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Abstract The endogenous minor components from
canola, rice bran, sesame and palm oils including selected
phospholipids, and various combinations of tocopherol
isomers were tested during frying using canola oil tria-
cylglycerols as the frying medium. Thermo-oxidative
degradation was assessed by measurement of the total polar
components, the rate of volatile carbonyl compounds and
4-hydroxynonenal formation. All the tested minor com-
ponents protected to a different extent canola triacylgly-
cerides from thermo-oxidative degradation during frying.
No significant differences were observed in the protection
of the triacylglycerides among all the tested tocopherol
isomers and their mixtures. Irrespective of the composition
of tocopherol homologous, an increase in the added
amounts above 1,000 pg/g did not improve protection.
Minor components isolated from rice bran and sesame oils
offered better protection during canola triacylglycerides
frying than endogenous minor components isolated from
canola oil. When 0.2% phosphatidylcholine or phosphati-
dylethanolamine was added to the canola triacylglycerides,
the amount of formed polar components decreased twice as
compared to the tocopherol isomers. Accordingly, by
optimizing the composition and the concentration of the
endogenous minor components, the frying performance of
oil can be significantly enhanced.
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Introduction

Under frying conditions, a large number of volatile and non-
volatile compounds are produced. Not only do these com-
pounds adversely affect the stability of the frying oil, but the
food fried in the deteriorated oil acquires a significant
amount of decomposition products that may have potentially
adverse effects on the safety, flavor, nutritional value, and
stability of a fried food. Moreover, several studies have
shown that a number of volatile compounds formed during
frying exhibit carcinogenic, mutagenic and genotoxic
properties [1-3]. In consequence, the thermal stability of
frying oils is a vital criterion in the selection of a frying
medium [4]. The search for oil with improved frying stability
has led to several modifications of the fatty acid composition
of many commodity oils [5-9]. On the other hand, a body of
research has demonstrated the significant role of endogenous
minor components on the frying stability of oil [10-14].

The amount and relative contribution of linoleic, linolenic
and other unsaturated fatty acids in canola oil makes it
desirable as a good source of essential fatty acids. However,
the susceptibility of these acids to oxidation demands mea-
sures that will increase the oil’s frying stability without
compromising its nutritional value. Previous work in this
area focused mainly on the influence of added tocopherols on
the frying stability, with relatively fewer reports on the use of
other natural antioxidants [14—17]. So far, there has been no
report on the effect of endogenous minor components from
rice bran, sesame and palm oils on the frying stability of
canola oil. Although, a few papers have reported the frying
performance of canola oil blends with palm olein, olive and
corn, rice bran, and sesame oils [18-22]. These blends had
changed fatty acid, triacylglycerols and minor components
compositions and make it impossible to assess the effect of
the endogenous minor components [23, 24].
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In the present study, the effects of selected phospholipids,
various combinations of tocopherol homologues, and minor
components isolated from canola (CO), rice bran (RBO),
sesame (SO) and palm oils (PO) on the frying performance of
antioxidant stripped canola oil triacylglycerides were
assessed. The vegetable oils chosen for this study contain
unique endogenous minor components which are not found
in canola oil, namely, tocotrienols and oryzanol in RBO,
lignans in SO, and tocotrienols and carotenoids in PO.

Materials and Methods
Materials

Commercially processed regular canola oil was donated by
Richardson Oilseed Limited (Lethbridge, Canada). High
oryzanol rice bran (RBO) and red palm oils were gifts from
Rito, Inc. (Stuttgart, Arkansas, USA) and Golden Jomalina
Food Industries (Kuala Langat, Malaysia), respectively.
Neutral alumina (70-230 mesh), silica gel 60 A (70-230
mesh), p-glucose, and potato starch were purchased from
VWR (Edmonton, Canada). Phosphatidylcholine (>99%),
phosphatidylethanolamine (~98%), f-carotene and 4-hy-
droxynonenal (HNE) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). BSTFA (¥,O-bis(trimethyl-
silyDtrifluoroacetamide, TMCS (trimethylchlorosilane),
and pyridine were obtained from Supelco (Bellefonte, PA,
USA). Standards of tocopherols were purchased from
Calbiochem-Novabiochem (San Diego, CA, USA). Stan-
dard of y-oryzanol was provided by Oryza Oil and Fat
Chemical Co. Ltd (Ichinomiya-City, Japan). Standards of
volatile carbonyl compounds were purchased from Bed-
oukian Research (Danbury, CT, USA), all were subse-
quently derivatized to dinitrophenylhydrazones [25].

Preparation of Antioxidant Stripped Canola
Triacylglycerides and Isolation of Minor Components

Isolation of endogenous minor components and triacyl-
glycerides from canola and rice bran oils including further
purification of fractions is presented in Scheme 1. Canola
oil was stripped of its endogenous minor components
including antioxidants via adsorption chromatography,
following the procedure described by Lampi and Kamal-
Eldin [26] with modifications. A slurry of alumina (1 kg;
activated at 103 °C for 16 h and at 200 °C for 8 h) in 2 L
of hexane was loaded to a glass chromatography column
(950 x 50 mm 1i.d.). The hexane was allowed to flow
helping with proper and even packing. Canola oil (500 g)
dissolved in 500 mL hexane was loaded into the packed
column. The first 800 mL of the eluting hexane was dis-
carded, followed by 3.7 L hexane containing 431 g of
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purified canola triacyglycerols (CTG). The canola oil
minor components (CMC) were recovered from the column
by elution with 2.5 L of 10% methanol in methyl fert-butyl
ether. Both the column and collection vessels were wrap-
ped in aluminum foil to prevent photo-oxidation. The CTG
were stored as hexane solution at —16 °C until used in the
experiments. From rice bran oil minor components were
similarly isolated forming rice bran triglyceride (RBTG)
and minor components fraction (RBMC).

Purification of Minor Components

The recovered minor components from canola and rice
bran oils were further separated into two fractions by
adsorption chromatography. Conditioned silica gel was
prepared by heating it for 24 h at 160 °C, and the water
content adjusted to 5% by addition of a stoichiometric
amount. A slurry of 120 g of the conditioned silica gel in
150 mL of hexane was loaded into a glass chromatography
column (600 x 45 mm i.d.) allowing constant flow of
hexane until the packing was evenly packed. Minor com-
ponents, 20 g, dissolved in 30 mL of hexane were intro-
duced into the column. The tocopherol fraction was

CO/RBO

CC on alumina

Hexane 10% methanol in MTBE

CTG CMC/RBMC

CC on conditioned silica gel

5% hexane in MTBE

Tocopherols

PTLC

50% hexane in MTBE

PTLC

TCAN/TRBO SCAN/SRBO

Scheme 1 Schematic of isolation and purification of concentrated
endogenous minor components from canola and rice bran oils. CC
Column chromatography, PTLC preparative thin layer chromatogra-
phy, MTBE methyl tert-butyl ether, CO canola oil, RBO rice bran oil,
CTG canola oil triacylglycerols; CMC and RBMC are minor
components isolated by column chromatography from canola and
rice bran oils, respectively; TCAN and TRBO are tocopherol fractions
isolated from canola and rice bran oils, respectively; SCAN and
SRBO are sterol fractions isolated from canola and rice bran oils,
respectively. For chromatographic conditions see the text
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subsequently eluted with 750 mL of 5% methyl tert-butyl
ether (MTBE) in hexane while sterols fraction with
750 mL of 50% MTBE in hexane. The purity of fractions
was monitored by thin layer chromatography. Collected
fractions were concentrated under vacuum using a rotary
evaporator (BUCHI, Flawil, Switzerland) providing 2.5 g
of golden oil for tocopherol fraction and 15.3 g of yellow
oil for sterol fraction. Both the column and collection
vessels were wrapped in aluminum foil to prevent photo-
oxidation. The fractions were stored in hexane at —16 °C
until used in the experiments.

Purification of Tocopherol and Sterol Fractions

Tocopherol fraction from canola and rice bran oils were
further purified by preparative thin layer chromatography
(PTLC) using MTBE/hexane (2:8, v/v) as the developing
solvent. Bands corresponding to the tocopherols were
scraped off and eluted three times with 10 mL of MTBE.
Combined extracts were concentrated under vacuum using
a rotary evaporator, flushed with nitrogen and kept in
hexane at —16 °C until used in the experiments. From 1 g
of the starting tocopherol fraction, 157 and 313 mg of
purified tocopherols were obtained from canola (TCAN)
and rice bran (TRBO) oils, respectively. Sterol fractions
from both oils were similarly purified by PTLC using
MTBE/hexane (65:35, v/v) as the developing solvent. From
1 g of the initial sterol fraction, 219 and 402 mg of purified
sterols fractions was isolated from canola (SCAN) and rice
bran (SRBO) oils, respectively.

Solvent Extraction of Endogenous Minor Components

Minor components were extracted directly from rice bran
oil according to the Miraliakbari and Shahidi [27] proce-
dure with modifications. Briefly, 200 g of oil was placed in
a 500-mL capacity separatory funnel and 200 mL methanol
added followed by agitation for 5 min with periodic vent-
ing. The mixture was allowed to sit at room temperature for
1 h to allow separation of the oil from the methanol. The
extraction was repeated 12 times with the same volume of
fresh methanol. Extracts were combined and excess of
methanol evaporated under a vacuum using a rotary
evaporator. The 9.4 g of light yellow gummy material
coded RBOS was flushed with nitrogen and stored at
—16 °C until used in the experiments. Minor components
from sesame and palm oils were extracted in the same way
and coded SOS and POS, respectively.

Formulation of Food for Frying

A mixture of selected food ingredients was prepared to
mimic as closely as possible typical frying food providing

similar degradation processes as usually happening during
French fries frying. A slurry of 4 g of potato starch, 1 g of
glucose and 1 g of silica gel in 5 mL of cold distilled water
was prepared then to it 15 mL of boiling water was
added. The mixture was placed onto a hot plate preset at
110 °C, and heated for 2 min with continuous mixing. The
resulting gel was left uncovered to cool to room tempera-
ture and used as formulated food (FF) in all frying
experiments.

Frying Test

An oil or purified triacylglycerides (12.0 g) were weighed
into a clean, acid-washed glass beaker (30 mL, Pyrex,
USA). Clean octagonal stir bars (9.5 x 25 mm, Fischer
Scientific, USA) was placed into the glass vessel with oil,
altering the surface-to-volume ratio of oil to 0.42. The
vessel was heated at 185 £ 5 °C for 10 min, then 1.2 g of
FF was added. The heating was continued for another
20 min without mixing and continuous stirring initiated at
500 rpm. Heating and stirring were maintained for addi-
tional 90 min. About 0.5 g of oil was withdrawn at the
60th, 80th, 100th, and 120th min for analysis. Selected
sampling intervals reflect frying time at standard conditions
for 1, 3, 5 and 7 days of actual frying using an institutional
fryer (General Electric Company, NY, USA) and are based
on the amount and composition of polar components
formed.

Total Polar Components

The amount of polar components (TPC) was determined by a
gravimetric method following AOAC Method 982.27, using
column chromatography to separate non-polar from polar
fractions as described in the Schulte modification [28, 29].

Tocopherols

Tocopherols were analyzed according to AOCS Official
Method Ce 8-89 [30]. Briefly, 50 mg of oil samples were
weighed directly into autosampler vials and dissolved in
1 mL hexane. 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, the
latter was set for excitation at 292 nm and emission
325 nm. The column was a normal phase Diol column
(5 pm; 250 x 4.6 mm; MonoChrom, Varian, CA, USA).
Of each sample, 10 pL was injected. Mobile phase con-
sisted of 7% methyl-tert-butyl-ether in hexane with a flow
rate of 0.6 mL/min. The amounts of tocopherols were
quantified using external calibration for each isomer
separately.
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Phytosterols

Compositions of phytosterols were analyzed using the
procedure described by Rudziriska et al. [31]. Briefly, lipid
samples were saponified with 1 M KOH in methanol at
room temperature for 18 h, then water was added and un-
saponifiables multi extracted with diethyl ether. Dry resi-
dues were silylated with BSTFA containing 1% TMCS.
Derivatives of the sterols were separated on a Hewlett-
Packard 6890 gas chromatograph with an HP-5 capillary
column (30 m x 0.32 mm x 0.25 pm; J&W Scientific,
Folsom, CA, USA). Split injection with split ratio 1:25 was
used. Separation was done isothermally at 290 °C, with a
helium flow rate of 1.6 mL/min. The injector and detector
temperatures were set at 310 °C. An internal standard, 5-o-
cholestane, was used for quantification. Phytosterols were
identified by comparison of retention data and by GCMS
using a Finnigan Trace 2000 gas chromatograph coupled to
a Finnigan Polaris Q quadrupole ion-trap mass spectrom-
eter after separation on a DB-5 capillary column (50 m x
0.2 mm x 0.32 pum; J&W). Helium was used as the carrier
gas at a flow rate of 0.6 mL/min. All mass spectra were
recorded using electron impact ionization mode at 70 eV
and masses were scanned in the range of 100-650 Da.
The ion source was held at 200 °C and the injector at
300 °C. A combination of the NIST Mass Spectra Library
and collected spectra in the lab were used to identify the
sterols.

Gamma-Oryzanol

RBOS and RBMC were analyzed for y-oryzanol by HPLC
as previously reported [32]. A Finnigan Surveyor Plus
HPLC system (Thermo Electron, Waltham, MA, USA) was
used. A 20 pL sample was injected onto a C18 column
(4 pm; 300 x 3.9 mm; Novapak, Waters, MA) held at
30 °C. Separation was achieved by using acetonitrile/water
(65:35, v/v) eluant. Finnigan Surveyor photodiode-array
detector (PDA) was at 325 nm. The amount of y-oryzanols
is expressed as a sum of all esters separated and quantified
by using the external calibration.

Carotenoids

Carotenoids were analysed according to the method of
Khachik et al. [33] with modifications. Analyses were
carried out on Finnigan Surveyor Plus HPLC system
(Thermo Electron, Waltham, MA, USA). A 10 pL sample
was injected onto a C18 column (4 pm; 300 x 3.9 mm;
Novapak, Waters, MA) held at 25 °C. Gradient system was
used as follows: (1) 15% methanol, 75% acetonitrile, 5%
methylene chloride and 5% hexane was held for 2 min; (2)
at 20 min eluant was changed to 17% methanol, 60%
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acetonitrile, 11.5% methylene chloride and 11.5% hexane;
(3) at 35 min eluant was: 15% methanol, 40% acetonitrile,
22.5% methylene chloride, and 22.5% hexane; followed by
returning to the initial eluant composition within 5 min
with additional 5 min of equilibration. The flow rate was
0.5 mL/min. Carotenoids were quantified using external
calibration using f-carotene as standard.

Analysis of Minor Components Composition

The isolated minor components were separated into lipid
classes according to the Silversand and Haux [34] method
with modifications. Separation was performed on a Finni-
gan Surveyor LC (Thermo Electron, Waltham, MA, USA).
Components were separated on a normal phase Diol col-
umn (5 pm, 250 x 4.6 mm; Monochrom, Varian, CA,
USA). The binary gradient was used consisting of:
(A) hexane-acetic acid (99:1.0, v/v) and (B) hexane-iso-
propanol-acetic acid (84:15:1.0, v/v) solvents. The samples
of 20 pL were injected and the gradient changed from O to
100% of the solvent B within 40 min. The final gradient
was kept for 2 min and then returned to the initial com-
position within 3 min followed by 5 min of equilibration.
The flow rate was 0.6 mL/min and the column was kept at
45 °C. Components were detected with a Sedex 75 evap-
orative light scattering detector (Sedere, Alfortville,
France), operated at 30 °C with an air pressure of 1.5 bar.
Triolein, diolein, monoolein, oleic acid, and stigmasterol
linoleate, were used as standards for external calibration to
assess the amount of triacylglycerols (TAG), diacylglyce-
rols (DAG), monoacylglycerols (MAG), free fatty acids
(FFA), and sterol esters (SE), respectively.

Quantification of 4-Hydroxynonenal

Isolation and quantification of HNE was carried out
according to the method developed in our laboratory and
published elsewhere [35]. Briefly, the polar fraction
obtained during polar components analysis was utilized.
When the non-polar fraction was eluted, the polar fraction
was removed from the column with four consecutive elu-
tions using 5 mL of methanol. The combined eluants were
subsequently evaporated under gentle stream of nitrogen to
5 mL. The cloudy solution was centrifuged at 2,300 rpm
for 5 min, and the clear supernatant analyzed by HPLC.
Analysis of HNE was carried out using a Finnigan
Surveyor Plus HPLC (Thermo Electron, Waltham, MA,
USA) with a Finnigan Surveyor Autosampler Plus and a
Finnigan Surveyor UV-Vis Plus detector. A 20-pL sample
was injected onto a C18 column (4 pm; 300 x 3.9 mm;
Novapak, Waters, MA). HNE was detected at 223 nm after
elution with acetonitrile/water (30:70, v/v) at a constant
flow of 0.75 mL/min. Identification of HNE was done by
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comparison of retention data and by co-elution of HNE
standard with selected samples. To further verify the
identity of the HNE peak identification was carried out on a
QSTAR Elite mass spectrometer (AB SCIEX, Concord,
ON, Canada) equipped with an APCI interface operated in
a positive mode. Analyst QS 2.0 software was used for data
acquisition and analysis. The conditions of mass spectro-
metric analysis were optimized for 4-hydroxynonenal as
follows: the APCI source temperature was set at 450 °C,
the curtain gas at 25, the declustering potential at 45 V, the
focus potentials at 150 V, and the ion source gas 1 and 2 at
20 and 60 psi, respectively. Quantification of HNE was
carried out using external calibration.

Sampling and Quantification of Volatile Carbonyl
Compounds

Volatile carbonyl compounds (VCC) generated during the
frying experiments was trapped by a Sep-Pak DNPH-Silica
cartridge (Waters, Milford, MA) where they were con-
verted to the stable dinitrophenylhydrazones. During trap-
ping the cartridge was connected to a pump with flexible
tubing through a flowmeter. The wider end of the cartridge
was suspended about 0.5 cm above the upper edge of the
beaker used for the frying test, and the samples of vapors
were drawn through the cartridge at a flow rate of 350 mL/
min. The resulting dinitrophenylhydrazones were eluted
from the cartridge with 5 mL of acetonitrile keeping its
flow at 2 mL/min.

Dinitrophenylhydrazones were separated and quantified
by HPLC using a Finnigan Surveyor Plus HPLC system
(Thermo Electron, Waltham, MA, USA). A 20-uL sample
was injected onto a C18 column (4 pm; 300 x 3.9 mm;
Novapak, Waters, MA) held at 30 °C. Separation was
achieved by using the following gradient: (1) 40% aceto-
nitrile and 60% water was held for 5 min; (2) followed by
100% acetonitrile within 40 min and maintained it for
5 min; (3) for 5 min eluant returned to the initial compo-
sition followed by 5 min equilibration. The flow rate was
0.5 mL/min, Finnigan Surveyor UV-Vis Plus detector was
set at 360 nm. VCC were identified by comparison of
retention data with standards and their identity assessed by
HPLC-MS (Exactive Bench-Top; Thermo Fischer Scien-
tific, West Palm Beach, FL). The HPLC conditions were
similar to the above. The mass spectrometer was equipped
with an APCI ion source, operated in the negative mode.
The spectra were collected using a mass scan range from
100 to 1,000 Da.

Treatments

Performance of canola oil triacylglycerides was assessed
with addition of the following components:

—_

Canola oil triacylglycerol (CTG)—control

Phospholipids (phosphatidylcholine and

phosphatidylethanolamine)

Combinations of tocopherol isomers

Canola oil tocopherol fraction, TCAN

Rice bran oil tocopherol fraction, TRBO

Canola oil sterol fraction, SCAN

Rice bran oil sterol fraction, SRBO

Solvent extracted minor components from rice bran

oil, RBOS

9. Minor components isolated by chromatography from

rice bran oil, RBMC

10. Solvent extracted minor components from sesame oil,
SOS

11. Solvent extracted minor components from palm oil,

POS

N

® NN kAW

Statistical Analysis

Results were statistically analyzed by single factor anal-
ysis of variance (ANOVA) and regression analyses using
Minitab 2000 statistical software (Minitab Inc, PA, ver.
13.2). Statistically significant differences between means
were determined by Duncan’s multiple range tests. Sta-
tistically significant differences were determined at
p < 0.05.

Results and Discussion
Minor Components

In Table 1, the composition of minor components isolated
for this study is presented. TCAN and TRBO are fractions
rich in tocopherols recovered from canola oil and rice bran
oil, respectively. Both fractions contained more than 80%
tocochromanols, with an insignificant contribution of sterol
esters. The small amounts of sterols are mainly coming
from the sterol esters present in oils and having similar
chromatographic properties as tocopherols. The corre-
sponding SCAN and SRBO are fractions containing only
phytosterols, where the presence of tocopherols was not
detected. RBOS and POS are fractions of minor compo-
nents isolated by solvent extraction from rice bran and
palm oils, respectively. Both fractions contained both toc-
opherols and sterols, reflecting composition of these com-
pounds in the starting oils. In RBOS 7y-oryzanols were
detected, while as should be expected carotenoids in POS
(Table 1). The composition of RBMC is not included in
Table 1 because its composition is essentially the combi-
nation of compounds present in TRBO and SRBO
fractions.
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Table 1 Composition of endogenous minor components isolated from canola, rice bran and palm oils

Components Concentration (mg/g)

TCAN TRBO SCAN SRBO RBOS POS
a-tocopherol 269.8 £ 19 139.1 £ 11 ND ND 18.1 £ 1.5 254 £23
p-tocopherol ND 9.8 £0.5 ND ND 04 £0.1 ND
y-tocopherol 505.1 £ 39 1789 £ 11 ND ND 372+ 14 ND
o-tocopherol 473 +£3 345+£25 ND ND 10.7 £ 04 48.6 £ 1.9
o-tocotrienol ND 835+ 44 ND ND 175 £ 1.6 59.8 £43
p-tocotrienol ND ND ND ND ND ND
y-tocotrienol ND 317.4 £ 24 ND ND 51.8 £ 5.0 974 £ 54
o-tocotrienol ND 279 + 2.1 ND ND 3.6 +£0.2 53.8 £ 3.7
Total 8222 + 57 791.1 £+ 40 139.3 £ 7.2 285.0 £+ 15
Brassicasterol 49 +03 ND 1150 £ 9.3 ND ND ND
Campesterol 119 £ 1.0 79 £ 04 264.1 £ 16 143.5 £ 10 63.8 £ 4.1 447 +£ 23
Stigmasterol 1.8 £ 0.1 6.0+ 04 145+ 12 1572 £ 11 78.1 £4.9 1.5£0.1
p-Sitosterol 16.0 £ 1.2 29.1 £ 1.3 488.5 £+ 38 476.2 + 24 262.3 £ 18 202.8 +£ 12
A>-Avenasterol 1.9 + 0.1 33+02 10.3 £ 0.7 10.8 £ 0.6 13.5 £ 09 0.6 £ 0.1
A’-Avenasterol ND 354+02 5.1 +£0.6 175+ 14 16.0 £ 1.3 ND
24-Methylenecycloartanol ND 75+ 0.6 ND 229 + 2.1 275+ 1.8 ND
Cycloartenol ND 6.7 £ 0.5 ND 83+ 0.6 104 £ 0.8 ND
Citrostadienol ND 75+£03 ND 180+ 1.3 15.6 £ 1.2 ND
Unknown 49 +£03 82+ 0.5 10.7 £ 0.9
Total 36.5 £ 2.1 76.4 £ 3.7 897.5 £ 70 862.6 £ 51 497.9 £+ 30 2493 + 12
Total y-Oryzanol ND ND ND ND 1054 £ 74 ND
Total carotenoids ND ND ND ND ND 273+ 1.8
Triacylglycerols 48.3 £ 3.9 51.6 £33 ND ND 125.1 £ 12 186.8 + 19
Diacyglycerols 23.1 £ 1.8 374 £ 24 139 £ 1.0 209 £ 3.2 564 + 4.5 94.6 £ 8.1
Monoacylglycerols ND ND 1.1 £0.1 59+£03 85+32 15.8 £ 2.7
Free fatty acids ND 28+ 0.2 6.3 + 0.6 87+ 1.1 139+ 14 272 +£19
Others 699 £ 54 40.7 £ 2.6 81.2 £ 4.7 101.9 £+ 84 535+ 48 114.0 £ 11

Samples from two different experiments were analyzed in triplicate (n = 6); values are reported as means = SD. TCAN and TRBO—
Tocopherol fractions, and SCAN and SRBO—sterol fractions isolated from canola and rice bran oils, respectively; RBOS and POS—solvent

extracted minor components from rice bran and palm oils, respectively

ND Not detected, others undefined components

Tocopherols

All the indices of performance indicated that tocopherols at
all the tested concentrations and homologous compositions
protected CTG under frying conditions. For instance, the
amount of TPC formed in CTG containing a combination
of 100, 450 and 450 pg/g of «-, y-, and J-tocopherol,
respectively was 28% lower than formed in unprotected
CTG at the end of the frying (Fig. 1). A statistically sig-
nificant increase in the frying performance was observed
when the concentration of tocopherol was increased from
500 to 1,000 pg/g (Fig 1). However, a further increase in
the tocopherols amount to 2,000 pg/g did not result in a
concomitant increase in frying stability of CTG despite the
increase in the residual tocopherols amount at the end of
frying (Figs. 1, 2). This observation was consistent with the
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results of previous study by Lampi and Kamal-Eldin [26].
At the concentrations employed in the present work, results
indicated that varying the relative proportions of tocoph-
erol homologues in the mixture did not have a significant
effect on their ability to protect the CTG during frying.
Results by Warner and Moser also showed that varying the
ratio of tocopherol homologues has no significant impact
on their antioxidant activity when -, y-, J-tocopherols
were present together in the oil [36].

Furthermore, as observed for pure tocopherol homolo-
gous mixtures (Fig. 1), tocopherols fractions isolated from
canola and rice bran oils offered significant level of pro-
tection to CTG during frying (Fig. 3). It is interesting that
the presence of tocotrienols in rice bran tocochromanol
mixtures did not lead to any enhancement in frying per-
formance of CTG fortified with these components over
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Fig. 1 Formation of polar components during test frying with
antioxidant-free canola triacylglycerides containing different combi-
nations and amounts of tocopherol homologous. CTG Canola
triacylglycerides. Tocopherols concentrations are in pg/g. For details
see text
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Fig. 2 Changes of tocopherols during test frying of antioxidant-free
canola triacylglycerides containing different combinations and
amounts of tocopherol homologous mixtures. Tocopherols concen-
trations are in pg/g. For details see text

other tested tocopherol compositions. Indeed, Romero et al.
[14] found no increase in the antioxidant activity when a
mixture of a-tocopherol and o-tocotrienol was added to
antioxidants stripped canola oil as compared to when only
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Fig. 3 Formation of polar components during test frying of antiox-
idant-free canola triacylglycerides containing different amounts of
tocopherol and sterol fractions isolated from canola and rice bran oils.
CTG Canola triacylglycerides. For details see text

tocotrienol was added. They, however, reported a reduced
activity for the mixture as compared to a-tocopherol alone.

Volatile carbonyl compounds (VCC) are important
secondary oxidation products formed during frying causing
pollution in frying facility. Twenty-one aldehydes includ-
ing 9 alkanals, 9 alkenals and 3 alkadienals were detected
and quantified in the present study (Table 2; Fig. 4).
Propanal and pentenal were the most abundant volatile
products formed during thermo-oxidative degradation of
linolenic acid, whereas hexanal and pentanal were the
major products formed from linoleic acid. Nonanal and
octanal, on the other hand, were the major volatile degra-
dation products formed from oleic acid (Table 2). The
relatively lower concentrations of 2,4-decadienal and
2,4-heptadienal, the respective oxidation products of lino-
leic and linolenic acids might be due to further degradation
of these compounds to produce other volatile compounds
such as ethanal and 2-propenal, under the frying conditions
used in the present study [37, 38]. Similarly to TPC, the
rate of VCC formation during degradation of unprotected
CTG was significantly higher when the tocopherol isomers
mixtures were applied. Compared to other tested tocoph-
erol compositions, the system containing 450-o, 450-y and
100-6 generated the least amount of VCC. An increase in
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Table 2 Rate of volatile carbonyl compounds emission (pg/g/h) during test frying with antioxidant-free canola triacylglycerides fortified with

various minor components

vCC CTG  Canola 2250 + 4500 + 4500 + 1000 + 9000 + 9000 + 2000 +
(RBD) 225y + 500 450y + 1005 100y + 4508 450y + 4505 900y 4+ 2005 200y + 9005 900y + 9009
Ethanal 20.1°  16.8¢  214° 13.2¢ 15.8%¢ 15.1° 19.2° 22.1° 19.9°
Propanal 257.0°  100.'°  137.0¢ 96.9° 101.2° 102.0° 125.1° 124.0° 99.9°
2-propenal 409"  29.8°  33.6° 19.74 24.3° 23.9° 33.1° 36.1° 21.7°
2-butenal 0.3 0.1° 0.3° 0.1° 0.1° 0.2¢4 0.1° 0.1° 0.2¢4
Butanal 1.0%  0.6° 1.0° 0.9¢ 1.1° 1.3° 1.1° 1.0° 0.7
2-pentenal 154° 7.8° 8.9 6.2% 6.8¢ 7.0% 7.6% 7.0% 7.2
Pentanal 392° 258 30.0% 29.4¢ 30.19f 34.0° 42.6° 33.4° 30.19°
2-hexenal 3.9° 1.3¢ 2.1¢ 1.1° 1.1° 1.4¢ 1.8 1.7 1.3¢
Hexanal 20.6° 9.9° 14.99 9.6° 10.1°8 10.9°¢ 15.8¢ 10.3° 10.0°
2,4-heptadienal  1.6° 0.5° 0.8¢ 0.6 0.7° 0.6% 0.9¢ 0.5° 0.6
2-heptenal 2.2° 1.1¢ 1.1¢ 0.9% 1.0%¢ 1.0¢ 1.4f 1.0%¢ 1.1
Heptanal 4.2° 1.5 1.9¢ 1.6° 1.8¢ 1.9¢ 2.6° 1.8¢ 1.8¢
2-octenal 0.3 0.3° 0.2° 0.4¢ 0.2° 0.2° 0.8 0.3° 0.3
2,4-nonadienal  0.1° 0.1° 0.1° 0.0° 0.1° 0.1° 0.1° 0.0° 0.1°
Octanal 1.9° 1.5¢¢ 1.7% 1.8° 1.8° 1.6% 2.9f 1.5¢¢ 1.6%
2-nonenal 0.4° 0.3¢ 0.6%f 0.6% 0.7¢ 0.4° 1.1° 0.7¢ 0.4°
Nonanal 151> 6.1°¢ 899 5.9¢ 7.1 10.1° 10.3 7.8° 6.7¢
2,4-decadienal  0.6° 0.2¢ 0.5° 0.3° 0.2° 0.2 0.5° 0.2° 0.3°
2-decenal 0.5° 0.3¢ 0.2¢ 0.4° 0.4° 0.3¢ 0.4° 0.4° 0.4°
Decanal 0.2° 0.2° 0.2° 0.1° 0.1° 0.1 0.2° 0.1° 0.1°
Undecenal 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1°
Unidentified 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1°
Total carbonyl ~ 425.7° 2045 265.8¢ 189.9° 204.9° 212.6" 267.8¢ 250.2¢ 204.7°
vCC RBOS SOS POS SCAN SRBO TRBO TCAN PC PE
(0.5%) (0.5%) (0.5%) (3,000 pg/g) (3,000 pg/g) (1,000 pg/g) (1,000 pg/g) (2,000 pg/g) (2,000 pg/g)
Ethanal 12.1°  153°  17.4¢ 13.2° 15.0° 15.8°¢ 16.0¢ 8.8 7.18
Propanal 80.15"  93.1° 1104 99.7° 91.8° 111.9° 93.9° 747" 68.2!
2-propenal 19.99  18.1%  30.1° 17.78 143" 20.04 19.24 14.0" 122!
2-butenal 0.1° 0.1¢ 0.3° 0.2¢ 0.1° 0.2¢ 0.1° 0.2¢ 0.3°
Butanal 1.0° 0.9 1.1° 0.9° 1.1° 0.8¢ 1.1° 0.8¢ 0.9
2-pentenal 6.7% 684 6.9 6.4¢ 6.2¢ 6.1% 5.8° 478 33"
Pentanal 2268 245 337° 27.6 27.0° 28.9 29,3 18.1" 15.6'
2-hexenal 1.3 1.1° 1.2° 1.4° 1.2¢ 2.0 1.1° 1.1° 1.3
Hexanal 5.5° 6.2 11.18 9.8° 9.0° 10.0° 8.4° 6.8M 5.7
2,4-heptadienal 0.4 0.4f 0.5¢ 0.6 0.7° 0.6% 0.6 0.4f 0.4
2-heptenal 0.8° 0.8° 1.0%¢ 1.1¢ 0.9% 1.1 0.8° 0.8° 0.8°
Heptanal 1.5 1.4 1.8¢ 1.5 1.18 1.7¢ 1.8¢ 1.4 1.18
2-octenal 0.3° 0.4¢ 0.4¢ 0.3° 0.3° 0.2° 0.3° 0.2° 0.2°
2,4-nonadienal  0.0° 0.1° 0.1° 0.0° 0.1° 0.1° 0.1° 0.0° 0.0°
Octanal 1.48 1.3¢h 1.6% 1.5 1.2" 1.5 1.6% 1.2° 1.0
2-nonenal 0.4° 0.4° 0.5 0.4° 0.4° 1.1° 0.5" 0.18 0.18
Nonanal 3.8" 4.0" 7.4 6.7¢ 7.3% 7.1°8 7.8° 3.8" 3.1
2,4-decadienal  0.2° 0.2° 0.2° 0.2° 0.1° 0.4¢ 0.4¢ 0.2° 0.2°
2-decenal 0.3° 0.2¢ 0.3 0.3° 0.2¢ 0.3 0.4° 0.2¢ 0.2¢
Decanal 0.1° 0.1° 0.1° 0.1° 0.0¢ 0.2° 0.2° 0.0¢ 0.0¢
Undecenal 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1° 0.1°
Total carbonyls  158.8"  175.5°7  226.28 189.7° 178.1°F 210.1° 189.5¢ 137.6' 121.5

Samples from two different frying experiments were analyzed in triplicate (n = 6)

Values with the same superscript in the same row are not significantly different at p < 0.05
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Fig. 4 Typical HPLC chromatogram of dinitrophenylhydrazone
derivatives of volatile carbonyl compounds. a ethanal, b propenal,
c propanal, d 2-butenal, e butanal, f 2-pentenal, g pentanal, i 2-
hexenal; i hexanal, j unknown, k 2,4-heptadienal, / 2-heptenal,

the tocopherol amount from 1,000 to 2,000 pg/g resulted in
a significant increase in rate of VCC formation, with the
increase more pronounced when higher amounts of
a-tocopherol were present (Table 2). Whereas equivalent
amounts of tocopherols were used, the rate of VCC for-
mation was lower with TCAN, lowering it further when
TRBO was applied. However, the VCC profile was inde-
pendent of the composition of tocopherol isomers, indi-
cating similar mechanism of degradation [14, 26].
Furthermore, irrespective of the minor components added
the CTG, the same trends were observed for the major
individual carbonyl compounds such as propanal and
hexanal, and the total volatile carbonyl compounds (VCC).

Results indicated that the formation of HNE was sig-
nificantly reduced in the presence of tocopherols compared
to the control (Fig. 5). At the end of the frying test, the
amount of HNE accumulated in oils without tocopherols
was 11.7 ng/g, compared to a maximum of 6.2 pg/g in
samples containing a mixture of tocopherol isomers. In
agreement with the amount of TPC, no significant differ-
ences were observed in the amount of HNE formation
when all tested tocopherol homologous mixtures were
applied (Fig. 5). The ability of tocopherols to restrict the
formation of HNE during heating soybean oil at frying
temperature has been observed [39].

m heptanal, n 2-octenal, o 2,4-nonadienal, p octanal, ¢ 2-nonenal,
r nonanal, s 2,4-decadienal, ¢ 2-decenal, u decanal, v 2-undecenal,
w unknown. See the text for HPLC conditions

121 e crG
O 4500 + 450y + 1008
10 1w 4500 + 100y + 4508
A 1000 + 450y + 4508
o 81 WTCAN
= O TRBO
Z 6
=
4
= 4
2 4
O 4

0 20 40 60 80 100 120
Frying test time (min)

Fig. 5 Formation of HNE during test frying of antioxidant-free
canola triacylglycerides containing different combinations of tocoph-
erol homologous mixtures. CTG Canola triacylglycerides. For details
see text

Phytosterols

Separating tocopherols from sterols furnished a mixture of
endogenous phytosterols without tocopherols to study their
effect on the frying stability of CTG. Sterol fractions
SCAN and SRBO provided a concentration dependent
protection for CTG during frying (Fig. 3). When 500 pg/g
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of SCAN was added, no protective activity was observed.
On the contrary, at this low concentration the protection by
SRBO was comparable to the observed for endogenous
tocopherols isolated from canola or rice bran oils (Fig. 3).
This is presumably due to the presence of higher amount of
sterols with known antioxidant activity such as an ave-
nasterol in RBO (Table 1). When 3,000 pg/g was added,
the protection offered by SCAN was 20% better than toc-
opherols as measured by the amount of TPC at the end of
the frying period (Fig 3). Gertz et al. [4] assessed antiox-
idative activity using the OSET procedure and reported
superior antioxidant activity of canola oil sterols over
tocopherols.

CTG fortified with a mixture of SCAN or SRBO and
tocopherol isomers accumulated significantly higher
amounts of TPC throughout the frying period than those
present individually in each of these fractions (results not
included). Indeed, whenever tocopherols were added to the
sterols fraction, the amount of TPC formed was similar to
the amounts accumulated when CTG contained only toc-
opherols. This indicates lack of synergistic interaction
between these components. Thus, the antioxidant effect of
sterols might not be realized in the presence of tocopherols,
presumably due to the lower activation energy of the latter
[26].

The emission rate of VCC was significantly lower when
CTG were heated in the presence of sterols at 3,000 pg/g
compared to unprotected CTG (Table 2). However, there
was no formation of TPC and no significant difference in
the emission rate of VCC when CTG were heated with
sterols and tocopherols. Furthermore, no significant dif-
ference in both the amounts and profiles of volatile car-
bonyl compounds was produced during heating CTG with
SCAN and SRBO fractions at the higher concentration
(Table 2; Fig. 4).

The amount of HNE formed during heating CTG forti-
fied with SCAN was 60% lower compared to the control. In
agreement with the TPC and VCC formation, no significant
differences were observed in HNE formation when SCAN
and SRBO fraction were used for protection of CTG
(Fig. 6).

Solvent Extracted Minor Components

Fortification of CTG with RBOS, RBMC, SOS and POS at
0.5% resulted in significantly lower amounts of polar
compounds formed, indicating lower oxidative degradation
(Fig. 7). Compared to RBMC, CTG fortified with RBOS or
SOS formed about 19% less TPC under frying. However,
no statistically significant differences were observed in the
stability of CTG fortified with RBMC, POS, and any of the
tocopherol isomers mixtures (Fig 7). Thus, distinctive
endogenous minor components such as carotenoids and
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Fig. 6 Formation of HNE during test frying of antioxidant-free
canola triacylglycerides containing different amounts of endogenous
minor components. CTG Canola triacylglycerides. For details see text
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Fig. 7 Formation of polar components during test frying of antiox-
idant-free canola triacylglycerides containing 0.5% of endogenous
minor components isolated from different oils. CTG Canola triacyl-
glycerides. For details see text

tocotrienols present in POS and RBMC did not enhance the
antioxidant effectiveness of the minor components during
frying with CTG. RBOS contained 10.5% y-oryzanol and
11.8% wax as measured by HPLC and preparative TLC.
RBMC, on the other hand, contained insignificant amounts
of these minor compounds. Presumably, the significantly
higher protective efficiency of RBOS over RBMC could be
attributed to the presence of y-oryzanol and waxes, in
addition to tocopherols or potential synergistic effect
between these components. Mezouari and Eichner [23]
reported a significant antioxidant activity of RBO waxes
during frying in sunflower oil. Similarly, the significant
protection offered by SOS was possible due to the activity
of the sesame lignans such as sesamol, sesaminol, sesamin
and sesamolin. The improved frying stability of blends of
sesame and canola oils over canola oil alone was attributed
to the activity of the sesame oil lignans [20-22]. In a
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related study, the improved stability of a blend of soybean
and sesame oils, and the food fried in it over soybean oil
alone was assigned to the sesame oil lignans [40, 41].
According to Hemalatha and Ghafoorunissa [42], the
addition of 1.2% of sesame lignans significantly increased
the radical scavenging activity and the frying performance
of soybean and sunflower oils.

The rate of VCC generation during frying in CTG for-
tified with RBOS was 1.3 and 2.7 times lower than in CTG
containing POS and control, respectively (Table 2). The
rate of VCC generation during frying in CTG containing
RBOS was 9.8% lower than CTG contained SOS; however,
these differences were within the experimental error. No
differences were observed in the VCC profiles for CTG
fortified with either of RBMC, RBOS, POS and SOS.

The results for HNE formation parallel those of VCC.
At the end of the frying period, the amount of HNE
detected in CTG fortified with RBOS was 2.7 times lower
than the amounts in control (Fig. 6).

Phospholipids

The effects of two phospholipids, namely phosphatidyl-
choline (PC) and phosphatidylethanolamine (PE) on the
frying stability of CTG were examined. As measured by
TPC, no significant differences were observed in the ability
of both phospholipids to protect CTG during frying
(Fig. 8). At a concentration of 500 pg/g, neither PC nor PE
offered any protection to CTG. However, at a concentra-
tion of 1,000 pg/g, the antioxidant effect of phospholipids
became evident (Fig. 8). At the end of the frying test, the
amount of TPC accumulated in the control was 2.5 and 2.3
times higher than the amount detected in CTG fortified
with PC and PE, respectively (Fig. 8). Furthermore, the
results from this study showed that CTG containing
2,000 pg/g PC were 1.9 times more stable than CTG for-
tified with any tested tocopherol homologous mixtures.
At the low phospholipid concentrations tested, similar
effect to sterols was observed when tocopherols were added.
However, when the higher amounts of both phospholipids
were added, the antioxidant activity was not impeded by the
presence of tocopherols. Contrary to some literature reports,
lack of synergy was observed between any of the studied
phospholipids and tocopherols under the conditions
employed in the present study [43, 44]. On the other hand, a
statistically significant synergy was observed between the
tested phospholipids and RBOS (Fig. 8). This may be due to
an interaction between the phospholipids and the phenolic
compounds such as y-oryzanol present in the RBOS. Ram-
adan [45] reported that quercetin increased the antioxidant
activity of soybean lecithin in a triolein model system.
There is rather scanty information available on the
application of phospholipids as antioxidants under frying
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Fig. 8 Formation of polar components during test frying of antiox-
idant-free canola triacylglycerides containing different amounts of
phosphatidylcholine and phosphatidylethanolamine. C7G Canola
triacylglycerides. For details see text

conditions, probably because of their reportedly adverse
effects on color and foaming of oils [46]. Kourimska et al.
[47] found no significant increase in foaming of olive oil
and no effect on the sensory properties of the French fries
when lecithin was applied at 0.1%. In the present work,
CTG oil darkened at a faster rate when either or both
phospholipids were utilized.

Compared to the control, the rate of VCC generation
during the frying was 3.1 and 3.5 times slower in the CTG
containing PC and PE, respectively (Table 2). Similarly,
both PC and PE significantly inhibited the formation of
HNE during the frying test. At the end of the frying test,
only 2.8 and 2.3 pg/g of HNE were observed in CTG
fortified with these phospholipids, respectively, compared
to 11.7 pg/g in control (Fig. 6). These results are consistent
with the abilities of soybean phospholipids to inhibit HNE
formation in fried fish fillets during storage [48]. Despite
the higher amount of TPC observed in the samples fortified
with PE as compared to PC, the amount of carbonyl
compounds, such as VCC and HNE, were generally lower
when oil contained PE. This observation was in agreement
with previous reports by Hidalgo et al. [49]. Therefore, the
possibility of a reaction between the amine group on PE
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and the carbonyl group is verified, which possibly stimu-
lates drastic color changes [49].

Conclusions

The influence of various endogenous minor components on
the frying performance of canola oil triacylglycerols was
evaluated. The present study showed that both the com-
position and the concentration of the minor components
exerted a profound influence on the frying performance of
the oil. Tocopherols remain the major antioxidants in the
frying oils, whereas, the results from the present study
indicated that there might be a need to look beyond toc-
opherols in order to design canola oil with a remarkably
improved frying performance. Phosphatidylcholine, phos-
phatidylethanolamine, and minor components isolated
from rice bran and sesame oils particularly enhanced the
frying performance of canola oil triacylglycerol.
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