The reaction mixture consisted of safflower oil (30 g) and glycerol in 

different molar ratios (glycerol/oil) and immobilized lipase (the amount 

of lipase was based on the weight of oil). Reactions were carried out 

under varied conditions of reaction time and reaction temperature. The 

reaction was stirred using an orbital shaker at 400 rpm. Samples of the 

reaction mixture were filtrated through 0.45 µl to remove the enzyme 

lipases before analysis. The molar ratio of glycerol/oil, enzyme load, 

reaction time and reaction temperature used varied according to the 

experimental design followed.

SAMPLE SOLUTION

The procedure involves conversion of the mono and diglycerides 

into more volatile trimethylsilyl ether derivatives using BSTFA and 

TMCS in pyridine. Prior to analysis, the reaction products were 

filtered through a 0.45 mm nylon membrane filter to separate the 

lipase particles. 50 mg of oil was transferred into a 2.5 ml screw cap 

vial with Teflon faced septa and 50 µl pyridine was added. Pyridine, 

in addition to the role of solvent, acts as an electron receptor. The 

silylating agents were then added, including 0.2 µl BSTFA and 0.1 
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µl TMCS. The vial was closed and shaken vigorously. The reaction 

mixture was then heated in a heating device at 70 °C for 20 min. It 

should be noted that in this reaction, humidity is strictly excluded 

and should not enter the vial. The reaction was carried out twice and 

duplicate injections were made per reaction.

DETECTION OF ACYLGLYCEROLS BY GLC

The silylated sample (2 µl) was analyzed using an Agilent 6890N gas 

chromatograph equipped with split-splitless injector and with a flame 

ionization detector. The column used was a HP-5 (30 m, 0.32 mm 

i.d., 0.25 µm film thickness) column. The carrier gas was helium (ultra 

high purity) with a flow rate of 5 mL/min. The injector and detector 

temperatures were 320 and 350 ºC. The oven temperature was 

programmed from 80 to 320°C at a rate of 10°C/min and held for 26 min. 

The injector was used in split mode with a ratio of 1:30.

EXPERIMENTAL DESIGN

An appropriate range for each independent variable was determined 

for RSM. A statistical method—D-optimal design—was adopted to 

optimize the reaction conditions for maximum production of DAG 

analog from the enzymatic reaction. Enzyme load X
1
 (%), reaction 

time X
2
 (h), reaction temperature X

3
 (ºC) and mole ratio of glycerol 

to safflower oil X
4
 were used as the variables to maximize the 

response (yield of DAG analog). The experimental design included 

25 experiments of four variables at three levels (−1, 0, +1). Table 1 

gives the range of variables employed. The experimental plan was 

designed and the results obtained were analyzed using Design Expert 

version 7.1.6 (Stat-Ease Inc., Minneapolis, MN) software to build 

and evaluate models.

Independent variables Symbols
Range and levels

-1 0 +1

Enzyme load (%) X
1

5 10 15

Reaction time (h) X
2

8 16 24

Reaction temperature (ºC) X
3

40 50 60

Mole ratio of Gly/oil X
4

1:1 2:1 3:1

Table 1. 

Experimental 

range and values 

of the independent 

process variables in 

the RSM
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RESULTS AND DISCUSSION

MODEL FITTING

The actual set of experiments performed (experimental runs 1–25) and 

the yield of diacylglycerol obtained are shown in Table 2. A second-order 

polynomial equation was used to express the DAG yield oil (Y) as a 

function of the independent variables, as shown below:

Equation 1

Y= 31.50697 – 1.07083 X
1
 – 1.10035 X

2
 + 2.68184 X

4
 

+0.020458 X
2

2 – 0.26886 X
4

2 –0.024282 X
1
X

2
 

+ 0.11245 X
1
X

4
 + 0.038806 X

2
X

4

Exp. No.
Variable levels Yield (%)

Residual
X1 X2 X3 X4 Experimental Predicted

1 5 8 60 1:1 35.55 35.49 0.06

2 5 24 50 1:1 32.16 31.91 0.25

3 5 8 60 2:1 38.74 38.64 0.1

4 10 8 60 3:1 23.36 24.21 -0.85

5 15 8 40 1:1 41.37 42.02 -0.65

6 15 8 60 1:1 40.35 40.07 0.28

7 15 8 40 3:1 34.96 34.85 0.11

8 15 24 40 3:1 33.19 32.88 0.31

9 10 16 50 2:1 42.18 41.27 0.91

10 10 16 50 2:1 31.48 32.40 -0.92

11 5 8 50 3:1 42.13 41.85 0.28

12 15 16 60 3:1 39.71 39.58 0.13

13 10 24 60 1:1 44.15 43.79 0.36

14 5 24 60 3:1 39.36 39.37 -0.01

15 5 24 40 1:1 38.11 38.76 -0.65

16 15 8 60 1:1 33.76 32.63 1.13

17 15 24 40 3:1 41.63 41.92 -0.29

18 15 8 40 3:1 38.77 38.73 0.04

19 5 24 60 3:1 38.05 37.48 0.57

20 5 16 60 1:1 41.55 41.66 -0.11

21 5 24 40 2:1 39.80 41.27 -1.47

22 5 16 40 3:1 39.03 38.76 0.27

23 5 8 40 1:1 35.21 34.85 0.36

Table 2. 

Experimental 

settings of the 

factors and 

responses of 

dependent variables 

for the reaction by 

RSM
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24 15 24 60 2:1 32.86 32.40 0.46

25 15 24 40 1:1 38.72 39.37 -0.65

The accuracy of the models was evaluated by coefficient of 

determination R2 and adjusted R2 values (0.9831 and 0.9595, respectively) 

and the model of quadratic polynomial was suggested by the software.

EFFECT OF THE PARAMETERS ON DAG PRODUCTION

ENZYME LOADING (%)

As shown in Equation 1, the amount of enzyme produces a linear effect 

on DAG yield and interacts with time and glycerol content. Response 

surfaces can be illustrated by presenting the response as a function of 

one factor and keeping the other constant. Therefore, by increasing the 

enzyme load from 5 to 15 per cent, DAG content decreased; in other 

words, there was a negative linear effect on DAG production. Similar 

results have been observed by Kruger et al. (2010), who explained 

that by increasing the enzyme load, the efficiency of DAG production 

increased significantly.

According to Equation 1, there is an interaction between enzyme 

load, time and glycerol content. To visualize the combined effects of the 

two factors on the response, the response surface and contour plots were 

generated for each of the fitted models in functions of two variables, while 

keeping the other two variables at the central values. Fig. 1 denotes the 

response surface and contour plots of the DAG yield as a function of enzyme 

load/time and enzyme load/glycerol content at a temperature of 50°C.

Fig. 1. Response 

surface and 

contour plots of 

the DAG yield as 

a function of time 

and enzyme load 

(%) at centre levels 

of temperature and 

glycerol content
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As can be seen in Fig. 1, by increasing enzyme load, the content of 

DAG decreased significantly, while the effect of time was minor in this 

case. The contour plot shows that maximum DAG content was obtained 

by using 5 to 8.5% enzyme and 8 to 14 h reaction time.

Fig. 2 shows response surface and contour plots regarding the 

effect of enzyme load and glycerol content on the DAG yield at 

50°C with a reaction time of 16 h. There was significant interaction 

between enzyme load and glycerol content. Based on the response 

surface plot, as the amount of glycerol increased, the DAG content 

first increased and then declined with a gentle slope. The contour 

plot showed that maximum DAG content was obtained by using 5 

to 7% enzyme and 4 to 9 g glycerol. Ferreira-Dias et al. (2001) also 

evaluated the response of glycerol and enzyme load for producing 

DAG. They found that by increasing the glycerol, the DAG content 

was enhanced, but in contrast, the DAG content decreased when the 

enzyme load increased.

TIME

According to Equation 1, time showed a negative quadratic effect 

on DAG yield and interacted with glycerol content. By increasing 

reaction time from 8 to 24 h, DAG content decreased. In fact, with 

increasing reaction time, the enzyme starts to use the DAGs as a 

substrate in order to convert them to MAG and TAG. As shown in 

Equation 1, there is an interaction between reaction time and amount 

of glycerol. Fig. 3 shows response surface and contour plots regarding 

the effect of reaction time and glycerol content on the DAG yield at 

50°C with an enzyme load of 10%. As mentioned before, increased 

Fig. 2. Response 

surface and 

contour plots of 

the DAG yield as a 

function of enzyme 

load (%) and 

glycerol content 

at centre levels of 

temperature and 

time
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reaction time had a slight effect on DAG production, while increased 

glycerol content resulted in increased DAG yield. The contour plot 

shows that the maximum DAG yield will be obtained by 8-10 h 

reaction time and 5-9 g glycerol.

GLYCEROL

As shown in Equation 1, the amount of glycerol (g) produced a quadratic 

effect on DAG yield. In order to study the effect of glycerol molar ratio 

on DAG content, the other factors, including time, temperature and 

enzyme load, were kept constant. It should be noted that the glycerol 

had no interaction with any other factors. By increasing the glycerol 

up to 7.8 g, the DAG yield increased significantly, but more glycerol (> 

7.8) had a negative effect on DAG yield and caused it to decline slightly. 

Noureddini and Harmeier (1998) also studied the effect of glycerol 

on DAG yield and found that by increasing glycerol, the DAG yield 

increased and reached a constant point.

OPTIMIZATION OF PROCESS

At the optimum point, the maximum predicted value of the DAG yield 

was 48.44%, which is achieved at 46.9 ºC temperature, 4 h time, 0.75% 

enzyme load (weight of oil) and a molar ratio of glycerol to oil of 2:1. 

The adequacy of the predictive model was examined by performing 

independent experiments at the optimal conditions. Verification results 

revealed that the predicted values were reasonably close to observed 

values, which are 52.08 and 52 respectively. After removal of impure 

materials such as unreacted glycerol and fatty acid via the alkaline 

method, DAG content increased to 53.84%.

Fig. 3. Response 

surface and contour 

plots of the DAG 

yield as a function 

of reaction time 

(h) and glycerol 

content (g) at 

centre levels of 

temperature and 

enzyme load
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CONCLUSION

In conclusion, for the first time, a model for producing DAG in 

safflower oil with RSM has been successfully developed and glycerolysis 

has been optimized to produce DAG. Due to the notable advantages of 

DAG when compared with conventional oil, and the merit of enzyme 

reaction rather than chemical reaction, this oil can be scaled up in a 

pilot plan, or even in factories.
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