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Abstract Lauric fat blends (appreciable amount of lau-
ric fat with liquid oil and hard fat) initially formulated for
shortening production by grouping triacylglycerol (TAG)
melting points were further modified by enzymatic inter-
esterification (EIE) to improve their key functionalities as
plastic fats. At a similar fat blend formulation, only the high
melting fat and medium melting fat were interesterified in
binary-EIE. Meanwhile, both fats and the liquid oil were
interesterified in ternary-EIE. The solid fat content (SFC)
of all binary-EIE blends was generally retained as similar
in the temperature range between 0 and 20 °C when the
amount of unsaturated TAGs was limited by excluding the
liquid oil during EIE. However, the SFC was significantly
reduced at temperatures above 20 °C compared to that of
the initial blends. Furthermore, the melting point of binary-
EIE blends at BHS0H15 formulation prepared with palm
stearin and fully hydrogenated rapeseed oil as the hard fat
was found to be drastically reduced from 54.6 to 35.3 °C
and from 62.8 to 39.2 °C, respectively. In contrast, the SFC
of ternary-EIE blends was generally reduced when more
unsaturated TAGs were available for EIE by including the
liquid oil. However, higher SFC was noticed at tempera-
tures around 10 °C in ternary-EIE blends, as the amount of
high-melting fractions in their initial blends was increased
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from BH5S0HS to BH50H15. Eventually, both binary and
ternary-EIE were also found to significantly alter the crys-
tal microstructure of lauric fat blends, in terms of crystal
morphology, size and network density.
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Introduction

Lauric fats (i.e., coconut 0il/CO and palm kernel 0il/PKO)
contain mainly medium melting triacylglycerols (TAGs).
These lauric fats can be blended with hard fats (mostly
high melting TAGs) and liquid oils (mostly low melting
TAGs) to produce plastic fats (i.e., shortening, margarine,
fat spread). These lauric fat blends comprise medium and
high melting fractions where the amount of both fractions
can be adjusted to a desired level using melting TAG group
formulation [1]. Although blending different oils and fats
appeared to be a favored choice because of its simplicity,
the liquid phase separation [2, 3] and formation of rela-
tively coarse crystals [4] can sometimes not be avoided, as
TAG composition is limited by the origin of raw materials
[5]. As vegetable oils and fats used in blends are commonly
in their natural form, lauric fat blends may have some lim-
ited applications as plastic fats due to their specific chemi-
cal composition [6, 7]. To improve their crystallization
behavior and physical properties as plastic fats, lauric fat
blends can further be modified by an interesterification pro-
cess, either chemically or enzymatically.

The consistency and functional property of plastic fats
will mainly depend on the solid-liquid ratio and crystal
microstructure. The liquid component of plastic fats pro-
vides good lubricating function that enhances the mixing

& Springer NOCS &


http://crossmark.crossref.org/dialog/?doi=10.1007/s11746-016-2851-4&domain=pdf

1052

J Am Oil Chem Soc (2016) 93:1051-1062

process [8, 9]. Meanwhile, an adequate amount of solid
fraction in plastic fats provides good product viscoelastic-
ity and this can be evaluated by the SFC profile. The values
of SFC,,,, SFC,, and SFC;5 (SFC at 10, 20 and 35 °C) are
distinctly correlated to the rheological behavior of plastic
fats at storage, packaging and utilization, respectively [10].
The SFC,, of a fat spread determines the hardness and ease
of spreading of the product at refrigerator conditions [11].
The SFC,, is an important parameter for determining the
feasibility of fat blends used in the production of shorten-
ing [12]. The SFC;; is particularly important with relation
to the extent of melting in the mouth and should be main-
tained as low as possible to prevent a sandy and coarse tex-
ture of the final products [13].

Interesterification has been widely used as an alternative
method to improve the physical properties of fat blends for
the production of plastic fats such as shortening and mar-
garine. Enzymatic interesterification (EIE) modifies the
physicochemical properties of fat blends by rearranging the
distribution of fatty acids (FAs) on the glycerol backbone
[14]. It is acknowledged that the physicochemical charac-
teristic of fat blends is mainly determined by their chemi-
cal composition (such as chain length, degree of unsatura-
tion and positional arrangement of FA residues). As TAG
composition is significantly changed, EIE fat blends will
have a completely different overall melting profile, a bet-
ter compatibility within the solid phase (not achievable by
simple blending) and an improved plasticity of the final
products [15]. EIE is preferred to the chemical interesterifi-
cation process, as it has an enhanced selectivity (producing
fewer low side products), requires mild reaction conditions
(such as lower pressure and temperature, therefore reduc-
ing energy consumption and preserving the quality of anti-
oxidant), gives better nutritional quality and is considered
to be more natural [14]. In addition, the expensive price of
the enzyme, which is acknowledged as the main drawback,
can be reduced by reusing it [14, 16].

Furthermore, EIE of lauric fat blends can produce prod-
ucts of structured lipids with certain health benefits. In lau-
ric fat blends, the lauric fat (e.g., PKO) provides medium-
chain fatty acid (MCFA), while both the hard fat (e.g.,
palm stearin) and liquid oil (e.g., sunflower oil) provide
long-chain fatty acid (LCFA). The interesterified lauric fat
blends may thus contain MCFA and LCFA on the same
glycerol backbone and are known as MLCT (medium- and
long- chain triacylglycerols) [17]. Intake of products con-
taining MLCT has been reported to be able to suppress
body fat accumulation over long periods of time [18, 19].
Lipase-catalyzed interesterification can be random or regi-
oselective. For the positional specificity, an sn-1,3 specific
lipase is commonly used, and this lipase hydrolyzes spe-
cifically the acyl moieties from the sn-1 and sn-3 positions
of the TAG [20]. In order to get MLCT with the desired
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structure, the sn-1,3 specific lipase is preferred as it ensures
that essential FAs are maintained at the sn-2 position [21].
The FA at sn-2 position is conserved during digestion as
2-monoacylglycerol, which is easily absorbed in the body
[22, 23].

In this investigation, lauric fat blends formulated at dif-
ferent ratios of medium and high melting TAG groups, pre-
pared originally as fat stock for the production of bakery
shortening, were further modified by EIE to improve and
extend their functionality as plastic fats. The influence of
different blend formulations, types of hard fats and inter-
esterification strategies (binary/ternary-EIE) were also
studied. In the meantime, the changes on the TAG compo-
sition, thermal properties, SFC profile and crystal micro-
structure of interesterified blends were compared to those
of their initial blends. Furthermore, the formation of MLCT
in interesterified blends was sought in order to enrich the
products with some known health benefits.

Materials and Methods
Materials

All vegetable oils and fats were commercial products and
the chemicals for analysis were of high purity grade. High
oleic sunflower oil (HOSO), fully hydrogenated rapeseed
oil (FHRO) and both palm kernel oil (PKO) and palm
stearin (PS) were gifts from Oleon (Oelegem, Belgium),
Palsgaard (Juelsminde, Denmark) and Loders Crocklaan
(Wormerveer, the Netherlands), respectively. A commercial
immobilized sn-1,3 regioselective lipase, Lipozyme RM
IM, was bought from Novozymes (Bagsvaerd, Denmark).

Fat Blend Formulation and Interesterification Process

In this research, the formulation was based on the grouping
of various TAG species according to their melting points
(mp). The TAGs were divided into four groups: chilled/C
(mp < 5 °C), room/R (5§ °C < mp < 25 °C), body/B
(25 °C < mp < 45 °C) and heated/H (45 °C < mp) melt-
ing TAG groups. For example, a formulation of BH50H15
indicated that the fat blend consisted of 50 % TAGs from a
summation of B/H groups in which 15 % TAGs was from
H group (thus, B group had 35 % TAGs). Consequently, the
other 50 % of TAGs in the formulation was from a summa-
tion of C//R groups [1].

Lauric fat blends were then prepared from two different
types of hard fats: HOSO/PKO/PS and HOSO/PKO/FHRO.
Each ternary fat blend was also formulated at constant
BHS50 (the total amount of TAGs in the B and H groups
was set at constant value 50 %), but varied H from 5 to 15.
There were six lauric fat blends, coded as P-HS, P-H10,
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P-H15, S-H5, S-H10 and S-H15. Different types of hard
fats used in the blends were denoted by P and S for PS and
FHRO, respectively. In the meantime, different formula-
tions of the blends were denoted by HS5, H10 and H15 rep-
resenting the amount of TAGs in the H group at 5, 10 and
15 %, respectively. Thus, for example, the P-HS fat blend
consisted of HOSO/PKO/PS at a BHS0HS5 formulation.

A modified method of Zainal and Yusoff [24] was
applied for the interesterification process, where 10 %
lipase (w/w) was added to 150 g fat blend in a suitcase-
size glass reactor with an inner diameter of 10.5 cm and
a height of 10 cm for laboratory scale enzymatic interes-
terification (Novozymes). The glass reactor was equipped
with a water bath allowing a temperature set point up
to £ 0.1 °C precision. The reaction was allowed to proceed
for 4 h at 60 °C, with a continuous agitation at 300 rpm. A
vacuum proof stirrer with Teflon blade (Novozymes) was
used to invoke the agitation. Nitrogen gas was flushed into
the reactor to prevent undesired oxidation reaction during
interesterification. To stop the reaction, the entire mixture
was vacuum filtered through a Whatman filter paper grade
41 to separate the interesterified fat blend from the enzyme.
The EIE blend was then stored in the freezer without any
additional treatment before further analysis.

Triacylglycerol Profile (by HPLC)
TAG Composition by NARP-HPLC

The TAG composition was determined by non-aqueous
reversed-phase high-performance liquid chromatography
(NARP-HPLC). The separation of TAGs in NARP-HPLC
is on the basis of both chain length and degree of unsatura-
tion of the FAs. The chromatographic system consisted of
a Shimadzu HPLC system (Shimadzu, Kyoto, Japan) and
fitted with a 150 x 3.0 mm Alltima HP C18-HL column
with 3 um particle diameter (Grace Alltech, Lokeren, Bel-
gium). A precolumn with a silica packing was used. Detec-
tion was done with an Alltech 3300 ELSD (evaporative
light scattering detector). An optimized method developed
by Rombaut and co-workers [25] was used for the meas-
urements. The elution was carried out using an acetonitrile/
dichloromethane gradient at 0.72 mL/min. The elution pro-
gram of NARP-HPLC is given in Table 1. The result was
processed by LC solution software (Shimadzu) and the
individual peaks were identified by comparing the retention
times with that of common vegetable oils of known TAG
composition.

Unsaturation Degree of TAG by Agt-HPLC

The separation of TAGs in silver ion HPLC is based on the
interaction between the silver ion and the double bonds of

Table 1 Mobile phase gradient of the HPLC systems

NARP-HPLC? Agt-HPLC®

Time Dichlo- Acetoni-  Time Hepthane Acetone
(min) romethane trile (min)

0 30 70 0 98

29 51 49 5 97

31 51 49 10 97

32 70 30 20 90 10
33 70 30 25 90 10
34 30 70 35 20 80
39 30 70 35 98

- - - 47 98

# NARP-HPLC: non-aqueous reversed-phase high-performance lig-
uid chromatography

b Agt-HPLC: silver ion HPLC. All solvent ratio in % v/v

the carbon chain on the FA moieties. The chromatographic
system consisted of a Shimadzu HPLC system (Shimadzu)
fitted with a 250 x 4.6 mm ChromSpher 5 Lipids column
(Varian, Middelburg, the Netherlands). A cation-exchange
guard column was used to avoid any possible contamina-
tion present in the sample and eluent. Detection was done
by an Alltech 3300 ELSD. An optimized method developed
for stereospecific TAG analysis [26] was used for the meas-
urement. The elution was carried out using an acetone/hep-
thane gradient at 1 mL/min. The elution program of Ag*-
HPLC is given in Table 1. The result was processed by LC
solution software (Shimadzu).

Solid Fat Content/SFC (by pNMR)

Solid fat content was measured by a Maran Ultra NMR
(Oxford Instruments, Oxfordshire, UK) equipped with R4
cryostat cooler (Grant Instruments, Cambridgeshire, UK).
The direct method according to the official ITUPAC 2.150
and a stabilizing fat procedure were used for the SFC
measurements. The samples in the NMR tube (Bruker,
Karlsruhe, Germany) were completely melted at 70 °C for
15 min. The samples were then stabilized at 26 °C for 40 h
and subsequently cooled at 0 °C for 1.5 h. The SFC values
were eventually recorded at 5 °C intervals from 0 to 60 °C.
Before each reading, the samples were conditioned for 1 h
at that chosen measurement temperature.

Melting and Crystallization Behavior Measured
by DSC

Thermal analyses of the samples were performed on a TA
Q1000 differential scanning calorimetry (TA Instruments,
New Castle, DE, USA) equipped with a refrigerated cool-
ing system. Nitrogen was used to purge the system. The
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DSC was calibrated before analyses with indium (TA
Instruments), azobenzene (Sigma-Aldrich, Bornem, Bel-
gium) and undecane (Acros Organics, Geel, Belgium).

Samples (weighing approximately 5 - 15 mg) were
sealed into aluminum pans. An empty pan was used as a
reference during the measurements. The time—temperature
program of the measurements was as follows: holding at
90 °C for 10 min, cooling at a rate of 5 °C/min to —70 °C,
holding for 10 min at that temperature to allow complete
crystallization, and then heating at a rate 5 °C/min to 90 °C.
The obtained data were processed by TA Universal Analy-
sis 2000 software (TA Instruments).

Crystal Morphology Measured by PLM

A CX41RF microscope (Olympus, Tokyo, Japan) equipped
with a Linkam PE 94 temperature control system (Linkam,
Surrey, UK) was used to study the microstructure of the fat
crystals. The sample was completely melted and one drop
of it was put on a microscope slide then immediately cov-
ered with a cover slip. After that, the slide was placed on a
temperature-controlled metal plate to allow crystallization.
The fat blends were measured at 15 °C, as their products
were commonly stored at that temperature [27]. Mean-
while, the interesterified blends were measured at a lower
temperature (10 °C) due to the decrease of melting temper-
ature of fat blends after EIE. Samples’ images were taken
by an E330 Zuiko Digital camera (Olympus) under 400x
magnification (PLM), and these images were processed by
Cell D software (Olympus).

Statistical Analysis

In all analyses, three replicates were used and the results
were expressed as mean value £ standard deviation (SD).
Statistical analyses of the obtained data were calculated
using SPSS 12.0 software (SPSS Inc., Chicago, USA), and
significant differences between means were determined at
a 95 % confidence interval (p < 0.05) by one-way ANOVA.
Tukey’s test was used to identify the differences in case of
equal variances. In addition, standard deviation bars are
plotted in the figures showing the unsaturation degree of
TAG (Fig. 2, Fig. 3) and the SFC result (Fig. 4).

Results and Discussion

In this study, lauric fat blends were chosen from H5 to H15
formulations, as this interval contained suitable amounts
of hard fractions, where H5 formulation contained a mini-
mum amount of hard fractions (5 % high melting TAGs)
while H15 formulation contained a maximum amount of
fractions (15 % high melting TAGs) in the production of
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shortening [1]. The high melting fraction needs to be care-
fully controlled, as it may give undesired organoleptic and
textural properties even if only a small amount of that frac-
tion is found in the fat blends [4]. These initial blends were
then interesterified by sn-1,3 regioselective lipase using
two strategies. First, the binary-EIE, the medium (PKO)
and high (PS or FHRO) melting fats were interesterified,
followed by the addition of liquid oil (HOSO). This limited
the amount of unsaturated TAGs involved in the reaction, as
the liquid oil was excluded during interesterification. Sec-
ond, the ternary-EIE, all raw materials (HOSO/PKO/[PS
or FHRO]) were blended at once and then interesterified.
This gave redistribution of FAs at a wider range of TAGs
in the starting materials, as the liquid oil was included dur-
ing interesterification, and thus more unsaturated FAs got
involved in the reaction. The changes in the physicochemi-
cal properties of lauric fat blends, before and after interes-
terification (either binary or ternary-EIE), are described as
follows.

Influence of EIE on TAG Composition

As shown in Table 2, PKO contained major TAGs rich in
medium-chain saturated FAs: Lalala (37.34 %), LaLaM
(2191 %), CLaLa (9.78 %), LaMM (8.91 %) and CCLa
(7.7 %). However, those TAGs had lower melting points
compared to trisaturated TAGs of long-chain FAs (i.e.,
PPP, SSS), as they consisted mostly of medium-chain FAs.
Therefore, PKO was suitable as the medium melting fat.
HOSO was chosen as liquid oil that consisted mainly of
000 (87.99 %). Meanwhile, PS or FHRO was used as a
hard fat that would provide solid fat fraction at higher tem-
perature region. Palm stearin had PPP (80.41 %), while
FHRO consisted mainly of SSS (81.87 %). Both PPP and
SSS are high melting fats composed of fully saturated
TAGs with long-chain FAs. Tristearin has a longer carbon
chain length compared to that of tripalmitin, so it has sig-
nificantly higher melting point. The melting point of SSS
crystal in its B polymorph is 73.5 °C, while that of PPP
crystal is 66.2 °C [28]. Eventually, the use of different high
melting fats in the formulation of lauric fat blends is also
aimed to study the effect of different structuring TAGs
(derived from different FA chain-length) on their crystal-
lization behavior.

TAG Composition by NARP-HPLC

The TAG composition of lauric fat blends was greatly dic-
tated by the origin of starting materials, as the blends were
a simple physical mixture of HOSO/PKO/PS or HOSO/
PKO/FHRO. For example, as shown in Table 2, HOSO/
PKO/PS blends had an increase of PPP content from 3.21
to 8.61 %, to 13.86 % when the H ratio was increased from
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Table 2 Triacylglycerol Group® TAG Starting samples (area %)° Lauric fat blends (area %, calculated)

profile of starting samples and

lauric fat blends in different HOSO PKO PS FHRO HOSO/PKO/PS blends HOSO/PKO/FHRO

formulations blends

P-H5¢ P-H10 P-H15 S-H5 S-HI0 S-HI15

Chilled OLL 0.54 - - - 025 0.25 0.25 025 025 0.25
Chilled OOL 255 - - - 1.17 1.18 1.19 1.17  1.18 1.19
Chilled OOO 87.99 - 1.14 - 4049 40.82 41.13 40.44 40.67 4091
Chilled POL - - 027 - 0.01  0.03 0.05 - - -
Room LaOO - 137 - - 0.69  0.59 0.50 0.70  0.62 0.54
Room POO 524 - 1.50 - 247 258 2.70 241 242 2.44
Room LalLaO - 312 - - 1.56 134 1.13 1.58 14 1.22
Room SOO 3.00 - 043 - 140 143 1.47 1.38  1.39 1.39
Room LaMO - 278 - - 1.39 1.20 1.01 141 1.25 1.09
Room MLP 0.68 - - - 0.31 0.31 0.32 031 031 0.32
Room PPL - - 050 - 0.02  0.05 0.09 - - -
Body CCLa - 770 - - 385 331 2.79 391  3.46 3.02
Body  MPO - 044 - - 022  0.19 0.16 022 020 0.17
Body  LaPO - 255 - - 1.28 1.10 0.92 1.29 1.15 1.00
Body CLala - 9.78 - - 4.89 421 3.54 496 440 3.83
Body  POP - - 938 - 0.37 1.00 1.62 - - -
Body Lalala - 3734 - - 18.69 16.07 1353 1894 16.80 14.64
Body LaLaM - 2191 - - 1097 943 794 11.12  9.86 8.59
Body  POS - - 637 - 025  0.68 1.10 - - -
Body LaMM - 891 - - 446  3.83 3.23 452 401 3.49
Heated LaMP - 268 - - 1.34 1.15 0.97 1.36  1.21 1.05
Heated LaPP - 093 - - 047 040 0.34 047 042 0.36
Heated PPP - - 8041 - 3.21 8.61 13.86 - - -
Heated SSP - - - 18.12 - - - 0.69 1.84 2.99
Heated SSS - - - 81.87 - - - 251 6.66 10.85
[C] (Total) 91.08* — 141°¢ - 41.92 4228 4262 4186 42.1 42.35
[R] 8.92° 7.27° 243 - 7.84  7.50 7.22 7.79  7.39 7.00
[B] - 88.63% 15.75° - 4498 39.82 3483 4496 39.88 34.74
[H] - 3.61°  80.41* 99.99 502 10.16 1517 503 10.13 15.25

4 Grouping of triacylglycerols based on melting point: chilled/C, room/R, body/B and heated/H

b ¢ capric, La lauric, M myristic, P palmitic, S stearic, O oleic, and L linoleic

¢ Means of triplicate within each column with different superscripts are significantly (p < 0.05) different.
HOSO, high oleic sunflower oil; PKO, palm kernel oil; PS, palm stearin; and FHRO, fully hydrogenated

rapeseed oil

4 P-H5 or S-H5: P for HOSO/PKO/PS blend and S for HOSO/PKO/FHRO blend. H5/10/15: heated group
TAG adjusted to 5, 10 and 15 %, respectively. Meanwhile, total body and heated group TAG was set at

50 % (BH50) for all blends

5 to 10, to 15, respectively. As the BH ratio in the blends
was set at a constant value 50 %, the increase of H ratio
would be compensated by the decrease of B ratio (i.e., a
decrease of LalLal.a from 18.69 to 16.07 %, to 13.53 %,
respectively). Similarly, HOSO/PKO/FHRO blends had an
increase of SSS content (from 2.51 to 6.66 %, to 10.85 %,
respectively) followed by a decrease of Lalal.a (from
18.94 to 16.80 %, to 14.64 %, respectively). In addition,

all blends contained a substantial amount of OOO ranging
from 40.44 to 41.13 %, as HOSO was used as the liquid oil.

After EIE, the TAG composition of all lauric fat blends
was significantly altered where the FAs became more
evenly distributed on the glycerol backbone. In general, the
relative concentrations of main TAGs of starting samples
(such as OO0, LalLalLa, PPP and SSS) were decreased sub-
stantially. The decreases of the main TAG concentrations
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Fig.1 Chromatogram of
lauric fat blends formulated [ternary-EIE S-H15]
at BH50H15, before and after
enzymatic interesterification |
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HPLC. LalLalLa: trilaurin, PPP:
tripalmitin, 0OO: triolein and /\ \/\
SSS: tristearin. For other abbre- N AP, AN }\\ / \ AN A AN
viations, see Table 2 \}\ [ternary-EIE P-H15]
- I NN /}\f\\/\ [\ /\ FANDN
[binary-EIE S-H15]
>
E
5
o
et | \
g AN ann AJU AN / AN J\ R
5 /“ [binary-EIE P-H15]
o
2 \
[0]
a) l
|
/
A
o AN JAYANY. \_ AN _ . _ -
[S-H15]
000 (ECN: 46.2) SSS (ECN: 54.0)
AN N
}\ A N J\
[P-H15]
PPP (ECN: 48.0)
LaLala (ECN: 36.0) /
g A
N A A
R o LI o o o I B e e MR I
25 50 75 00 125 150 175 20 225 250 275 300 325 3O 375min

were then followed by the formations of some newly
synthesized TAGs. The formation rate of these new TAG
species varies greatly. The changes of TAG profile of the
blends formulated at BHSOH1S5 before interesterification
(initial blends) and after interesterification (binary and
ternary EIE blends) are given in Fig. 1. It was shown that
the amount of high melting fractions (PPP and SSS) was
reduced after interesterification. Moreover, the different
type of high melting fats (PS or FHRO) used in this study
resulted in different TAG compositions of the interesterified
blends in terms of both ratio of individual TAG and newly
synthesized TAG species.
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Retention time

Unsaturation Degree of TAG by Agt-HPLC

Silver-ion HPLC was used to analyze the unsaturation
degree of lauric fat blends, before and after interesterifica-
tion. As the separation of TAGs is based on the interaction
between the silver ions and the double bond (DB), a man-
ageable number of chromatogram peaks will be obtained.
This is considered to be an advantage for analyzing com-
plex TAG mixture, especially that of interesterified blends.
Fully saturated TAGs have no double bond (0-DB), while
liquid oil commonly has TAGs with 2-DB or more, such
as POO (2-DB), OOO (3-DB) and LOO (4-DB). Figures 2
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Fig. 2 Unsaturation degree of triacylglycerol in lauric fat blends pre-
pared with palm stearin (PS) as the high melting fat. DB: number of
double bonds in the fatty acids of triacylglycerol from O to 4. Values

are means with their standard deviations of triplicate analyses. For
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Lauric fat blends formulated with FHRO

Fig. 3 Unsaturation degree of triacylglycerol in lauric fat blends pre-
pared with fully hydrogenated rapeseed oil (FHRO) as the high melt-
ing fat. DB: number of double bonds in the fatty acids of triacylglyc-

and 3 show that initial blends contained mostly 0-DB and
3-DB TAGs, of which 0-DB TAGs were from PKO and PS/
FHRO, while 3-DB TAGs were from HOSO. After binary-
EIE, only small changes of the decreasing 0-DB TAGs were
observed. The decreases of 0-DB TAGs continued to a sub-
stantially lower after ternary-EIE. In addition, binary-EIE
blends were found to have considerably higher amount of
0-DB TAGs compared to that of ternary-EIE blends. When
HOSO was introduced in the ternary interesterification,
more unsaturated FAs were available and randomly bound
to the glycerol backbone. Consequently, this increased the
unsaturation degree of TAGs in the blends.

Taking into account that high melting TAGs (PPP or
SSS) in initial blends were diminished after binary inter-
esterification (Fig. 1) while the amount of 0-DB TAGs was
only slightly altered (Fig. 2, 3), it was believed that there
were a formation of TAGs from a combination of high
and medium melting fats. As the medium melting fat was
PKO, the newly synthesized TAG would then be an MLCT.
The binary-EIE blends had a higher amount of 0-DB
TAGs compared to that of ternary-EIE blends; therefore,

erol from O to 4. Values are means with their standard deviations of
triplicate analyses. For other abbreviations, see Table 2

binary-EIE blends would contain higher amounts of MLCT
with long-chain saturated FAs. The presence of MLCT in
interesterified blends was considered to be an advantage,
since MLCT products are known to impart some health
benefits [17].

In general, the lipase-catalyzed interesterification
changed the unsaturation degree of lauric fat blends in the
comparable manner for all the different formulations.

Influence of EIE on Solid Fat Content (SFC)

The initial blends were formulated to have different amount
of high melting fractions (HS5, H10 and H15). High melt-
ing fat was commonly added into fat blends to extend their
plastic range and improve their tolerance at high tempera-
ture [29]. Figure 4 shows that the addition of high melting
fractions increased the SFC values at 20 °C and higher.
Higher amount of high melting fractions also yielded
higher melting points (temperature at which SFC = 0 %) of
the fat blends. Different hard fats used in the blends also
affected the SFC profile at this temperature range, where
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Fig. 4 SFC profile of lauric fat blends, before and after interesterification. Values are means with their standard deviations of triplicate analyses.

For abbreviations, see Table 2

FHRO had slightly higher value compared to that of PS.
However, the influence of different type of hard fats (PS or
FHRO) on the SFC profile was less pronounced than that
of different blend formulations (BH50HS5, BHS0H10 and
BHS50H15). In addition, the SFC curves in the temperature
range between 0 and 20 °C were found to be approximately
similar for all initial blends. At that temperature range,
the solid fat was contributed by TAGs from both B and H
groups, and the total amount of TAGs was set at a simlar
value 50 % (BHS50) in all fat blends.

Enzymatic interesterification of fat blends prepared by
liquid oil and hard fat commonly results in the decline of
SFC at the higher temperature region. If a more diverse
FA presents in the system, it will lead to an even sharper
decrease of SFC curves [30]. Using binary-EIE strategy,
it was demonstrated that the SFC values were reduced
at 20 °C and higher for the interesterified blends. How-
ever, SFC curves of binary-EIE blends in the temperature
range of between 0 and 20 °C were found to be approxi-
mately similar. As only high and medium melting fats
were included in the interesterification, the randomiza-
tion of FAs on the glycerol backbones was mostly limited
between medium-chain saturated FAs of PKO and long-
chain saturated FAs of PS/FHRO. This would keep those
interesterified blends to have low degree of unsaturation,
before the addition of liquid oil (Fig. 2, 3). The combina-
tion of medium-chain and long-chain FAs on newly syn-
thesized TAGs produced MLCTs with physical properties
in-between the medium and high melting fats. The majority
of MLCTs in binary-EIE blends had melting points within
the range of B group, as shown in the DSC-melting ther-
mogram (Fig. 6). Binary-EIE lauric fat blends would then
be suitable for shortening or margarine fat stock with an
improvement on the SFC profile in the high melting range.
The formation of undesired organoleptic properties (e.g.,
pasty, greasy and waxy tastes) on rich fat products can be
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avoided by having a lower SFC value at above body tem-
perature [9].

When all starting samples were interesterified, the SFC
of ternary-EIE blends would be drastically decreased from
that of initial blends. The softening effect of these inter-
esterified blends was caused by the introduction of unsat-
urated FAs from liquid oil into both high and medium
melting fats. The initial blends were formulated to have a
substantial amount of lauric fat (as the medium melting fat)
that was composed mainly of medium-chain saturated FAs.
Triacylglycerols composed of medium-chain FAs would
have melting point below room temperature whatever
unsaturated FA was introduced to their glycerol backbone,
such as LalLaO and LaOQ. In addition, TAGs composed of
long-chain FAs (from high melting fat) would also have
melting point below room temperature when their unsatura-
tion degree was changed to at least 2-DB, such as POO and
SOO (see Table 2). Both NARP-HPLC and Ag+ -HPLC
chromatograms could be used to confirm the formation of
these newly synthesized TAGs with varied unsaturation
degree.

Furthermore, the SFC of ternary-EIE blends was found
to be increased in the temperature range between 0 and
20 °C whenever the amount of hard fats in the initial blends
was raised (from H5 to H10, to H15). As initial blends
were formulated at BH50, higher amount of long-chain
TAGs (from PS or FHRO) would be compensated with
lower amount of medium-chain TAGs (from PKO). Despite
the amount of 1-DB and 2-DB in the ternary-EIE blends
being found to be comparable (Figs. 2, 3), there would be
more newly synthesized TAGs with long-chain FAs for
higher H group formulation. Triacylglycerols composed of
long-chain FAs with 1-DB generally have melting points
within the B group, such as MPO, POP and POS (Table 2).
Higher ratio of B group would give higher SFC values, par-
ticularly in the temperature range between 0 and 20 °C. As
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ternary-EIE blends had substantial amount of solid fat at
around 10 °C and completely melted (SFC = 0 %) below
35 °C, the blends were considered to be suitable as fat
stock for soft rich fat products, such as fat spread [31].

Eventually, in a general overview, it was found that SFC
profile of interesterified blends was not affected much by
the different types of high melting fractions (PS or FHRO)
used in lauric fat blends.

Influence of EIE on Crystallization and Melting
Behavior (DSC)

Crystallization Behavior

The TAG composition of lauric fat blends was altered dur-
ing EIE and the changes were clearly observed on the DSC
crystallization and melting thermograms. The DSC crys-
tallization thermogram of lauric fat blends formulated at
BH50H15 before and after interesterification is displayed
in Fig. 5. The initial blends exhibited three major peaks
representing materials composed the blends. Two exother-
mic peaks at lower (a5, d;) and middle (a,, d,) temperature
ranges were related to HOSO and PKO, respectively. These
two exothermic peaks of HOSO/PKO/FHRO blends (as,
a,) had crystallization temperatures that were comparable
to those of HOSO/PKO/PS blends (d;, d,). Eventually, the
exothermic peak at the higher temperature range of the fat
blends was associated with high melting fraction. However,
the peak maximum of fat blends prepared with FHRO (a,)
was found to crystallize at higher temperatures than those
of fat blends prepared with PS (d,).

Temperature (°C)

After binary-EIE, the exothermic peaks at middle and
higher temperature ranges were found to become broader
exothermic peaks (b;, ;) and shifted to the lower crys-
tallization temperature. This was in agreement with the
diminishing high melting fraction followed by the appear-
ance of newly synthesized TAGs in interesterified blends
(Fig. 1). The other exothermic peak could be considered
to represent the low melting fraction in binary-EIE blend.
The peak was associated with liquid oil, which was added
after the interesterification reaction. This exothermic peak
(b,, €,) had a crystallization temperature comparable to the
exothermic peak of the initial blend at lower temperature
range (a;, dj).

For ternary-EIE, the unsaturation degrees of TAGs were
adjusted to be more equal and followed a standard normal
distribution when liquid oil was included in the reaction, as
shown in Figs. 2 and 3. As a result, the ternary-EIE blend
had a broad exothermic peak with a long shoulder that
spanned from lower to higher temperature region (c,, f;).

Melting Behavior

The DSC melting thermogram of fat samples commonly
contained more complex features (i.e., broad shoulders,
multiple inseparable peaks) compared to their crystalliza-
tion thermogram [5]. However, the melting thermogram of
lauric fat blends formulated at BH5S0H15 was found to be
reasonably comparable to its crystallization thermogram
(Fig. 5). The DSC melting thermogram of lauric fat blends
formulated at BHSOH15 before and after interesterification
is displayed in Fig. 6.
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For the initial blends prepared with either FHRO or PS
as the hard fat, three major endothermic peaks were also
observed, ag/as/a, or d¢/ds/d,, respectively. After binary-EIE
and ternary-EIE, the number of endothermic peaks were
reduced to two (b,/b; or e,/e;) and one (c, or f,) peaks,
respectively. The offset temperature of endothermic peak at
higher temperature region was 62.8 °C for the initial blend
prepared with FHRO, and drastically reduced to 39.2 and
34.5 °C for the binary-EIE and ternary-EIE blends, respec-
tively. In the meantime, the offset temperature of endother-
mic peak at higher temperature region of the initial blend
prepared with PS was 54.6 °C. This offset temperature was
also drastically reduced to 35.3 and 30.1 °C for the binary-
EIE and ternary-EIE blends, respectively. It was shown that
the endothermic peak of high melting fractions in lauric fat
blends was shifted to a lower temperature region after inter-
esterification, for both binary and ternary-EIE.

The DSC crystallization and melting thermograms of
other formulations (BH50HS and BH50H10) were gener-
ally found to be comparable; thus, no further data and dis-
cussions are given.

Influence of EIE on Crystal Morphology (PLM)

The microstructure of solid fat in the lauric fat blends
before and after interesterification was studied by PLM.
Figure 7 shows the effects of interesterification (both
binary-EIE and ternary-EIE) on the crystal morphology,
size and network density of lauric fat blends formulated at
BHS50H15. In the initial blends, some distinct differences
on crystal microstructure could be seen between the blend
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Temperature (°C)

prepared by PS and that prepared by FHRO, even when
both blends had a similar formulation and a compara-
ble SFC profile (Fig. 4). The crystal microstructure of the
initial blend prepared with PS showed a coarse network
of small spherulitic particles with rod-like crystals and
had no evidence of regular pattern. Meanwhile, the initial
blend prepared by FHRO exhibited large spherulitic aggre-
gates with more symmetrical pattern and a loosely crystal
network. It is commonly observed that the presence of tri-
stearin (i.e., from FHRO) induces the appearance of large
spherulites and spherulitic aggregates, which eventually
imparts grainy structure in the plastic fat [32].

Enzymatic interesterification of lauric fat blends caused
a decrease in the spherulitic crystal sizes and produced low-
density aggregates of fine crystals followed the changes of
their chemical composition. The binary-EIE blends showed
dense rod-like crystals agglomerated into fine spherulitic
particles with an increase in the relative proportion of small
fat crystals for both blends prepared with PS and FHRO.
Further substantial changes were observed on the crys-
tal microstructure of ternary-EIE blends. Large asymmet-
ric spherulites with a dense core and a lower-density halo
region around the core were observed in the ternary-EIE
blend prepared with FHRO. Contrarily, the ternary-EIE
blend prepared with PS showed low-density aggregates of
fine crystals. Smaller fine crystals impart a better plastic-
ity and overall texture properties rather than large spherical
crystal clusters of non-interesterified fat blends [15].

In general, lower amounts of high melting fractions
(from BH50H15 to BHS0H10, to BH50HS) within blends
prepared with a similar hard fat (PS or FHRO) produced a
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Fig. 7 Pictomicrographs of
lauric fat blends formulated
at BH50H15, before and after
interesterification: (a) P-H15
blend, (b) binary-EIE P-H15,
(c) ternary-EIE P-H15, (d)
S-H15 blend, (e) binary-EIE
S-H15 and (f) ternary-EIE
S-H15. For abbreviations, see
Table 2

comparable crystal morphology, yet gave less dense crys-
tal structure. Thus, no further data and discussion were
elaborated.

Conclusion

This study demonstrated that lauric fat blends could fur-
ther be modified by lipase-catalyzed interesterification to
enhance their viscoelastic and textural properties as plastic
fats. After EIE, there was a sharp decrease on SFC curves
of binary-EIE blends at 20 °C and higher. However, their
SFC curves were found to be approximately similar in
the temperature range between 0 and 20 °C. The melting
point of binary-EIE blends at BHSOH15 formulation pre-
pared with PS and FHRO was reduced to 35.3 and 39.2 °C,
respectively. Therefore, binary-EIE lauric fat blends would

be suitable for shortening or margarine fat stock with
enhanced physical properties at body temperature. Mean-
while, ternary-EIE blends exhibited a sharp decrease of
the overall SFC profile compared to their initial blends.
However, the SFC values of those_ interesterified blends
increased_ with the increment of H group formulation at
temperatures around 10 °C. In addition, all these blends
were completely melted below 35 °C. Thus, ternary-EIE
blends were considered to be suitable as fat stock for soft
rich fat products, such as fat spread. Under PLM meas-
urement, crystal microstructure of the initial blends was a
network of dense spherulitic crystal in nature. Enzymatic
interesterification of lauric fat blends caused a decrease
in the spherulitic crystal sizes and produced low-density
aggregates of fine crystals. Eventually, the formation of
MLCTs in the interesterified blends was considered as an
advantage due to their health benefits.
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