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ABSTRACT: Structured lipids (SLs) with high palmitic acid content at the sn-2 position enriched with arachidonic acid (ARA)
and docosahexaenoic acid (DHA) were produced using extra virgin olive oil, tripalmitin, ARA and DHA single cell oil free fatty
acids. Four types of SLs were synthesized using immobilized lipases, Novozym 435 and Lipozyme TL IM, based on one-stage
(one-pot) and two-stage (sequential) syntheses. The SLs were characterized for fatty acid profile, triacylglycerol (TAG)
molecular species, melting and crystallization profiles, tocopherols, and phenolic compounds. All the SLs had >50 mol % palmitic
acid at the sn-2 position. The predominant TAGs in all SLs were PPO and OPO. The total tocopherol content of SL1-1, SL1-2,
SL2-1, and SL2-2 were 70.46, 68.79, 79.64, and 79.31 μg/g, respectively. SL1-2 had the highest melting completion (42.0 °C)
and crystallization onset (27.6 °C) temperatures. All the SLs produced in this study may be suitable as infant formula fat
analogues.
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■ INTRODUCTION

Maternal breast milk is universally considered a gold standard
of nutrition for infants.1 Human milk is a complex mix of
nutrients and bioactive compounds that provides balanced
nutrition and also helps in building immunity. Although human
breast milk is the preferred choice of nutrition for the infants, in
certain cases when the mother cannot or chooses not to, or if
the milk production is not sufficient, infant formulas are the
ideal nutritional alternative to human breast milk. Lipids are an
important constituent of human milk providing not only ∼50%
energy but also essential fatty acids (EFAs) and fat-soluble
vitamins. The total lipid content of human breast milk varies
(3−5%), of which 98% are triacylglycerols (TAGs).2 Human
milk is a source of the EFAs linoleic acid (LA, 18:2n-6) and α-
linolenic acid (ALA, 18:3n-3) as well as their long-chained
derivatives arachidonic (ARA, 20:4n-6) and docosahexaenoic
acids (DHA, 22:6n-3). In infants, the conversion of LA and
ALA to ARA and DHA, respectively, is not efficient enough to
meet the requirements; therefore, most of the infant formulas
are supplemented with preformed ARA and DHA. Although
long chain polyunsaturated fatty acids (LC-PUFAs) account for
a very small proportion of human milk fat (<1%, individually),
they play an important role in proper development of the
infant, especially DHA (0.32 ± 0.22%) and ARA (0.47 ±
0.13%).3 Bioavailability of EFAs and LC-PUFAs are critical
during infancy for proper brain growth and functioning,
cognitive skills, motor skills, sensory functions, and neurological
reflexes.4

In human milk, palmitic acid (16:0) is predominantly
esterified at the sn-2 position (>50%); whereas vegetable oils
or cows’ milk fat contain most of their palmitic acid in the outer
positions of the TAG molecules.5 This unique fatty acid

distribution of human milk TAGs greatly affects their digestion,
absorption, and metabolism. All fatty acids in the sn-1,3
positions of TAGs are hydrolyzed during digestion, in contrast
to only 22% of fatty acids in the sn-2 position.6 As a result of
pancreatic lipase, fatty acids at sn-1,3 positions are released as
FFAs. If palmitic acid is predominantly esterified at sn-1,3
positions, it is released as free palmitic acid. At the alkaline pH
of the intestine, free palmitic acid readily forms insoluble soaps
with divalent cations such as calcium and magnesium, and they
are excreted as hard stool. This results in unavailability of both
palmitic acid and minerals to the infants.7 Higher palmitic acid
absorption has been observed in human milk compared to
infant formulas5 and also in formulas rich in sn-2 palmitic acid
content than in formulas in which palmitic acid was mainly
esterified at sn-1,3 positions. This has been observed in both
term8 and preterm infants.9 Also, sn-2 palmitic acid rich infant
formulas may improve calcium absorption.10

Lipids (usually TAGs) that have been structurally modified
from their natural form by changing the fatty acids and/or their
position, or synthesized to yield novel TAGs with desired
functional and nutritional properties, are called structured lipids
(SLs).11 Positional specific TAGs suitable as infant formula fats
analogues can be synthesized using lipases which are regio-and
stereospecific. SLs containing palmitic acid at the sn-2 position
are an excellent substrate for infant formula. Betapol (Loders
Croklaan, Chanhannon, IL) was the first commercially available
enzymatically synthesized SL for use in infant formulas.
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Although Betapol has high sn-2 palmitic acid, it lacks LC-
PUFAs. Therefore, novel SLs with palmitic acid at the sn-2
position and also enriched with LC-PUFAs are required for
optimal growth and development of the infant. Most
symmetrical SLs are produced using a two-stage process with
sequential addition of nonspecific and/or sn-1,3 specific
lipases.12−17 First, the acyl moiety at the sn-2 position is
modified followed by sn-1,3 regioselective acylations. Few
studies have been done on simultaneous use of multiple lipases
for SL synthesis. Ibrahim et al. used a dual lipase system for
interesterification of palm stearin and coconut oil.18 They
concluded that certain lipases when mixed in specific ratios
have a synergistic effect and dual lipase system may be used for
increased degree of interesterification. Türkan and Kalay also
suggested the use of dual lipase reaction system instead of a
single enzymatic system in biodiesel production.19

The objective of this study was to produce extra virgin olive
oil (EVOO) based SLs containing high sn-2 palmitic acid and
enriched with DHA and ARA as possible human milk fat
analogues for infant formula application. For this we employed
both a one-stage (one-pot/dual lipase) synthesis and a two-
stage (sequential) synthesis. To the best of our knowledge, this
is the first study on infant formula fat analogues based on
EVOO and containing ARA and DHA using both syntheses.
This may help to expand the application of EVOO in infant
nutrition.

■ MATERIALS AND METHODS
Materials. Extra virgin olive oil (EVOO) was provided by Al Jouf

Agricultural Development Corporation (Al-Jouf Skaka, Saudi Arabia)
while ARASCO and DHASCO were kindly provided by DSM
Nutritional Products (Columbia, MD). The immobilized enzymes,
Lipozyme TL IM (Thermomyces lanuginosus lipase, sn-1,3 specific,
specific activity 250 IUN/g: IUN = interesterification unit) and
Novozym 435 (Candida antarctica lipase, nonspecific, specific activity
10,000 PLU/g: PLU = propyl laurate unit) were purchased from
Novozymes North America Inc. (Franklinton, NC). Supelco 37
Component FAME mix, tocopherol standards, 2-oleoylglycerol,
pinoresinol, gallic, ferulic, p-coumaric, and caffeic acids were purchased

from Sigma-Aldrich Chemical Co. (St. Louis, MO). Hydroxytyrosol
was purchased from Cayman Chemical Company (Ann Arbor, MI).
Vanillic acid and tyrosol were obtained from Oakwood Products Inc.
(West Columbia, SC). Luteolin and oleuropein were purchased from
Indofine Chemical Company (Hillsborough, NJ). Tripalmitin and
pentadecanoic acid was procured from TCI America (Portland, OR).
The TAG standard mix (GLC-437) was purchased from Nu-chek
Prep, Inc. (Elysian, MN). Other solvents and chemicals were from
Fisher Scientific (Norcross, GA) and Sigma-Aldrich Chemical Co.

Preparation of Free Fatty Acids (FFAs) from ARASCO and
DHASCO by Saponification. Saponification value (SV) was
calculated based on AOCS Official Method Cd 3a-94.20 Fatty acid
profile was used to calculate the molecular weight (MW) of the
substrates. The MW (g/mol) of ARASCO and DHASCO was 912.69
and 881.30, respectively. The SV (mg of KOH/g) of ARASCO and
DHASCO was 183.67 and 186.18, respectively. FFAs were prepared
according to a previously described method.21 The FFAs (ARASCO-
FFA and DHASCO-FFA) were mixed in the ratio of 2:1 w/w and
flushed with nitrogen. This FFA mixture was termed AD and stored at
−80 °C in an amber Nalgene bottle until use.

SL Synthesis. SLs were synthesized in Erlenmeyer flasks in a
solvent free environment. Two types of reaction schemes were used
(Figure 1). Two-stage synthesis (case I) consisted of a sequential two-
stage SL synthesis. In the first stage tripalmitin and EVOO were
reacted in the presence of Novozym 435. Novozym 435, which is
mostly considered as a nonspecific lipase, was used in the first stage
with the aim of increasing palmitic acid at the sn-2 position of EVOO
TAGs. The product of the first stage was then filtered (to remove
enzyme), and AD (ARASCO-FFA and DHASCO-FFA, 2:1) was
added. The acidolysis reaction was then catalyzed by Lipozyme TL IM,
an sn-1,3 specific lipase, to incorporate ARA and DHA into the TAG
structure while conserving the palmitic acid at the sn-2 position. In
one-stage synthesis (case II), tripalmitin, EVOO, and AD were reacted
together in the presence of Lipozyme TL IM and Novozym 435
lipases. The aim was to achieve similar product as in case I and to
determine if the dual enzyme system had any synergistic effect.
Carrying out multiple reactions (interesterification and acidolysis)
simultaneously in the presence of dual biocatalysts may help reduce
the reaction time, eliminate intermediate purification steps, and result
in an improved SL synthesis process. The substrate molar ratios
(tripalmitin:EVOO:AD) used were 0.5:1:0.5 and 1:1:0.5. The reaction
temperature was fixed at 60 °C. Preliminary small-scale reactions were

Figure 1. Reaction schemes: two-stage and one-stage syntheses. Two-stage synthesis consists of 2 stages. Stage 1 (interesterification): TP:EVOO
were reacted using nonspecific lipase Novozym 435. Stage 2 (acidolysis): Stage 1 product was filtered and further reacted with AD using sn-1,3
specific lipase Lipozyme TL IM . In one-stage synthesis all the substrates and both lipases were added together. TP, tripalmitin. EVOO, extra virgin
olive oil. AD, mix of ARASCO-FFA and DHASCO-FFA (2:1).
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performed at 6, 12, 18, and 24 h for reaction time selection. Figure 2
shows the sn-2 palmitic acid content of the small-scale reaction
products. Based on the small-scale results, the following conditions
were selected for scale-up:

Case I. Two-Stage (Sequential) Synthesis.

SL1-1: The substrate molar ratio was 0.5:1 (tripalmitin:EVOO) and
the incubation was 24 h using Novozym 435 as biocatalyst.
The reaction product was filtered to remove the lipase. No
further purification was done prior to the addition of the
second lipase. The product was then reacted with AD for 6 h
in the presence of Lipozyme TL IM lipase. The final ratio was
0.5:1:0.5 (tripalmitin:EVOO:AD).

SL1-2: Similar to SL1-1 except a substrate molar ratio of 1:1:0.5
(tripalmitin:EVOO:AD) was used and the run time for both
first stage and second stage was 6 h each.

Case II. One-Stage (One-Pot) Synthesis.

SL2-1: The substrate molar ratio was 0.5:1:0.5 (tripalmitin:E-
VOO:AD) and the reaction time was 24 h using Novozym
435 and Lipozyme TL IM lipases as biocatalysts.

SL2-2: The substrate molar ratio used was 1:1:0.5 (tripalmitin:E-
VOO:AD) for 6 h using Novozym 435 and Lipozyme TL IM
lipases as biocatalysts.

Each enzyme was added at 10% of the total weight of substrates. The
Erlenmeyer flasks were kept in a water bath shaker at 200 rpm for the
specified time and temperature. After the reaction, the extra FFAs were
removed through deacidification by alkaline extraction method22 and
the purified SLs were stored at −20 °C until analysis.
Total and Positional Fatty Acids. Lipid samples were converted

to fatty acid methyl esters following the AOAC Official Method
996.0123 and analyzed with a Hewlett-Packard 6890 series II gas
chromatograph (Agilent Technologies Inc., Palo Alto, CA) using a
Supelco SP-2560, 100 m × 25 mm × 0.2 μm column. sn-2 positional
fatty acid composition was determined following the AOCS Official
Method Ch 3-91.24 Fatty acid composition at the sn-1,3 position can
be calculated using the following equation:

‐ = × − ‐sn sn1,3 (%) [3 total (%) 2 (%)]/2

All experiments were conducted in triplicate, and average values
reported.

Triacylglycerol (TAG) Molecular Species. The TAG composi-
tion was determined with a high-performance liquid chromatograph
(HPLC) (Agilent Technologies 1260 Infinity, Santa Clara, CA)
equipped with a Sedex 85 evaporative light scattering detector (ELSD)
(Richard Scientific, Novato, CA). A Beckman Ultrasphere C18
column, 5 μm, 4.6 × 250 mm, was used with temperature set at 30
°C. The injection volume was 20 μL. The mobile phase at a flow rate
of 1 mL/min consisted of solvent A, acetonitrile, and solvent B,
acetone:methyl tert-butyl ether (90:10, v/v). A gradient elution was
used starting with 35% solvent A to 5% solvent A at 42 min and then
returning to the original composition in 3 min. Drift tube temperature
was set at 50 °C, pressure at 4.0 bar and gain at 8. The samples were
dissolved in chloroform with final concentration of 5 mg/mL. The
TAG peaks were identified by comparison of retention times with
those of the standards and also by equivalent carbon number (ECN).
ECN is defined as CN − 2n, where CN is the number of carbons in
the TAG (excluding the three in the glycerol backbone) and n is the
number of double bonds. Triplicate determinations were made and
averaged.

Tocopherols. HPLC (Shimadzu LC-6A pump equipped with an
RF-10AXL fluorescence detector with excitation set at 290 nm and
emission at 330 nm (Shimadzu Corp., Columbia, MD)) was used for
tocopherol analysis. An isocratic mobile phase of 0.85% (v/v)
isopropanol in hexane was used at a flow rate of 1.0 mL/min. The
normal phase column was a LiChrosorb Si 60 column (4 mm, 250
mm, 5 μm particle size, Hiber Fertigsaeule RT, Merck, Darmstadt,
Germany). The sample concentration was 20 mg/mL in HPLC-grade
hexane. Injection volume was 20 μL. The tocopherols were identified
by comparing their retention times with those of authentic standards
(1.25−20 μg/mL in hexane containing 0.01% butylated hydroxyto-
luene). Tocopherols were quantified based on the standard calibration
curves and reported as μg/g from the average of triplicate
determinations.

Major Phenolic Compounds. Phenolics were extracted with
methanol, water, and acetonitrile using solid phase extraction.25 Major
phenolic compounds were determined following the method described

Figure 2. Small-scale study for run time optimization. Two-stage synthesis consists of 2 stages. Stage 1: TP:EVOO (0.5:1, 1:1) using Novozym 435
(10%). Stage 2: TP:EVOO(stage 1 product):AD (0.5:1:0.5, 1:1:0.5) using Lipozyme TL IM (10%). In one-stage synthesis all the substrates and
enzymes were added together. TP:EVOO:AD (0.5:1:0.5, 1:1:0.5) using Novozym 435 (10%) and Lipozyme TL IM (10%) lipase. TP, tripalmitin.
EVOO, extra virgin olive oil. AD, mix of ARASCO-FFA and DHASCO-FFA (2:1).
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by Owen et al.26 using a Hewlett-Packard (Avondale, PA) HP 1100
HPLC system with diode array detector. The column was Beckman
Ultrasphere C18, 5 μm, 4.6 × 250 mm, with temperature set at 40 °C.
The injection volume was 20 μL. The mobile phase consisted of
solvent A, 2% acetic acid in water, and solvent B, methanol, at a flow
rate of 1 mL/min. Gradient elution was as follows: at 2 min 5% solvent
B, 10 min 25% B, 20 min 40% B, 30 min 50% B, and 100% B at 45
min. Detection was done at 260, 280, 320, and 360 nm. Identification
was based on the retention times and characteristic UV spectra, and
quantification was done using the external standard curves. All analysis
was performed in triplicate and average reported.

Melting and Crystallization Profiles. The melting and
crystallization profiles were determined using a differential scanning
calorimeter DSC 204 F1 Phoenix (NETZSCH Instruments North
America, Burlington, MA) following AOCS Official Method Cj 1-94.27

10−12 mg samples were weighed into aluminum pans and
hermetically sealed. Samples were rapidly heated to 80 °C at 20 °C/
min, and held for 15 min to destroy any previous crystalline structure.
The samples were then cooled to −75 °C at 5 °C/min (exotherms),
held for 30 min, and finally heated to 80 °C at 5 °C/min
(endotherms). Nitrogen was used as the protective and purge gas.
All samples were analyzed in triplicate and average values reported.

Table 1. Total and Positional Fatty Acid Composition (mol %) of Substratesa

EVOOb

fatty acid total sn-2 tripalmitin ARASCO-FFAc DHASCO-FFAd

C8:0 nde nd nd nd 0.30 ± 0.00
C10:0 nd nd nd nd 1.15 ± 0.02
C12:0 nd nd 0.09 ± 0.00 nd 4.46 ± 0.07
C14:0 nd nd 0.47 ± 0.03 0.45 ± 0.00 10.30 ± 1.02
C16:0 16.02 ± 1.21 2.31 ± 0.66 98.90 ± 1.02 8.39 ± 0.77 9.91 ± 0.79
C18:0 2.50 ± 0.62 0.10 ± 0.00 1.02 ± 0.00 8.12 ± 1.05 0.83 ± 0.04
C18:1n-9 67.81 ± 2.85 82.20 ± 2.95 nd 20.52 ± 1.86 22.17 ± 1.05
C18:2n-6t nd nd nd 0.20 ± 0.00 nd
C18:2n-6c 9.56 ± 0.89 14.67 ± 1.73 nd 6.67 ± 0.59 1.04 ± 0.00
C18:3n-6 nd nd nd 0.82 ± 0.00 nd
C18:3n-3 0.75 ± 0.00 0.22 ± 0.00 nd 0.37 ± 0.00 nd
C20:3n-6 nd nd nd 1.89 ± 0.02 nd
C20:3n-3 0.89 ± 0.01 nd nd 3.80 ± 0.01 nd
C20:4n-6 nd nd nd 43.22 ± 1.28 nd
C22:6n-3 nd nd nd nd 44.13 ± 1.06
minorf 2.47 0.00 0.11 5.56 3.98

aEach value is the mean of triplicates ± standard deviation. bEVOO, extra virgin olive oil. cARASCO-FFA, arachidonic acid single cell oil free fatty
acids. dDHASCO-FFA, docosahexaenoic acid single cell oil free fatty acids. end, not detected. fMinor is the sum C14:1, C16:1, C17:0, C20:0, C20:1,
C20:2, C22:0, C22:2, C24:0, and C24:1.

Table 2. Fatty Acid Composition (mol %) of the Structured Lipidsa

total sn-2

fatty acid SL1-1b SL1-2c SL2-1d SL2-2e SL1-1 SL1-2 SL2-1 SL2-2

C8:0 ndf nd 0.50 ± 0.00 a 0.60 ± 0.00 a nd nd nd nd

C10:0 1.04 ± 0.00 a 1.02 ± 0.00 a 1.11 ± 0.07 b 0.70 ± 0.02 c nd nd nd nd

C12:0 0.21 ± 0.00 a 0.18 ± 0.00 a 0.44 ± 0.00 b 0.42 ± 0.00 b nd nd nd nd

C14:0 1.97 ± 0.03 a 2.11 ± 0.21 a 2.47 ± 0.55 b 2.54 ± 0.22 b nd 1.12 ± 0.00 a 1.44 ± 0.00 b 1.24 ± 0.01 c

C16:0 36.69 ± 2.12 a 44.23 ± 2.87 b 35.23 ± 1.78 c 40.07 ± 1.93 d 52.67 ± 3.07 a 56.25 ± 2.65 b 50.33 ± 2.84 c 55.34 ± 2.22 d

C16:1n-7 1.03 ± 0.07 a 0.87 ± 0.01 b 0.85 ± 0.00 b 0.84 ± 0.00 b nd nd 0.87 ± 0.00 a 0.73 ± 0.00 b

C18:0 2.82 ± 0.03 a 2.58 ± 0.05 a 3.19 ± 0.48 b 3.02 ± 0.45 b nd nd 2.34 ± 0.01 a 1.97 ± 0.00 b

C18:1n-9 43.22 ± 2.11 a 38.64 ± 2.06 b 38.08 ± 2.23 b 37.10 ± 1.99 c 39.64 ± 1.64 a 34.85 ± 1.98 b 34.48 ± 1.82 bc 33.50 ± 1.83 c

C18:2n-6 6.34 ± 0.04 a 5.29 ± 0.98 b 5.79 ± 0.45 b 4.09 ± 0.56 c 6.06 ± 0.78 a 6.34 ± 0.82 a 4.38 ± 0.79 b 3.91 ± 0.57 c

C20:0 0.29 ± 0.00 a 0.23 ± 0.00 a 0.33 ± 0.00 b 0.28 ± 0.00 a nd nd nd nd

C18:3n-6 0.08 ± 0.00 a 0.06 ± 0.00 a 0.46 ± 0.01 b 0.45 ± 0.01 b nd nd nd nd

C18:3n-3 0.47 ± 0.00 a 0.39 ± 0.00 b 0.33 ± 0.01 c 0.30 ± 0.00 c nd nd nd nd

C22:0 0.16 ± 0.00 a 0.12 ± 0.00 b 0.28 ± 0.00 c 0.27 ± 0.02 c nd nd nd nd

C20:3n-3 0.16 ± 0.00 a 0.11 ± 0.00 b 0.55 ± 0.00 c 0.54 ± 0.01 c nd nd nd nd

C20:4n-6 3.67 ± 0.21 a 2.97 ± 0.11 b 6.23 ± 0.96 c 5.95 ± 0.33 d 2.25 ± 0.02 a 1.09 ± 0.03 b 4.93 ± 0.22 c 4.13 ± 0.21 c

C22:6n-3 1.53 ± 0.05 a 1.39 ± 0.72 b 3.71 ± 1.01 c 2.60 ± 0.29 d 0.78 ± 0.00 a 0.83 ± 0.00 a 2.41 ± 0.01 b 2.05 ± 0.03 b

minorg 0.33 ± 0.00 a 0.30 ± 0.03 a 0.52 ± 0.02 b 0.53 ± 0.00 b

n-6/n-3 4.72 4.45 2.78 3.14 10.65 8.96 3.86 3.92
aEach value is the mean of triplicates ± standard deviation. Values with different letter in each row within total and sn-2 columns separately are
significantly different at P ≤ 0.05. bSL1-1, structured lipid synthesized using two-stage synthesis with substrate molar ratio 0.5:1:0.5
(TP:EVOO:AD). cSL1-2, structured lipid synthesized using two-stage synthesis with substrate molar ratio 1:1:0.5 (TP:EVOO:AD). dSL2-1,
structured lipid synthesized using one-stage synthesis with substrate molar ratio 0.5:1:0.5 (TP:EVOO:AD). eSL2-2, structured lipid synthesized using
one-stage synthesis with substrate molar ratio 1:1:0.5 (TP:EVOO:AD). AD, ARASCO-FFA and DHASCO-FFA (2:1). fnd, not detected. gMinor is
the sum of C17:0, C20:1, C20:2, and C22:2.
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Statistical Analysis. All analyses were performed in triplicate.
Statistical analysis was performed with the SAS software package (SAS
Institute, Cary, NC). Duncan’s multiple-range test was performed to
determine the significant difference (P ≤ 0.05) between SLs.

■ RESULTS AND DISCUSSION
Total and Positional Fatty Acid Profiles. Table 1 shows

the total and positional fatty acids of the substrates. The major
fatty acids in EVOO were oleic (67.81 mol %) and palmitic
acids (16.02 mol %). Tripalmitin contained 98.90 mol %
palmitic acid. The major fatty acids in DHASCO-FFA were
DHA (44.13 mol %), oleic (22.17 mol %), and myristic (10.30
mol %) acids, and in ARASCO-FFA, ARA (43.22 mol %) and
oleic acid (20.52 mol %) were the main fatty acids. In SL1-1,
oleic (43.22 mol %) and palmitic (36.69 mol %) acids were the
major fatty acids (Table 2). The main fatty acids in human milk
are oleic (28.30−43.83%), palmitic (15.43−24.46%), and
linoleic (10.61−25.30%) acids.28 SL1-1 and SL1-2 had 3.67
and 2.97 mol % ARA, respectively, and 1.53 and 1.39 mol %
DHA, respectively. On the other hand, SL2-1 had 6.23 mol %
ARA and 3.71 mol % DHA. 5.95 mol % ARA and 2.60 mol %
DHA were incorporated in SL2-2. ARA and DHA are
important fatty acids in infancy as they support brain
development and improve visual acuity. A lower n-6/n-3 ratio
is desirable for reducing the risk of several chronic diseases.
SL1-1, SL1-2, SL2-1, and SL2-2 n-6/n-3 ratios were 4.72, 4.45,
2.78, and 3.14, respectively.
TAGs containing high sn-2 palmitic acid are preferred in

human milk fat analogues as it helps in fat digestion and
absorption. All the SLs had >50% palmitic acid at the sn-2
position. sn-2 palmitic acid increased from 2.31 mol % in
EVOO (Table 1) to 52.67, 56.25, 50.33, and 55.34 mol % in
SL1-1, SL1-2, SL2-1, and SL2-2, respectively (Table 2). The

SLs were also enriched with DHA and ARA at the sn-2 position,
where they can be better metabolized. Higher levels of DHA
were found in the brain of newborn rats fed with oils containing
DHA at the sn-2 position than those fed with oils containing
randomly distributed DHA.29 Although Lipozyme TL IM is an
sn-1,3 specific enzyme, some ARA and DHA were also
esterified to the second position of the TAGs in the two-
stage synthesis (SL1-1 and SL1-2) where both enzymes were
added separately and sequentially. This may be attributed to
acyl migration. Acyl migration is an undesirable side reaction
involving migration of acyl groups from sn-1,3 to sn-2 positions
and vice versa,30 but in this case it was desirable since fatty acids
at sn-2 positions are better absorbed. Acyl migration mainly
occurs due to the presence of partial acylglycerols, specifically
diacylglycerols, which are the intermediates in enzymatic
interesterification reactions.31 Acyl migration can be affected
by a number of factors. Acyl migration increases with increase
in reaction temperature, run time, water content, and water
activity.31 The type of enzyme and its carrier also have an effect
on acyl migration.31 It has also been observed that the tendency
to migrate increases with increasing unsaturation in fatty
acids.32 In one-stage synthesis (SL2-1 and SL2-2), since both
enzymes were added at the same time, the presence of ARA
and DHA at the sn-2 position can be attributed to the action of
either enzyme.
The target (>50% palmitic acid at sn-2 position) was

achieved at a lesser run time in one-stage synthesis than in two-
stage synthesis. This may be beneficial to the industry in terms
of cost. The total reaction times in SL1-1 and SL2-1 were 30
and 24 h, respectively. In the case of SL1-2 and SL2-2, the
reaction run times were 12 and 6 h, respectively. Compared to
SL1-1 and SL2-1, higher total palmitic acid was found when
using higher substrate molar ratio of 1:1:0.5 in both two-stage

Table 3. Relative Percent (%) of Triacylglycerol (TAG) Molecular Species of Extra Virgin Olive Oil and Structured Lipidsa

TAG EVOOb SL1-1c SL1-2d SL2-1e SL2-2f

OAO ndg 0.98 ± 0.02 a 0.75 ± 0.01 b 1.21 ± 0.03 c 0.74 ± 0.00 b
APA nd 2.56 ± 0.69 a 1.78 ± 0.08 b 6.11 ± 1.04 c 5.24 ± 0.28 d
OPD nd 1.40 ± 0.11 a 1.59 ± 0.04 b 2.36 ± 0.83 c 2.14 ± 0.19 c
ODO nd 0.33 ± 0.00 a 0.36 ± 0.01 a 1.20 ± 0.04 b 0.98 ± 0.00 c
LOL 6.59 ± 1.21 nd nd 2.07 ± 0.21 a 1.44 ± 0.21 b
LPL 1.97 ± 0.67 1.46 ± 0.01 a 1.14 ± 0.01 b 0.66 ± 0.00 c 0.87 ± 0.00 d
MPL nd 0.84 ± 0.00 a 0.72 ± 0.00 b 2.35 ± 0.11 c 0.88 ± 0.01 a
POLn nd 2.13 ± 0.18 a 1.50 ± 0.00 b 6.03 ± 0.28 c 4.56 ± 0.38 d
SMM nd nd nd 1.44 ± 0.01 a 2.59 ± 0.19 b
OOL 10.20 ± 1.55 3.22 ± 0.21 a 1.68 ± 0.01 b 2.11 ± 0.19 c 2.02 ± 0.02 c
POL nd 6.28 ± 1.01 a 4.68 ± 0.33 b 6.08 ± 2.03 a 4.34 ± 0.27 b
PLP 0.74 ± 0.01 2.53 ± 0.46 a 3.42 ± 0.19 b 2.32 ± 0.79 a 2.37 ± 0.68 a
PPM nd 1.12 ± 0.06 a 1.11 ± 0.07 a 0.88 ± 0.04 ab 0.67 ± 0.00 b
OOO 47.19 ± 3.08 8.32 ± 0.78 a 6.12 ± 1.06 b 7.64 ± 1.44 c 6.83 ± 1.79 b
OPO 25.37 ± 2.18 25.17 ± 2.51 a 28.84 ± 2.11 b 23.00 ± 2.18 c 25.96 ± 2.79 a
PPO 2.81 ± 0.22 31.35 ± 2.49 a 33.95 ± 2.98 b 24.82 ± 1.59 c 28.64 ± 2.91 d
PPP nd 4.50 ± 1.62 a 10.32 ± 1.70 b 4.02 ± 0.58 a 6.23 ± 1.04 c
OOS 4.47 ± 0.67 1.83 ± 0.29 a 0.86 ± 0.28 b 1.38 ± 0.00 ac 1.15 ± 0.00 c
POS 0.66 ± 0.01 4.31 ± 0.01 a 2.05 ± 0.29 b 3.80 ± 0.02 c 3.65 ± 0.00 c
PPS nd 0.82 ± 0.00 a 0.68 ± 0.00 b 0.78 ± 0.00 a 0.82 ± 0.00 a

aThe fatty acids are not in regiospecific order. A, arachidonic acid. D, docosahexaenoic acid. L, linoleic acid. Ln, linolenic acid. M, myristic acid. O,
oleic acid. P, palmitic acid. S, stearic acid. Each value is the mean of triplicates ± standard deviation. Values with different letter in each row for SLs
are significantly different at P ≤ 0.05. bEVOO, extra virgin olive oil. cSL1-1, structured lipid synthesized using two-stage synthesis with substrate
molar ratio 0.5:1:0.5 (TP:EVOO:AD). dSL1-2, structured lipid synthesized using two-stage synthesis with substrate molar ratio 1:1:0.5
(TP:EVOO:AD). eSL2-1, structured lipid synthesized using one-stage synthesis with substrate molar ratio 0.5:1:0.5 (TP:EVOO:AD). fSL2-2,
structured lipid synthesized using one-stage synthesis with substrate molar ratio 1:1:0.5 (TP:EVOO:AD). AD, ARASCO-FFA and DHASCO-FFA
(2:1). gnd, not detected.
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(44.23 mol % in SL1-2) and one-stage syntheses (40.07 mol %
in SL2-2). In one-stage synthesis, lower saturated fats and
higher ARA and DHA were found compared to the two-stage
synthesis. Under the reaction parameters used in this study,
there seems to be a synergistic effect when using the two
enzymes simultaneously. Similarly, a synergistic effect on
enzymatic interesterification has been observed previously
when using Lipozyme TL IM and Novozym 435 together in
equal ratios.18

TAG Molecular Species. The TAG molecular species are
shown in Table 3. The fatty acids in the TAG molecular species
analyzed are not in a regiospecific order. The main TAG of
EVOO, triolein (OOO), decreased from 47.19% to 8.32, 6.12,
7.64, and 6.83% in SL1-1, SL1-2, SL2-1, and SL2-2,
respectively. PPO and OPO (a combination of sn-OPO and
sn-POO) were the predominant TAGs in the SLs. SL1-1 had
31.35% PPO and 25.17% OPO. In SL1-2, PPO (33.95%) was
followed by OPO (28.84%). SL2-1 and SL2-2 had 23.00 and
25.96% OPO, respectively. Compared to OOP, OPO is better
metabolized and absorbed in infants.33 The major TAG
molecular species found in human milk are OPO (17.56−
42.44%), POL (9.24−38.15%), OOO (1.61−11.96%), and
LOO (1.64−10.18%).34 All the SLs had OPO, OOO, and LOO
within this range, but POL was lower than that found in human
milk fat. The stereospecificity and chain lengths of fatty acids at
the sn-1, sn-2, and sn-3 positions in TAG species determine the
metabolic fate of dietary fat during digestion and absorption.
Tripalmitin (PPP), which is one of the starting substrates, was
also found in the SLs. SL1-1, SL1-2, SL2-1, and SL2-2 had 4.50,
10.32, 4.02, and 6.23% PPP, respectively. TAG profile greatly
influences the physical properties of the SL. The SLs were
composed of all four types of TAGs, namely, SSS (trisaturated),
SUS (disaturated-monounsaturated), SUU (monosaturated-
diunsaturated), and UUU (triunsaturated). UUU TAGs
decreased from 12.85 to 8.91% in two-stage synthesis and
from 14.23 to 12.01% in one-stage synthesis when substrate
molar ratio increased from 0.5:1:0.5 to 1:1:0.5. SUU type TAGs
were the predominant TAGs present in the SLs. SL1-1, SL1-2,
SL2-1, and SL2-2 had 40.83, 40.39, 45.62, and 44.26% SUU
TAGs, respectively. Compared to two-stage synthesis, one-
stage synthesis resulted in higher UUU and SUU type TAGs
and lower SUS and SSS type TAGs. EVOO contained 63.98%
UUU, 31.81% SUU, and 4.21% SUS type TAGs. SLs also had
newly formed TAGs comprising ARA and DHA such as OAO,
APA, OPD, and ODO. Their relative percent was higher in
one-stage synthesized SLs than in two-stage synthesized SLs.
Tocopherols. Tocopherols and tocotrienols, commonly

grouped as vitamin E, are the major lipid-soluble, membrane-
localized antioxidants in humans. LC-PUFAs are very

susceptible to oxidation and therefore need antioxidants to
protect their efficacy. Human milk contains 0.45−0.8 mg of
vitamin E/100 kcal.35 Oxidative susceptibility increases with
increasing unsaturated fatty acids. The SLs were enriched with
LC-PUFAs and may be prone to oxidation. Indigenous
antioxidants such as tocopherols contribute to protection
against oxidative deterioration. The major vitamin E isomers in
EVOO were 212.34 μg/g α-tocopherol, 17.79 μg/g γ-
tocopherol, and 16.38 μg/g α-tocotrienol (Table 4). The
total vitamin E content of SL1-1, SL1-2, SL2-1, and SL2-2 was
70.46, 68.79, 79.64, and 79.31 μg/g, respectively of which α-
tocopherol accounted for approximately 73%. Among toco-
trienols only α-tocotrienol was found in the SLs. Compared to
EVOO, >70% decrease was observed for α-tocopherol in the
SLs. Similarly, β-tocopherol decreased 33.58% in SL1-1 and
>40% in SL1-2, SL2-1, and SL2-2. The % decrease in γ-
tocopherol was 64.25, 60.03, 54.92, and 49.58% in SL1-1, SL1-
2, SL2-1, SL2-2, respectively. δ-Tocopherol decreased 39.63,
64.02, 20.43, and 22.87% in SL1-1, SL1-2, SL2-1, and SL2-2,
respectively. Previous studies have shown that tocopherols and
tocotrienols were lost mainly as tocopheryl and tocotrienyl
esters during interesterification and acidolysis reactions.36,37

Higher loss of tocotrienols and tocopherols, except β-
tocopherol, was observed in the two-stage synthesis than in
the one-stage synthesis.

Phenolic Compounds. The phenolics were analyzed using
solid phase extraction followed by HPLC-DAD. The major
phenolics in EVOO were tyrosol (18.38 μg/g), hydroxytyrosol
(9.42 μg/g), pinoresinol (3.52 μg/g), and oleuropein (1.86 μg/
g). The other phenolic compounds identified were luteolin,
vanillic, gallic, ferulic, p-coumaric, and caffeic acids. Olive oil
phenolics are potent antioxidants as they inhibit lipid
peroxidation. This may reduce oxidative stress and related
diseases such as cancer and cardiovascular diseases.38 No peak
was observed in the case of SLs, implying that the SLs lacked
the indigenous phenolic compounds found in olive oil.
Phenolic compounds may be lost either as esters or in free
form during the interesterification and/or acidolysis reactions.
The formation of phenolic acid esters changes their polarity and
solubility, making it difficult to separate phenolics using solid
phase extraction. It is also suggested that phenolic compounds
may be lost during the alkaline deacidification process of
removing free fatty acids from SLs. Further research is needed
to determine where and in what form the phenolic compounds
are lost.

Melting and Crystallization Profiles. The melting
properties of a fat or oil can be influenced by the fatty acid
chain length (increase in chain length corresponds to an
increase in melting point), degree of unsaturation (increase in

Table 4. Tocopherol Content (μg/g) of Extra Virgin Olive Oil and Structured Lipidsa

α-tocopherol α-tocotrienol β-tocopherol γ-tocopherol δ-tocopherol

EVOOb 212.34 ± 4.78 16.38 ± 2.11 4.02 ± 1.02 17.79 ± 1.68 3.28 ± 1.02
SL1-1c 51.83 ± 2.99 a 7.62 ± 1.09 a 2.67 ± 0.68 a 6.36 ± 1.03 a 1.98 ± 0.79 a
SL1-2d 50.90 ± 2.16 a 7.23 ± 1.21 b 2.37 ± 0.79 a 7.11 ± 1.01 b 1.18 ± 0.49 b
SL2-1e 58.84 ± 1.97 b 8.10 ± 1.77 c 2.03 ± 0.88 b 8.02 ± 0.93 c 2.61 ± 0.68 c
SL2-2f 56.96 ± 2.41 c 8.74 ± 1.69 c 2.11 ± 0.82 b 8.97 ± 1.11 d 2.53 ± 0.39 c

aEach value is the mean of triplicates ± standard deviation. Values with different letter in each column are significantly different at P ≤ 0.05. bEVOO,
extra virgin olive oil. cSL1-1, structured lipid synthesized using two-stage synthesis with substrate molar ratio 0.5:1:0.5 (TP:EVOO:AD). dSL1-2,
structured lipid synthesized using two-stage synthesis with substrate molar ratio 1:1:0.5 (TP:EVOO:AD). eSL2-1, structured lipid synthesized using
one-stage synthesis with substrate molar ratio 0.5:1:0.5 (TP:EVOO:AD). fSL2-2, structured lipid synthesized using one-stage synthesis with substrate
molar ratio 1:1:0.5 (TP:EVOO:AD). AD, ARASCO-FFA and DHASCO-FFA (2:1).
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unsaturation results in a decrease in melting point), and
polymorphism (α, lowest melting point; β′, intermediate
melting point; and β, highest melting point).39 Melting and
crystallization profiles of the substrates and products are shown
in Figure 3a and Figure 3b, respectively. The melting
completion temperature (Tmc) depends on the type of fatty
acids and TAGs present. Tripalmitin, consisting of SSS type
TAGs, had the highest Tmc (72.2 °C). EVOO has mainly oleic
acid and OOO as the major TAG, and it was completely melted

at 12.7 °C. The Tmc of SL1-1, SL1-2, SL2-1, and SL2-2 were
37.1, 42.0, 35.2, and 36.1 °C, respectively. Human milk fat is
completely melted at normal body temperature (about 37 °C).
All the SLs except SL1-2 synthesized in this study have their
Tmc near 37 °C, which may help in infant formula formulation
to obtain proper consistency and texture. The relatively higher
Tmc of SL1-2 may be due to high saturated fatty acids (50.60
mol %) and high concentrations of saturated TAGs (SSS
12.11%; SUS 40.14%). The complexity and wide range of
TAGs in SLs resulted in gradual melting range rather than a
sharp melting as in tripalmitin, which is a simple homogeneous
TAG. Similarly, the crystallization onset temperature (Tco) of
SL1-1, SL1-2, SL2-1, and SL2-2 was 23.7, 27.6, 19.8, and 22.3
°C (Figure 3b). The Tco of the SLs was between those of
tripalmitin (42.1 °C) and EVOO (−10.2 °C) and consisted of
multiple peaks due to the complexity in their fatty acid and
TAG molecular species.

Enzyme Reusability. The enzymes’ reusability was tested
by performing the 1:1:0.5 reactions ten times in both two-stage
and one-stage syntheses. After each run, the enzymes were
washed 4−5 times with hexane and dried in a desiccator. They
were stored at 4 °C until reuse. Total ARA and DHA and sn-2
palmitic acid (mol %) were determined as the main responses
(Figure 4). For two-stage synthesis, sn-2 palmitic acid (about

57.0 mol %) remained fairly constant till the eighth run, after
which it decreased. However, the total ARA and DHA content
(about 4.4 mol %) started to decrease after the sixth run. In the
one-stage synthesis, after the fifth run both palmitic acid at the
sn-2 position (about 55.3 mol %) and the total ARA and DHA
content (about 9.5 mol %) decreased and continued to
decrease until the last run. The enzymes performed better in
two-stage synthesis in terms of sn-2 palmitic acid. This may be
because in the two-stage synthesis the two enzymes, Novozym
435 and Lipozyme TL IM, were separately washed, dried, and
reused. On the other hand, in one-stage synthesis both enzymes
were washed and reused together, which may affect their
activity. An early decrease in the total ARA and DHA content
was observed for both two-stage and one-stage syntheses. This

Figure 3. (a) Melting thermograms of substrates and structured lipids.
The temperatures shown are melting completion temperatures. TP,
tripalmitin. EVOO, extra virgin olive oil. SL1-1, structured lipid
synthesized using two-stage synthesis with substrate molar ratio
0.5:1:0.5 (TP:EVOO:AD). SL1-2, structured lipid synthesized using
two-stage synthesis with substrate molar ratio 1:1:0.5 (TP:E-
VOO:AD). SL2-1, structured lipid synthesized using one-stage
synthesis with substrate molar ratio 0.5:1:0.5 (TP:EVOO:AD). SL2-
2, structured lipid synthesized using one-stage synthesis with substrate
molar ratio 1:1:0.5 (TP:EVOO:AD). AD, mix of ARASCO-FFA and
DHASCO-FFA (2:1). (b) Crystallization thermograms of substrates
and structured lipids. The temperatures shown are crystallization onset
temperatures. See Figure 2a for explanation of abbreviations.

Figure 4. Mol% of sn-2 palmitic acid (primary y-axis) and mol % of
total ARA + DHA (secondary y-axis) of structured lipids (1:1:0.5,
TP:EVOO:AD) as determining factor of Novozym 435 and Lipozyme
TL IM lipase reusability in two-stage and one-stage syntheses. TP,
tripalmitin. EVOO, extra virgin olive oil. AD, mix of ARASCO-FFA
and DHASCO-FFA (2:1).
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may be due to the effect of heat on the activity and specificity of
the enzyme. As the number of runs increased, the enzyme was
exposed to more heat and solvent (hexane during cleaning).
Moreover, the enzyme immobilization carrier properties may
also have an effect on enzyme reusability. Previous studies have
shown that Lipozyme TL IM absorbs less oil and was easier to
clean than Novozym 435.40,41 This difference in the absorption
capacity of the enzymes may be due to the different
immobilization support system of the two enzymes (granulated
silica for Lipozyme TL IM and macroporous acrylic resin for
Novozym 435). In one-stage synthesis, when both enzymes
were used together, the difference in immobilization carrier
properties may have a negative effect on their activity explaining
decreased response after the fifth run. Furthermore, the
immobilization carrier property may also affect the interaction
and activity of two lipases when used together.42 The enzyme
activity, stability, efficiency, and selectively can also be
improved through different immobilization protocols and
carriers.43,44 Although enzymes had better reusability in two-
stage synthesis, one-stage synthesis was a faster reaction. One-
stage synthesis also resulted in higher ARA and DHA content
than two-stage synthesis.
Infant formulas based on human milk composition are the

best substitutes for infant nutrition when breastfeeding may not
be possible. SLs with high palmitic acid at the sn-2 position and
also enriched with ARA and DHA can be used in infant
formulas to mimic the physical, chemical, and nutritional
properties of human milk fat. The SLs produced in this study
may be suitable for use in infant formula as human milk fat
analogues. They had the desired levels of palmitic acid at the sn-
2 position and also contained ARA and DHA for proper growth
and development of the infants.
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