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SUMMARY: Novel zero-trans frying shortenings were formed by enzymatic transesterification by exploring a
palm stearin and canola oil mixture and stearic acid as substrates. Both immobilized (Novozym 435, Lipase PS
“Amano” IM) and non-immobilized (Lipomod TM 34P) enzymes were applied as biocatalysts. Palmitic acid, the
fatty acid which defines the proper type of crystal formation, was present at the 15% level in the reaction mixtures.
The novel structured lipids had comparable physical properties and offered similar frying performance to those
of commercial shortening. Needle-shaped crystals were predominant both in the transesterification products
and the commercial frying shortening. Furthermore, solid fat content profiles of the zero-trans structured lipids
produced by Novozym 435 and Lipase PS “Amano” IM were close to those of the commercial shortening.
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RESUMEN: Obtencion de shortenings cero-trans con alta estabilidad termo-oxidativa por transesterificacion
enzimdtica. Los innovadores shortenings cero-trans para frituras se obtenian por transesterificacion enzimatica
utilizando como sustratos una mezcla de estearina de palma con aceite de canola y acido estearico. Tanto las
enzimas inmovilizadas (Novozym 435, Lipase PS “Amano” IM) como las no inmovilizadas (Lipomod TM
34P) fueron aplicadas como biocatalizadores. El contenido de acido palmitico, el acido graso que define el tipo
adecuado de formacion cristalina, fue del 15% en las mezclas de reaccion. Los lipidos estructurados innovadores
tenian propiedades fisicas comparables a los shortenings comerciales y estabilidad de oxidacion térmica similar
en proceso de fritura. Los cristales en forma de aguja predominaban tanto en los productos de transesterificacion
como en los shortenings para frituras disponible en el mercado. Ademas, los perfiles de contenido de grasa
solida de los lipidos estructurados cero trans producidos por Novozym 435 y Lipase PS “Amano” IM eran
similares a los perfiles de los shortenings comerciales.
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Transesterificacion enzimatica
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1. INTRODUCTION

Commercial shortenings, commonly used in
the food industry, are most often generated using
hydrogenation, which is the source of trans fatty
acids(TFA). Many scientificstudiesindicateastrong
association of the consumption of trans isomers
with the risk of developing coronary heart diseases
(Eckel et al., 2007), type 2 diabetes and colon and
prostate gland cancer as well as allergies (Chavarro
etal., 2008). The American Heart Association
Nutrition Committee (Lichtenstein et al., 2006)
and World Health Organization (Uauy et al., 2009)
recommend that the consumption of TFA should
be less than 1% of the total daily energy intake.
Transesterification became a useful alternative to
hydrogenation, especially because trans fatty acids
are not formed and biologically active fatty acids
remain intact during this process. Furthermore,
both chemical and enzymatic transesterification
show great potential for obtaining lipids with a
pre-determined composition and triacylglycerol
structure and thus, with desirable properties and
nutritionally beneficial constitution.

When preparing shortenings, both physical and
nutritional aspects must be taken into account
(Ahmadi and Marangoni, 2009). A typical
characteristic of well-designed plastic shortenings
should also be a natural tendency to crystallize
in the polymorphic form of B’ (Idris et al., 1989).
The palmitic acid content in the reactants and its
position in the triacylglycerol molecules determine
the morphology of crystals and their type of
dominant polymorphic form. In this paper the
use of the palm stearin and canola oil mixture
structured with stearic acid was described to
obtain highly stabile zero-trans structured lipids.
The palm stearin in this mixture was the source of
palmitic acid, which assured the desired form of
lipid crystallization (deMan, 1992). In turn, canola
oil has the proper ®-6/w-3 acids ratio and delivers
oleic acid, which is stable against oxidation and
has beneficial effects on human health (Ahmadi
and Marangoni, 2009). As per stearic acid, the
results of early research by Hegsted et al., (1965)
showed its neutral effect on serum cholesterol
levels. Moreover, other investigations indicate that
stearic acid has an even hypocholesterolemic effect
compared to other saturated fatty acids (Bonanom
and Grundy, 1988).

The main aim of this study was to obtain
zero-trans structured lipids with similar frying
performance and physical properties to commercial
frying shortening. Consequently, the suitability
of the enzymes used as biocatalysts was assessed,
which brings additional value to the present work,
especially in that, to the best of the authors’
knowledge, never before have any of the enzymes
studied here been applied as biocatalyst for frying

shortening formulations. Novozym 435 and Lipase
PS “Amano” IM are widely used in organic syntheses,
including transesterification; whereas Lipomod
TM 34P is not often employed as a catalyst for the
transesterification process. The tested enzymes vary
in specificity and contain different amounts of water,
which is a profound factor in the catalytic activity
of enzymes and consequently the properties of final
reaction products. Therefore, it seemed promising
to check the suitability of all these lipases for the
development of shortenings for high temperature
applications.

The functionality of the final transesterification
products was assessed on the basis of fatty acid
composition, triacylglycerol composition, solid fat
content, actual crystal morphology and the frying
performance of developed structured lipids.

2. MATERIALS AND METHODS
2.1. Materials

Palm stearin (PS) and commercially refined,
bleached and deodorized regular canola oil (CAN)
were generously provided by Richardson Oilseed
Processing (Lethbridge, Canada). The PS and
CAN mixture containing 15% (by weight) palmitic
acid was structured with stearic acid by enzymatic
transesterification. Stearic acid was purchased from
Sigma-Aldrich Chemical Co. (St Louis, MO, USA).
All chemicals and solvents used in this study were
of analytical grade. Standards of triacylglycer-
ols were purchased from Larodan Fine Chemicals
AB (Malmo, Sweden). Tocopherol standards were
obtained from Calbiochem-Novabiochem (San
Diego, CA, USA). Standards of fatty acid methyl
esters were purchased from Nu-Chek-Prep Inc.
(Elysian, MN, USA).

2.2. Biocatalysts

Both immobilized (Novozym 435, Lipase PS
“Amano” IM) and non-immobilized (Lipomod
TM 34P) lipases were applied as biocatalysts for
enzymatic transesterification.

Novozym 435 is a B-fraction of thermostable
lipase from Pseudomonas antarctica immobilized on
a macroporous acrylic resin. It contains 2.0% water.
Depending on the reagents used it may show sn-1,3
regiospecificity or act as a non-specific lipase.

Lipase PS “Amano” IM is a lipolytic enzyme
immobilized on diatomaceous earth whose
biological source is the Burkholderia cepacia strain.
Its water content is 1.5%. It is a sn-1,3 regiospecific
preparation.

Lipomod TM 34P is a lipolytic native enzyme
whose active component is Candida rugosa lipase.
It contains 6.9% water. It does not show positional
specificity.
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Lipase PS “Amano” IM was purchased from
Amano Enzyme USA Co. Ltd (Elgin, IL, USA).
Novozym 435 was kindly donated by Sigma-Aldrich
Chemical Co. (St Louis, MO, USA). Lipomod TM
34P was generously provided by Biocatalysts Ltd
(Cardiff, Wales, UK).

2.3. Transesterification

Three sets (for triplicate repetition of reaction)
of three vials each (for three different enzymes) were
filled with the mixture of palm stearin and canola oil.
Then stearic acid was added to each vial in such a
quantity that the total content of saturated acids in the
reaction mixture remained at 25% (by weight). Each
vial was flushed with nitrogen to limit the presence of
moisture and air and then placed in a hybridization
oven (Tek Star, Greensboro, NC, USA) set to 70 °C.
As soon as thermal equilibrium was reached, catalysts
were added at 8% (by weight). Transesterification
reactions were performed under agitation for 8 h,
after which the enzymes were removed by filtration
and the reactions were stopped. In order to remove
unreacted fatty acids, the transesterification products
were dissolved in a mixture of diethyl ether with
ethanol (1:1, by volume) and unreacted fatty acids
were neutralized with a 0.1 M solution of potassium
hydroxide to the phenolphthalein endpoint. Then
the mixture was transferred to a separatory funnel
and thoroughly mixed with diethyl ether. The lower
aqueous layer was separated and discarded. The
upper organic layer, containing acylglycerols, was
passed through a bed of anhydrous magnesium
sulphate. After the evaporation of diethyl ether
transesterification structured acylglycerols were
separated into triacylglycerols (TAGs) and non-TAG
fractions as described by Kowalska et al., (2014) and
TAG fractions were further analyzed.

2.4. Fatty acid composition

Fatty acids were methylated prior to analysis
by gas chromatography (GC) based on the AOCS
Official Method Ce 1-62 (Firestone, 2009). The
resulting fatty acid methyl esters (FAME) were
analyzed on a Trace GC Ultra gas chromatograph
(Thermo Electron S.p.a, Rodano, Italy) using a
Trace TR-FAME fused silica capillary column
(100 m x 0.25 mm, 0.25 um; Thermo, Waltham,
MA, USA). Hydrogen was used as carrier gas at a
flow rate of 1.5 mL/min. Column temperature was
programmed from 70 to 160 °C at 25 °C/min, then
held for 30 minutes, and further programmed to
210 °C at 3 °C/min. Initial and final temperatures
were held for 5 and 30 minutes, respectively. Splitless
injection was used with a PTV injector. The detector
temperature was set at 250 °C. FAME samples, 1 uL
each, were injected with a AS 3000 autosampler
(Thermo Electron S.p.a, Rodano, Italy). For each

specific sample the whole analysis process was
repeated three times. Fatty acids were identified by
the comparison of retention time with authentic
standards (standard mixture #617; Nu-Chek-Prep
Inc., Elysian, MN, USA).

2.5. Triacylglycerol composition

The composition of triacylglycerols was analyzed
using reverse phase high performance liquid
chromatography (RP-HPLC) with a Finnigan
Surveyor liquid chromatograph (Thermo Electron
Corporation, Waltham, MA, USA). Two columns
connected in series (Gemini 110A, 250 X 3 mm,
Sum; Phenomenex, Torrance, CA, USA) were used
to separate TAGs. Each analyzed sample of 10 pL
injection was subjected to the following gradient
elution: 70% acetonitrile/30% dichloromethane held
for 15 min; to 60% acetonitrile/40% dichloromethane
at 25 min, held for 35 min; to 40% acetonitrile/60%
dichloromethane at 50 min, held for 55 min; to
30% acetonitrile/70% dichloromethane at 60 min,
held for 65 min; and back to 70% acetonitrile/30%
dichloromethane at 85 min, held for 90 min at
a flow rate of 0.4 mL/min. Eluted components
were detected with an evaporative light scattering
detector (Sedex 75; Sedere, Alfortville, France)é
operated at 40 °C with air pressure of 2.5%X10
N/m’. For each specific sample the whole analysis
process was repeated three times. TAGs were
identified by comparison of the retention times of
authentic standards (Nu-Chek-Prep Inc., Elysian,
MN, USA), calculated as relative retention time to
triolein.

2.6. Physical measurements

The solid fat content (SFC, %) was measured by
pulse nuclear magnetic resonance (p-NMR) with a
Bruker PC/20 Series NMR Analyzer (Bruker Optics,
Milton, ON, Canada). Measurements were repeated
three times and final results were averaged. Initially,
to erase any crystal history, the samples were held at
80 °C for 30 min. The melted fats were then placed
in NMR tubes and submitted to the tempering treat-
ments as specified in the AOCS Official Method Cd
16-81 (Firestone, 2009).

Crystal morphology was observed and recorded
in polarized light at two different temperatures
(5and 25 °C) in order to assess the effect of crystalli-
zation temperature. Briefly, a drop of pre-heated fat
(80 °C) was placed on slide which was pre-heated to
the same temperature and then gently cover slipped.
Each slide was cooled down and kept for 48 h at one
of the desired temperatures and then microscopic
images were recorded at x40 magnification using an
Olympus BH polarized light microscope (Olympus,
Tokyo, Japan) equipped with a Sony XC-75 CCD
video camera (Sony Corporation, Japan).

Grasas Aceites 71 (4), October—December 2020, €375. ISSN-L: 0017-3495 https://doi.org/10.3989/gya.0564191


https://doi.org/10.3989/gya.0564191

4 « E. Gruczynska-Sekowska et al.

2.7. Model frying fast test

Structured lipids were tested for frying
performance with amodel frying fast test as described
by Aladedunye and Przybylski (2011). Briefly 12 g
of transesterification products were weighed into a
glass beaker (Pyrex, USA; outer diameter 35 mm,
capacity 30 mL). Octagonal stir bars (9.5 X 25 mm,
Fischer Scientific, USA) were placed into the vessel,
increasing the final surface to volume ratio to
0.42. Then the vessel was heated and, while kept at
180 £ 5 °C for 10 min, a 1.2 g sample of formulated
starch (a mixture of potato starch, glucose and silica
gel at 4:1:1, by weight) was added. The temperature
was then maintained at the same level for 2 h with
intermittent stirring at 400 rpm for 20 min. 0.5-mL
oil samples were withdrawn after the 30th, 70th and
120th min of heating. The frying performance of
fats was assessed by the measurement of total polar
compounds, composition of polar compounds and
analysis of residual tocopherols.

2.7.1. Total polar compounds ( TPCs)

TPCs were determined gravimetrically according
to AOAC Method 98227 (1990). Column
chromatography was used to separate the non-polar
(TAG) and polar (TPC) fractions. For each specific
sample the analysis process was repeated three times.

2.7.2. Composition of polar compounds

The composition of polar compounds was
assessed using high performance size exclusion
chromatography (HPSEC) according to ISO
Standard 16931 (2007). Separation was performed
on a Finnigan Surveyor liquid chromatograph
(Thermo Electron Corporation, Waltham, MA,
USA). Components were separated onto three size
exclusion Phenogel columns connected in series
(500 A, 100 A and 50 A; 5 um, 300 X 4.6 mm;
Phenomenex, Torrance, CA, USA) and kept at 30 °C.
Tetrahydrofuran (THF) was used as the mobile
phase at a flow rate of 0.3 mL/min. Sample of 10 puL
were injected, and eluting components were detected
using an evaporative light scattering detector (Sedex
75; Sedere, Alfortville, France), operating at 30 °C
with purified air pressurized to 2.5 X 10° N/m”. For
each specific sample the whole analysis process was
repeated three times.

2.7.3. Tocopherols

Tocopherols were analyzed according to AOCS
Official Method Ce 8-89 (Firestone, 2009). Briefly,
oil samples (50 mg) were weighed directly into
autosampler vials and dissolved in 1.0 mL of
hexane. The analyses were performed on a Finnigan
Surveyor HPLC (Thermo Electron Corp., Waltham,

MA, USA) with a Finnigan Surveyor Autosampler
Plus and Finnigan Surveyor FL Plus fluorescence
detector set for excitation at 292 nm and emission
at 324 nm. The column was a normal-phase Diol
column (5 um; 250 X 4.6 mm; Monochrom, Varian,
CA, USA). Each time a sample of 10 uL. was injected.
The mobile phase consisted of 7% methyl-tert-butyl
ether in hexane at a flow rate of 0.6 mL/min. For
each specific sample the whole analysis process was
repeated three times for averaging. The amounts
of tocopherols were quantified using external
calibration with each isomer calibrated individually.

2.8. Statistical analyses

Data was analyzed by single factor variance
analysis (ANOVA) and regression analysis using
Minitab 2000 statistical software (ver. 13.2, Minitab
Inc, State College, PA, USA). Statistically significant
differences between means were determined by
Duncan’s multiple range tests at the P < 0.05 level.

3. RESULTS AND DISCUSSION
3.1. Fatty acid composition

The fatty acid composition of the non-
transesterified mixture, zero-trans structured lipids
and the commercial shortening are presented in
Table 1.

The amounts of healthy unsaturated fatty
acids which are beneficial for humans in the
transesterification products were higher than in the
commercial shortening by about 10.0 — 33.0%.

Structuring the mixture of palm stearin and
canola oil with stearic acid produced a 4-fold increase
in the amount of stearic acid after transesterification.
As a result its content in the structured lipids
was comparable to the commercial shortening. As
anticipated, frans fatty acids were not formed as a
result of transesterification and their content in the
structuredlipidswasaslowasinthenon-transesterified
mixture and amounted to 0.5%. Thus, in accordance
with the US Food & Drug Administration (Federal
Register — 68 FR 41434, 2003), these products may
be claimed zero-trans. The presence of trans isomers
in the commercial shortening (8.2%) indicated that it
contained partially-hydrogenated fat (Gupta, 2017),
although it was labelled as a zero-trans product. The
GLC analysis revealed that the majority of frans fatty
acids were elaidic acids (18:1, 9-trans).

3.2. Triacylglycerol composition

The triacylglycerol composition of the studied
fats and the commercial shortening are presented
in Table 2. The commercial shortening contained
mainly LOO, LOP, OOO and POO, which amounted
to 73.8% of the total TAGs.
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The palm stearin and canola oil mixture before
transesterification consisted of the following TAG
species: LnOO, LOO, LOP, OO0, POO, POP, PPP,
and SOS, of which LOO and OOO were in the
highest amounts and constituted 48.9% in total.

All the transesterification products contained
new triacylglycerol SOS which was not present in the
non-transesterified mixture. This proves that stea-
ric acid was incorporated into TAG molecules and
the transesterification occurred within the external
positions of TAGs.

In the transesterification products obtained by
the immobilized enzymes (Novozym 435 and Lipase
PS “Amano” IM) new asymmetrical triacylglycer-
ols were produced and contained palmitic acid in
the molecules (PLLn, POLn). According to deMan
(1992) the presence of such asymmetrical triacyl-
glycerols (in which sn-1 and sn-2 or sn-2 and sn-3
positions are occupied by two saturated or two
unsaturated fatty acids) favors the desired polymor-
phic form p’.

Compared to the commercial shortening, the
transesterification structured lipids obtained from
Novozym 435 were characterized by a much lower
content of LnOO, LOO and LOP, and much higher

content of POP, PPP, and SOS. For the transesteri-
fication products by Lipase PS “Amano” IM lower
content of PPP was detected. PPP is one of the TAG
species which exhibits a natural tendency to crystal-
lize in an undesired polymorphic form B (deMan,
1992). Form B tends to constitute large crystals
(> 50 um), resulting in unattractive products which
give the sensorial impression of sandy mouth feel
(Ahmadi and Marangoni, 2009).

Transesterification performed by Lipomod TM
34P resulted in less pronounced changes in triacylg-
lycerol composition with the exception of LOP and
POO, whose content was significantly lower and
POP and PPP exhibited the opposite trend.

3.3. Solid fat content (SFC)

Changes in the solid fat content as a function
of temperature in the non-transesterified mixture,
zero-trans structured lipids and commercial short-
ening are illustrated in Figure 1.

SFC profiles of the zero-trans structured lipids
produced by immobilized lipases (Novozym 435
and Lipase PS “Amano” IM) were the closest match
to those of the commercial shortening. This pattern

30
25
<
$ 20 -
S
o
o
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z
°
(2]
10 -
5_
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0 10 20 30

40 50 60 70

Temperature [°C]
—@— [PS + CAN: 15% C, ] - non-transesterified

—(0O— Novozym 435

—W¥— Lipase PS “Amano” IM
—A— Lipomod TM 34P
—— Commercial shortening

FIGURE 1. Solid fat content as a function of temperature for the commercial shortening and for triacylglycerols isolated from the
[PS + CAN: 15% C,4,] mixture before and after enzymatic transesterification.
Abbreviations: PS — palm stearin, CAN — canola oil, C,¢,, — palmitic acid.
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of SFC profiles as a function of temperature is char-
acteristic of high stability fats which may be applied
for frying or as confectionary fats (Metzroth, 2005).
Furthermore, they tended to have lower SFC when
compared to the non-transesterified mixture and
showed a gradual slope with a wide plastic range
from 10 to 60 °C. These changes are caused by fatty
acid rearrangement within and among the TAG
molecules during transesterification and creation of
new lower melting TAG species (Aladedunye and
Gruczynska, 2019).

3.4. Crystal morphology

The polarized light images of the zero-trams
shortenings and the commercial shortening stored
at temperature of 25 °C (Figure 2) showed needle-
shaped crystals which were clearly separated from
the amorphous phase and with a tendency to form
agglomerates and heterogeneous distribution in
the amorphous phase. After crystallisation at 5 °C
(Figure 3) needle-shaped crystals joined together
into branched chains. Such a crystal morphology
and the structural diversity of the triacylglycerols
suggests that the zero-trans structured lipids most

likely crystallize in the polymorphic form f’. Hence
the risk of granularity is reduced and the transester-
ification products become firm, stable and have a
wide plasticity range.

In addition, the crystals grown at lower tempera-
tures were smaller in size and homogenously distrib-
uted in the amorphous phase. Decreasing the size
of the crystals resulted in a larger combined surface
and a stronger network (Metzroth, 2005).

3.5. Total polar compounds (after model frying
fast test)

Polar compounds are formed during the frying
process. Since they remain in the fat, their presence
is a reliable measure of the degree of thermal
degradation. In addition, polar compounds are
also formed during transesterification, therefore a
noticeable increase in the TPC content was observed
after the process. The study showed the higher the
amount of water in the enzymatic preparation, the
higher the TPC content after transesterification
(Kowalski et al., 2004).

At the end of the model frying process the amount
of TPCs was the highest after transesterification

FIGURE 2. Polarized light micrographs of the zero-trans shortenings obtained from Novozym 435 (a),
Lipase PS “Amano” IM (b), Lipomod TM 34P (c), and of the commercial shortening (d) after crystallisation at 25 °C.
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FIGURE 3. Polarized light micrographs of the zero-trans shortenings obtained from Novozym 435 (a), Lipase PS “Amano” IM (b),
Lipomod TM 34P (c), and of the commercial shortening (d) after crystallization at 5 °C.

performed by Lipomod TM 34P and exceeded
25.0%, which is regarded as borderline in the
assessment of the quality of frying fats (Stier, 2013).
The remaining zero-trans structured lipids (obtained
by Novozym 435 and Lipase PS “Amano” IM)
exhibited TPC contents similar to the commercial
shortening and lower than the non-transesterified
mixture at the final checkpoint (Table 3).

3.6. Composition of polar compounds (after model
frying fast test)

The individual classes of polar compounds
were separated as polymers, dimers, oxidized
triacylglycerols (OTAGs), diacylglycerols (DAGs)
and free fatty acids (FFAs). The amounts of specific
compounds are presented in Table 3.

The zero-trans structured lipid formation of
polymers was not observed until after the 30th or
(for Novozym 435) even the 70th min of the model
frying test. Regarding the commercial shortening,
although polymer formation did not start until after
30 mins of model frying test, at the end of the process
this product was characterized by the highest amount
of polymers. The tendency for fat polymerization

increases with the degree of unsaturation. However,
although the transesterification products had
higher amounts of oleic, linoleic and linolenic
acids compared to the commercial shortening, they
showed less formation of polymers throughout
the model frying test, thus indicating that other
factors beyond unsaturated fatty acid content were
involved in the degradation of fats. Using a neural
network system Przybylski and Zambiazi (2000)
established that using fatty acid composition as
the defining factor only 50% of the oil’s thermo-
oxidative stability can be predicted. However, after
analyzing TAG composition, the transesterification
structured lipids obtained from Novozym 435 were
characterized as showing the lowest content of
triunsaturated TAGs (LnOO, LOO, OOO) and the
highest amount of monounsaturated (POP, SOS)
and saturated (PPP) TAG species. As the most
unsaturated TAGs are lost preferentially during
heating and they generally form more polymers
than the less unsaturated molecules (Martin et al.,
1998), the transesterified products of Novozym 435
exhibited the latest start of polymer formation and
formed the lowest amount of polymers, regardless
of the duration of model frying. Furthermore, the
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TABLE 3. Formation of polar components and degradation of tocopherols during the model frying test for commercial
shortening and the palm stearin (PS) and canola oil (CAN) mixture before and after enzymatic transesterification with stearic acid.

Model TPCs Polymers Dimers OTAGs DAGs FFAs RTOCs
frying time __18/100 ] Ig/100 g] 1g/100 g] [g/100 g] [g/100 g] [g/100 g] [nglgl
Sample (fat) [min] All the above units, i.e. [g/100 g] and [ng/g], refer to fat mass
Commercial 0 84+09"  00+0.0" 46+07° 34206 02+0.0° 001+000 672%13
shortening 30 120+1.2°  00+0.0" 68+1.0° 43207 04%+0.1" 0.01+0.00 104£2
70 139+14°  1.0+02° 79+12° 4307  05+0.1" 0.04+0.01° 5+1
120 20.7 +1.7° 36105 11.9+1.6° 40+07°  09+0.1" 0.12+0.02° 5+1
[PS + CAN: 0 33+04°  00+0.0" 08%02  23+04" 0.1+0.0° 000+000 722+11
:ﬁ: ﬁsggggigi;‘don‘ 30 6307 01£00°  15%03" 4606  01£00° 001£000 336+7
70 13.8+1.4°  07£01° 3306  92+13  03+0.0 0.04%0.01° 184+4
120 23.7+1.9*°  20+03° 58+09° 147+18  08+0.1" 0.16+0.03 27+2
Novozym 435 0 57+0.6"  00+00" 14+03" 38%06  03+0.0° 0.04+0.01%® 433%9
30 11.7+12°  00+00" 31+05 75+1.1° 07+0.15 008+002" 139+3
70 156+1.4°  00%£00" 42+07° 95+12° 1.1+01° 0.15%0.03" 87%3
120 205+17° 15402 59+09° 11.7+15°  1.9+02° 0.26+0.05 3+1
Lipase PS 0 641075  00+0.0" 21+04% 39+06  03%00° 0.03+001" 417+38
“Amano” IM 30 88+10°  00+00" 30+06 52408 05+0.1" 005+001° 98+3
70 148+15  08%0.1° 56+1.0° 71119 09+01" 011+£0.02° 46+3
120 219+18° 28+04" 85+13" 85+13 1.5+02% 0.18+0.03° 5+1
Lipomod 0 72+08  0.0+00" 1.9+04" 41+07  08+0.1" 006*001" 403+8
TM 34P 30 93+1.0°  00+00"° 25+05 49408  1.5+02 009+002 110+2
70 148+1.5 05+01" 44+08  66+1.1° 25+03° 020+0.04° 53+3
120 253+20°  27+04° 76%£12° 98*15  45+0.5 042+0.08° 4+1

All values are averages of triplicate analyses from three repetitions. Values reported are means + SD. Testing conditions: temperature
180 % 5 °C, stirring at 400 rpm, the ratio of oil/fat surface to volume at 0.42. TPCs — total polar compounds, OTAGs — oxidized
triacylglycerols, DAGs — diacylglycerols, FFAs — free fatty acids, RTOCs — residual tocopherols. Values with different superscript letters
(a — k) within each column are statistically significantly different at P < 0.05.

highest POP and SOS contents in those lipids confer
an extra advantage since oleic acid, the fatty acid
capable of polymerization, was lost to a lower extent
from the central position of the TAG molecule than
from external positions.

These results led to the conclusion that under
model frying conditions the effect of TAG
composition on polymer formation is much more
important than that of the unsaturated fatty acid
content (Martin et al., 1998).

The amount of dimers and oxidized
triacylglycerols consistently increased throughout
the model frying period. As model frying progressed,
the transesterified products were characterized
by higher content of oxidized triacylglycerols
compared to the commercial frying shortening.
The zero-trans transesterification  structured
lipids were characterized by higher unsaturated
fatty acid contents compared to the commercial
frying shortening. Furthermore, transesterified
products obtained from immobilized enzymes alone
contained new diunsaturated triacylglycerols (PLLn,
POLn) which unprotected against oxidation. These
differences between enzymatically modified fats and

the commercial shortening were translated into the
different contents in oxidized triacylglycerols.

Taking into account the sum of polymers,
dimers and oxidized triacylglycerols after the
70th and 120th min of the model frying test, it
was noticeable that the frying performance of the
transesterification structured lipids was similar to
that of the commercial shortening. Lipomod TM
34P seemed only to produce higher amounts of
thermo-oxidation compounds than the commercial
shortening at the end of the assay.

Free fatty acids were formed during the
hydrolysis of TAGs. For each of the fats tested
the FFA contents FFAs increased consistently
throughout the model frying test period. At the end
of frying the transesterification structured lipids
were characterized by higher amounts of FFAs
compared to the commercial frying shortening.

3.7. Tocopherols (after model frying fast test)
Tocopherols are the major antioxidants pres-

ent in refined oils and offer protection against
thermo-oxidative degradation mainly by donating
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hydrogen atoms to lipid peroxy radicals, thereby
interfering with either chain propagation or initia-
tion (Seppanen et al., 2010). The changes in total
tocopherol contents during the model frying of the
non-transesterified mixture, zero-trans structured
lipids and the commercial shortening are shown in
Table 3. For all the zero-trans structured lipids and
non-transesterified mixture the rates of tocoph-
erol depletion were lower than for the commercial
shortening. The faster tocopherol degradation in
the commercial frying shortening may be related
to its lower content of unsaturated fatty acids since
tocopherols are known to degrade faster as the level
of unsaturation in oil decreases (Barrera-Arellano
et al., 2002). This phenomenon can be attributed
to the non-selective oxidation of unsaturated fatty
acids and tocopherols by the highly reactive alk-
oxyl and hydroxyl radicals generated by the decom-
position of hydroperoxides. Other mechanisms
of tocopherol disappearance during frying can be
related to the increase in the rate of oxidative ini-
tiation and propagation, producing high concentra-
tions of lipid peroxy radicals, which in turn place
an increasing demand on the number of tocopherol
molecules participating in the antioxidant activ-
ity (Verleyen et al., 2002). It was also reported that
tocopherols had very low volatility under frying
conditions and hence their rapid loss was due to
degradation (Marmesat et al., 2010). In the present
study the faster degradation of tocopherols such as
in the commercial frying shortening did not result in
more rapid development of polar compounds dur-
ing frying.

Among the fats assayed the tocopherols disap-
peared most quickly from the commercial short-
ening, where despite relatively high initial residual
tocopherol (RTOCs) levels, their remains were
already negligible after 70 mins of model frying.
All the transesterified products performed similarly
to one another, having reached negligible values
of RTOC:s at the final checkpoint (after 120 mins
of frying). A positive exception was observed for
the non-transesterified mixture, where even after
120 mins of model frying the RTOC level was noted
at the value of 27 pg/g.

4. CONCLUSIONS

Enzymatic transesterification by both the
immobilized and non-immobilized lipases offered
potential in the production of novel zero-trans
structured lipids that could be used for high tem-
perature applications. Furthermore, the immo-
bilized enzymes (Novozym 435 and Lipase PS
“Amano” IM) performed better overall the than
non-immobilized lipase (Lipomod TM 34P). When
compared to the commercial frying shortening, the
transesterification products showed similar frying
performance.

Not only did the transesterification products
have comparable solid fat content profiles and crys-
tal morphology to those of the commercial shorten-
ing, but were also characterized by the absence of
trans isomers, higher contents of oleic and linolenic
acids, a lower rate of polymer formation and a lower
rate of tocopherol disappearance during frying, all
of which may be considered as additional benefits
to human health.

The development of frying shortenings by lipase-
catalyzed transesterification may have great indus-
trial relevance, especially if large-scale continuous,
solvent free, immobilized enzyme reactors are used.
Therefore, the introduction of inexpensive enzy-
matic preparations and the optimization of the
large-scale lipase bioreactors, while controlling the
water content (or water activity) in the reaction sys-
tem, should convince the food industry to switch
from hydrogenation to the lipase-mediated technol-
ogy of high stability zero-trans shortenings.
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