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Abstract Tocotrienols, members of the vitamin E family, are
natural compounds found in a number of vegetable oils, wheat
germ, barley and certain types of nuts and grains. Vegetable
oils provide the best sources of these vitamin E forms, partic-
ularly palm oil and rice bran oil contain higher amounts of
tocotrienols. Other sources of tocotrienols include grape fruit
seed oil, oats, hazelnuts, maize, olive oil, buckthorn berry, rye,
flax seed oil, poppy seed oil and sunflower oil. Tocotrienols
are of four types, viz. alpha (), beta (3), gamma (y) and delta
(8). Unlike tocopherols, tocotrienols are unsaturated and pos-
sess an isoprenoid side chain. A number of researchers have
developed methods for the extraction, analysis, identification
and quantification of different types of vitamin E compounds.
This article constitutes an in-depth review of the chemistry
and extraction of the unsaturated vitamin E derivatives,
tocotrienols, from various sources using different methods.
This review article lists the different techniques that are used
in the characterization and purification of tocotrienols such as
soxhlet and solid—liquid extractions, saponification method,
chromatography (thin layer, column chromatography, gas
chromatography, supercritical fluid, high performance), capil-
lary electrochromatography and mass spectrometry. Some of
the methods described were able to identify one form or type
while others could analyse all the analogues of tocotrienol
molecules. Hence, this article will be helpful in understanding
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the various methods used in the characterization of this lesser
known vitamin E variant.
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Introduction

In the beginning of twentieth century, it was clearly under-
stood that the diets containing purified carbohydrate, protein,
fat and minerals were not adequate to maintain the growth and
health of experimental rats, which the natural foods such as
milk could do. Hopkins [1] coined the term accessory food
factors to the unknown and essential nutrients present in the
natural foods. Funk [2, 3] isolated an active principle (an
amine) from rice polishing and, later in yeast, which could
cure beri-beri in pigeons. He coined the term “vitamine”
(Greek, vita-life) to the accessory factors with a belief that
all of them were amines. The term, vitamin, is however con-
tinued without the suffix final letter “e”. Vitamins are classi-
fied by their biological and chemical activity, not their struc-
ture. Since, the early 1920s, it was found that rats fed on cow’s
milk could not produce offspring. The active principle from
wheat germ that could rectify this deficiency in both male and
female rats was named as vitamin E.

Evans and associates [4] isolated the compounds of vitamin
E family and named them tocopherols (Greek: Tocos—child
birth; pheros—to bear; ol—alcohol). While alpha-tocopherol
was the first vitamin E analogue to be recognized, eight chem-
ically distinct analogues are now known, consisting of alpha
(x), beta (), gamma (y) and delta (d)-tocopherols (T) and «,
f3, v and d-tocotrienols (T3), all of them are referred to as

@ Springer



46

J Chem Biol (2015) 8:45-59

vitamin E. The tocopherols are saturated forms of vitamin E,
whereas the tocotrienols are unsaturated and possess an iso-
prenoid side chain.

In 1943, Joffe and Harris demonstrated varying potencies of
the eight forms of vitamins [5]. Each form of the vitamin has
slightly different biological activity. In general, the L-isomers
of tocotrienols lack almost all vitamin activity and the naturally
occurring forms are the D-forms. The name “tocotrienol”, to
denote a tocopherol with a true isoprenoid side chain, was first
suggested by Bunyan et al. [6] and tocotrienols were described
in nature when isolated from the latex of the rubber plant,
Hevea brasiliensis [7]. Tocotrienols attracted no real attention
until the 1980s and 1990s when their cholesterol-lowering po-
tential [8] and anticancer effects were described [9, 10].

Tocochromanols: tocopherols and tocotrienols

Vitamin E is not a single compound but is at least eight
“vitamers”, named tocochromanols and can be either “tocoph-
erols” or “tocotrienols”. Vitamin E is exclusively synthesized by
photosynthetic eukaryotes and other photosynthetic organisms
such as cyanobacteria. In order to prevent lipid oxidation, the
plants mainly accumulate tocochromanols in oily seeds and fruits
or in young tissues undergoing active cell divisions [11]. Vitamin
E is an interesting group of compounds, able to exert many and
different biological activities in plant, animal and human cells,
but the physiological and/or pharmacological role in the cell is
not fully described. Vitamin E deficiency is rare in humans,
although it may develop in premature infants and in persons with
a chronic malabsorption of fats, as well as mild anemia, ataxia
and pigmentary changes in the retina. Hence, the vitamin E
compounds have to be better evaluated and characterized for
understanding their properties [11]. There is a great interest in
the natural forms of tocochromanols because they are considered
promising compounds able to maintain a healthy cardiovascular
system and blood cholesterol levels. Some evidence suggests
that the potency of the antioxidant effects may differ between
natural or synthetic source of tocochromanols [11].

Vitamin E is a collective term for fat soluble 6-
hydroxychroman compounds that have biological activity. Tocol
(2-methyl-2-(4,8,12-trimethyltridecyle)-chroman-6-ol) is gener-
ally referred to both the parent compounds of tocopherols and
tocotrienols. The tocopherols are characterized by the 6-
chromanol ring structure methylated at varying degrees at the
5, 7 and 8 positions. At position 2, there is a C16 saturated side
chain. The tocotrienols are unsaturated at the 3, 7 and 11 posi-
tions of side chain. The specific tocotrienols differ by number
and positions of methyl groups on 6-chromanol rings: o-
tocotrienol is 5,7,8-trimethyl; (3-tocotrienol is 5,8-dimethyl; y-
tocotrienol is 7,8-dimethyl and d-tocotrienol is 8-monomethyl
(Fig. 1). The tocotrienols have the same methyl structure at the
ring and methyl notation, but differ from the analogous
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tocopherols by the presence of three double bonds in the hydro-
phobic side chain (Table 1). The unsaturation of the tails gives
tocotrienols only a single stereoisomeric carbon (and thus two
possible isomers per structural formula, one of which occurs
naturally). Of the stereoisomers which retain activity, increasing
methylation particularly full methylation to the o-form increases
vitamin activity. Tocotrienols arising from 2-methyl-2-(4,8,12-
trimethyltrideca-3,7,11-trienyl) chroman-6-ol (non-methylated
ring structure) have only one chiral centre at position 2. Conse-
quently, only 2R and 2S stereoisomers are possible (3, 7 of
phytyl side chains permit four cis/trans geometric isomers).
But only 2R, 3-trans, 7-trans isomer exists in nature.

Hence, the four tocopherols («-T, 3-T, 6-T and y-T) and
four tocotrienols (x-T3, 3-T3, 6-T3 and y-T3) are collectively
called vitamin E. All this eight forms contain a chromanol ring
and a hydrophobic side chain, a phytyl in the case of tocoph-
erols and an isoprenyl with three double bonds in tocotrienols.
Chemically, T3 and T are closely related: both contain a polar
chromanol ring linked to an isoprenoid-derived 16-carbon hy-
drocarbon chain. The number and position of methy! substit-
uents in the chromanol ring give rise to -, 3-, y- and 8-
isomers. The only difference in the structures of T3 and T is
in their isoprenoid chain: while T has a saturated isoprenoid
chain, that of T3 contains three isolated double bonds [12].
Therefore, the term vitamin E is commonly used for o-
tocopherol (d-x-tocopherol, RRR-a-tocopherol) since it has
the highest bioavailability [13]. It is the said to be the gold
standard against which all the other similar tocochromanols
must be compared. However, it is only one out of eight natural
forms of vitamin E. Tocotrienols are similar to tocopherols
except that they have an isoprenoid tail with three
unsaturations instead of a saturated phytyl tail (Fig. 1).

Tocopherols are the major vitamin E components present in
most vegetable oils, while tocotrienols are present especially in
palm oil [14]. As the essential vitamin, vitamin E cannot be
produced by the human body and needs to be obtained from
food. Palm fruit is one of the best sources for tocopherols and
tocotrienols besides rice grain and annatto seed. Palm fruit is the
richest source of tocotrienols among all vegetable oils.
Tocotrienols make up almost 70 % of vitamin E in palm oil, with
the remaining 30 % being tocopherols [15]. The most important
T3 isomer involved in degradation in T3-rich foods is «-T3
despite the fact that it has the highest absolute antioxidant activity
by virtue of its hydrogen-donating power toward free radicals.
However, in fats and oils, x-T3 shows the fastest degradation

Fig. 1 Chemical structure of tocotrienols
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Table 1  Structures of various homologs of tocotrienols
Type R1 R2 R3 Structure
alpha(a)- Me Me Me R?
Tocotrienol H
R o = = =
R!
beta(p)- Me H Me R?
Tocotrienol HO
R’ 0 2 ~Z =
Rl
gammal(y)- H Me Me R?
Tocotrienol H
R 0”: - = /
RS
delta(9)- H H Me R
Tocotrienol HO
R: 0~ = = =
RS

and the lowest relative antioxidant activity to protect against lipid
peroxidation in relation to the other T3 isomers. This phenome-
non may be due to the fact that at high temperature, high con-
centration and in the presence of oxygen, x-tocochromanols can
easily act as a prooxidant by undergoing side reactions, leading
to the loss of antioxidant efficiency [16].

All tocochromanols are potent antioxidants with
lipoperoxyl radical-scavenging activities. Most of the research
on vitamin E has primarily focused on «T [17] because T is
the predominant form of vitamin E in tissues, and low intake
of this form results in vitamin E deficiency-associated ataxia
[18]. However, many human and animal studies on «T sup-
plementation have yielded disappointing results regarding its
protective role in prevention or treatment of chronic diseases
including cardiovascular diseases and cancer [19, 20]. On the
other hand, recent mechanistic studies combined with preclin-
ical animal models have indicated that other forms of vitamin
E appear to have different and superior biological properties
that may be useful for prevention and therapy against chronic
diseases. Furthermore, emerging evidence suggests that some
long-chain vitamin E metabolites have even stronger anti-

inflammatory effects than their vitamin precursors. These me-
tabolites may be novel anti-inflammatory agents and may con-
tribute to beneficial effects of vitamin E forms in vivo.

Tocotrienols

The tocotrienols (T3) are members of the vitamin E family,
have excellent antioxidant properties and are able to prevent
the autocatalytic lipid peroxidation process [21]. While T have
been intensively investigated, in recent years, interest in T3
has increased due to their special health benefits. Unlike T, T3
are reported to inhibit cholesterol biosynthesis and to have
neuroprotective properties [22, 23]. Moreover, x-T3 has out-
standing antioxidant activity in liver microsomes, 40—60 times
greater than that of x-tocopherol («-T) [24], and shows
special anti-carcinogenic properties [16].

Tocotrienols possess neuroprotective, antioxidant, anticancer
and cholesterol-lowering properties that often differ from the
properties of tocopherols [25]. Micromolar amounts of
tocotrienol suppress the activity of HMG-CoA reductase, the
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hepatic enzyme responsible for the synthesis of cholesterol [26,
27]. Tocotrienols are thought to have more potent antioxidant
properties than «-tocopherol [28, 29]. The unsaturated side chain
of tocotrienol allows for more efficient penetration into tissues
that have saturated fatty layers such as the brain and liver [30].
Experimental research examining the antioxidant, free radical
scavenging, effects of tocopherol and tocotrienols have found
that tocotrienols appear superior due to their better distribution
in the lipid layers of the cell membrane [30]. One major conclu-
sion often used to undermine tocotrienol research is the relative
inferiority of the bioavailability of orally taken tocotrienols as
compared to that of a-tocopherol. The hepatic o-tocopherol
transfer protein (x-TTP), together with the tocopherol-
associated proteins (TAP), is responsible for the endogenous
accumulation of natural o-tocopherol. Although these systems
have a much lower affinity to transport tocotrienols, it has been
evident that orally supplemented tocotrienol results in plasma
tocotrienol concentration in the range of 1 M [31]. Despite such
promising potential of tocotrienol, the experimental analysis ac-
counts for about 1 % of all vitamin E research. The unique
vitamin action of a-tocopherol, combined with its prevalence
in the human body and the similar efficiency of tocopherols as
chain-breaking antioxidants, led biologists to almost completely
discount the “minor” vitamin E molecules as topics for basic and
clinical research. However, recent findings have enforced a seri-
ous reconsideration of this traditional perception [32, 33].

This review article takes a closer look at the methods for the
purification and characterization of the lesser known forms of
vitamin E, i.e. tocotrienols from different plant sources (Tables 2
and 3). Tocotrienols are found in certain cereals and vegetables
such as palm oil, rice bran oil, coconut oil, barley germ, wheat
germ and annatto [34, 35]. Palm oil and rice bran oil contain
particularly higher amounts of tocotrienols (940 and 465 mg/kg,
respectively) [36]. Other sources of tocotrienols include grape
fruit seed oil, oats, hazelnuts, maize, olive oil, Buckthorn berry,
rye, flax seed oil, poppy seed oil and sunflower oil (Fig. 2) [37].

Tocotrienols: methods of extraction, identification
and characterization

Tocotrienols occur in photosynthetic plants in varying amounts,
and the vegetable oils such as sunflower, corn, safflower and

Table 3  Tocotrienol content of various palm-derived oil materials
(adapted from Maarasyid et al. [15])

Raw material «-Tocotrienol y-Tocotrienol d-Tocotrienol

(%) (%) (%)

Crude palm oil 20-25 3645 7-10
Palm pressed fiber oil 13-20 18-23 8-10
Refined bleaching 23-29 36-50 6-10

deodorized palm oil
Palm fatty acid distillate 23-24 36-38 13-15
Palm olein 26-28 25-40 6-10
Palm phytonutrient 1721 55-60 67

concentrate

The remaining percentage is tocopherols

cottonseed provide a useful source for these vitamin E forms. A
number of researchers have developed methods and techniques
for extraction, analysis, identification and quantification of
tocotrienols from various sources such as solvent extraction,
supercritical fluid extraction (SFE), column chromatography,
thin layer chromatography, normal and reversed high-
performance liquid chromatography (HPLC), etc. The different
methods that have been employed in the purification and char-
acterization of tocotrienols have been summarized in the fol-
lowing in Fig. 3. Several different methods have been used for
the extraction of vitamin E such as solvent extraction (direct,
soxhlet, pressure-liquid and supercritical-fluid), enzymatic
method, chemical method (saponification, esterification), ad-
sorption, molecular distillation, microwave-assisted extraction
and membrane technology [15].

The efficiency, economy and sufficient degree of purity
and quantity are the common primary objectives of any puri-
fication procedure. It applies equally well to preparation of
sample for characterization and to large-scale production. It
is, therefore, necessary to set objectives for purity, amount,
retention of biological activity and economy for any process.
Although HPLC methods have been proven to be suitable for
the separation, determination and isolation of «T oxidation
products, only a few methods allow the simultaneous separa-
tion of polar and nonpolar oxidation products, although both
the normal phase and the reversed phase are used for separa-
tion as the stationary phase. The detection of «T oxidation
products is generally achieved by diode array detection

Table 2 Presence of different
tocotrienols in various vegetable

o-Tocotrienol

y-Tocotrienol d-Tocotrienol Total tocotrienols

oils (adapted from Liu et al. 2008) (mg/L) (mg/L) (mg/L) (mg/L)

Be Palm 205 439 94 738
Rice bran 236 349 - 585
Wheat germ 26 - - 26
Coconut 5 19 25
Cocoa 0 0 2
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Fig. 2 Natural sources of
tocotrienols (reprinted from [37],
with kind permission from
Springer Science and Business
Media) =
vﬁ_ annatto seed
maize
Palm fruit

Grape seed

(DAD) and mass spectroscopy (MS) because of the additional
spectroscopic information provided by these methods, and by
fluorescence (F) and electrochemical detection. However, no
method has yet been developed for the simultaneous determi-
nation of «T3 oxidation products with other tocochromanol
isomers [16]. Some of the most common methods mentioned
have been discussed in detail in this review article.

The determination of tocochromanols in vegetable oils in-
cludes the classical physico-chemical techniques to the chro-
matographic-, spectroscopic- and molecular-based methodolo-
gies [14], among others such as liquid-liquid extraction without
saponification or solvent extraction after saponification before a
chromatographic analysis by HPLC or gas chromatography
(GCO) [39]. HPLC using both normal (NP) and reversed phases
(RP) is the most common methodology used for the analysis of
tocochromanols. When comparing RP to NP columns for sep-
aration, the latter show the main advantage over the former by
completely separating all isomers [39, 40]. HPLC used in the
analysis of these compounds includes UV, fluorescence, ELSD,
electrochemical and amperometric detection. Fluorescence de-
tection is described as more sensitive and selective than UV.
ELSD has been successfully applied in the analysis of different
compounds and, consequently, has been increasingly used in
many analytical laboratories [14, 40].

Soxhlet extraction

Soxhlet extraction is a process in which the ground plant
parts are packed in a Soxhlet apparatus and then extracted

with the solvent of choice. In an experiment, tocopherols
and tocotrienols were simultaneously determined from
hazelnuts. The chopped hazelnuts were extracted on a
Soxhlet apparatus (Buchi, Switzerland) with light petro-
leum ether (b.p. 40—60 °C) during 1.5 h, and the solvent
that remained was removed under a stream of nitrogen.
An accurately weighted sample of the obtained oil was
diluted in hexane, filtered through a 0.22-um disposable
LC filter disc and then directly injected in the HPLC sys-
tem [41]. In another method, a sample of chopped
hazelnuts (~300 mg) was accurately weighed in glass
screw cap tubes (Supelco, Bellefonte, PA, USA) and ho-
mogenized with 2 mL of ethanol by mixing. Subsequent-
ly, 4 mL of hexane was added and again vortex mixed for
1 min. After that, 2 mL of saturated NaCl aqueous solu-
tion was added and the mixture was homogenized
(1 min), centrifuged (2 min, 5,000xg), and the clear upper
layer was carefully transferred to another glass screw cap
tube. The sample was re-extracted twice with hexane. The
combined extracts were taken to dryness under a nitrogen
stream, at room temperature, on a Reacti-Therm
module (Pierce, Rockford, IL, USA), transferred to
microcentrifuge tubes with 1.5 mL of hexane and, finally,
dehydrated with anhydrous sodium sulfate. The extract
was centrifuged (10,000xg, 20 s), transferred into a dark
injection vial and analysed by HPLC [41]. Hence, the
above methods can be used for the characterization of
tocotrienols from hazelnuts normal phase liquid extraction
methods.
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Fig. 3 Different methods for the
extraction of tocotrienols

&

Y

Plant and animal sources of Tocotrienols

Extract Preparation

Saponification

l

LN

Soxhlet apparatus

Quantification and Identification

Supercritical fluid
Chromatography

Tocotrienols

Saponification

Saponification has been regarded as one of the best method for
the isolation of tocotrienols from plant as well as animal sources
[42]. In one experiment, the method involved an alkaline diges-
tion prior to extraction of the unsaponifiable compounds with
hexane. Ethanol (2.5 mL), water (2.5 mL) and 10 M NaOH
(0.5 mL) were added to each sample of chopped hazelnuts ac-
curately weighted in a glass screw cap tube and homogenized for
1 min, by vortex mixing. After that, the tubes were flushed with
nitrogen and closed. Saponification was performed at 60 °C dur-
ing 20 min on a Reacti-Therm module. After the addition of
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water (2.5 mL) and hexane (5.0 mL), it was vortex mixed for
1 min. The tubes were then centrifuged (5 min, 5,000xg) and the
clear upper layer was carefully transferred to another glass screw
cap tube. The sample was re-extracted twice with hexane and
processed as described in method II [41].

Chromatography

Chromatography is a separation process based on distribution
between two phases, a solid or liquid stationary phase and a
liquid or gas mobile phase. The sample is propelled by fluid
mobile phase which percolates the stationary phase. Different
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chromatographic processes based on characteristic principles
may be used for the separation of a wide variety of substances.
A given chromatographic process may be run both in low and
high pressure systems, although the basic principle remains
same.

Thin layer chromatography (TLC) is one of the oldest and
widely used chromatographic techniques for the identification,
isolation, purification and quantification of assay samples.
Tocotrienols from plant origin have been separated efficiently
by TLC. Several researchers have developed TLC methods for
the isolation, purification and quantification of tocotrienols [42,
43]. In one method, a plant extract was spotted on a silica gel
and developed either with hexane-cthylacetate (92.5:7.5) or
with chloroform in one dimension and hexane-isopropyl ether
(80:20) in another dimension leading to the separation of six
compounds; «, 3, d-tocopherols and «, y, d-tocotrienols. Vi-
sualization of samples is usually carried out under UV light
[43]. Liquid—solid column chromatography (CC) has been used
by various researchers for the identification and isolation of
tocotrienols as it separates the undesirable impurities with high
precision as compared to TLC method [44, 45]. Silica gel,
Keiselgel and hydrated florisil have been widely used as sta-
tionary matrix so as to afford quantitative recovery of tocols.

A number of scientists have developed GC techniques for the
accurate measurement of tocols in various oils [46-50]. GC in-
strument consists of a packed capillary column to afford a high
degree of detection, sensitivity and component resolution. A GC
column is also attached to a flame ionization detection system
(FID) to monitor common effluents or to a mass spectrometer for
structural identification and quantification. Some of the reported
methods for the analysis of tocopherols and tocotrienols in veg-
etable oils and related samples are summarized in Table 4. Cap-
illary column possesses some advantages over packed column,
as it allows the detection of tocols in nanogram quantities with
higher precision, resolution and sensitivity. It also possesses ther-
mal stability [46]. To volatilize the hydroxyl-containing GC
detectants, these compounds are more frequently analysed as
their ester [47, 48] or trimethylsilane [49, 50] derivatives.

Supercritical fluid chromatography (SFC) employs the use
of an inert, low temperature supercritical carbon dioxide as

Table 4  Gas chromatographic (GC) analysis of tocotrienols

mobile phase eluent which allows it to be advantageous over
gas chromatography and HPLC in food industry. SFC allows
sample extraction, pre-concentration, chromatographic quan-
tification and preparative fractionation in a single operation.
Various tocopherols and tocotrienols have been isolated using
SFC [52-57]. Capillary SFC methods for the analysis of to-
copherols and other compounds in edible oils and fish oils
have been reported [58]. In one method, a successful isolation
of tocotrienols from palm oil using SFC was performed [58].
The experiment was performed on JASCO Model SUPER-
200 SFC system with a UV-Vis detector equipped with high-
pressure flow cells. Columns used consisted of Lichrosorb
silica 4.6x250 mm and Macherey-Nagel EC 250/4.6
Nucleosil 100-50 H diol column. SFC conditions included a
temperature of 60 °C, pressure of 180 kg/cm?” and a flow rate
at 3.0 mL/min for CO, and 0.12 mL/min for ethanol. The
supercritical fluid in the study was supercritical CO,. The
column yielded a complete separation of tocol isomers follow-
ing the sequence: &T, «Ts, BT, 3T, YT, yTs and 6Ts.
HPLC (sometimes also referred to as high-pressure liquid
chromatography) is a chromatographic technique used to sep-
arate a mixture of compounds for various analytical and pre-
parative purposes. HPLC finds enormous number of uses in-
cluding those in medicine, research and industry. HPLC is
distinguished from traditional (“low pressure”) liquid chroma-
tography as it operates at significantly higher pressures (50—
350 bar), while ordinary liquid chromatography typically re-
lies on the force of gravity and operates at normal atmospheric
pressure. Also HPLC columns are made with very fine sorbent
particles (2-5 um in average particle size) that can withstand
high pressure generated during the separation. The schematic
of an HPLC instrument typically includes a sampler, pumps
and a detector. The sampler brings the sample mixture into the
mobile phase stream which carries it into the column. The
pumps deliver the desired flow and composition of the mobile
phase through the column. The detector generates a signal
proportional to the amount of sample component emerging
from the column, hence allowing for quantitative analysis of
the sample components. Some models of mechanical pumps
in a HPLC instrument can mix multiple solvents together in

Sample no.  Source Column Detector Eluted form Reference
1 Vegetable oils Packed, 8 ftx4 mm, 6 % SE-52 on Flame ionization detector Tocotrienol propionates [47]
chromosorb W AW-DMCS
2 Vegetable oils Packed, 6 ftx5 mm, 3 % SE-30 on Flame ionization detector ~ Tocotrienol butyrates [48]
Gaschrom Q
3 Palm oil Packed, 3 ftx4 mm, 2 % silicon oil Flame ionization detector ~ Native tocotrienols [51]
on Chromosorb W AW- DMCS
Fats and oils Capillary, 150 ftx0.25 mm, Dexsil 400 Flame ionization detector ~ Tocotrienol (TMS ether) [50]
5 Oil distillate Capillary, 90 ftx0.25 mm, 0.25 pm DB-5  Flame ionization detector ~ Tocol (TMS ether) [49]
Edible oils Capillary, 30 ftx0.53 mm, HP-1 Flame ionization detector ~ Tocol acetate [46]
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ratios changing in time, generating a composition gradient in
the mobile phase. Though the principle of any chromato-
graphic procedure remains same whether in normal or in high
pressure mode, HPLC offers several distinct advantages over
the normal pressure chromatography such as high separation
capacity, enabling the batch analysis of multiple components,
superior quantitative capability and reproducibility, moderate
analytical conditions, generally high sensitivity, low sample
consumption easy preparative separation and purification of
samples. With the advent of HPLC technology, a majority of
researchers have shifted their attention towards the use of
HPLC methods for the analysis of tocols. It is a very simple
technique and can be performed in both normal phase and
reverse phase. Both normal and reverse phase HPLC tech-
niques have been extensively used for the analysis of tocols
in various sample matrices. Normal phase HPLC possesses
some shortcomings such as long equilibration times and em-
ployment of hazardous volatile organic solvents. Different
silica-based stationary phases have been employed by differ-
ent researchers for the analysis of tocopherols and tocotrienols
such as Lichrosorb Si 60 [59-61], Zorbax Si [10, 35],
Ultrasphere Si [62], etc. Table 5 summarizes the various nor-
mal phase and reverse phase HPLC methods used by various
researchers to separate the tocols from different origins.
Capillary electrochromatography (CEC) is a hybrid tech-
nique combining aspects of both HPLC and capillary electro-
phoresis (CE). As in the case of CE, the separation is performed
in a capillary column with electro-osmotic flow as the driving
force for the mobile phase and solutes transported along the
column containing the stationary phase either packed or bound
to the capillary wall. The advantages of CEC include the ability
to analyse both neutral and changed solutes, low sample re-
quirements and reduced organic solvent consumption. More-
over, it has been reported that CEC provides higher efficiencies
compared to HPLC, better resolution, higher peak capacity and
shorter analysis time. CEC has proven to be a successful tech-
nique in the separation of neutral compounds, pharmaceuticals,
food/biological samples and environmental chemicals. It has
also been successfully used by various researchers to separate
the tocotrienols from their different sources. The technique al-
lows high speed microanalysis with minimal solvent consump-
tion. The instrument includes a CEC apparatus equipped with a
diode array detector (290 nm) and a HP Chem Station software
for system control. Three commercial CEC capillary columns
(25 cm* 100 pm 1.D.) packed with 3 um alkyl or aryl bonded
silica and one 3 pm silica column obtained from a different
source is widely used. These columns include CEC Hyposil
C8, CEC-Hypersil C18, CEC-Hypersil phenyl and Unimicre
CEC silica, 25 cmx75 um [.D. The samples are run
electrokinetically onto the column at 10 kV for 10 s. Column
temperature and separation voltage were maintained at 25 kV
and 30 °C, respectively. CEC coupled with calibration data
enables speedy sample analysis with adequate component
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resolution and enhanced detection sensitivity. CEC method
can serve as a viable alternative to existing RP-HPLC method
and can be used in the routine analysis of tocopherols and
tocotrienols in oil samples [42, 102—104].

Mass spectrometry

Spectroscopic methods represent one of the main tools of
modern chemistry for the determination of the authenticity
of edible oils. Most spectroscopic methods for the detection
are based on NMR spectroscopy of 'H and '*C, infrared spec-
troscopy, Raman spectroscopy, fluorescence spectroscopy
and mass spectrometry. The primary advantage of these
methods is related to the nondestructive character, sim-
plicity (relative easy sample preparation and adaptation
for the use by untrained personnel), rapidness and moderate
cost instrumentation [14].

Mass spectrometry has not been widely used for the analysis
of vitamin E owing to the difficulty involved in the ionization
of non-polar molecules. Atmospheric pressure chemical ioni-
zation (APCI) has been used as an ionization technique for LC—
MS analysis of tocopherols in biological samples. Unlabeled o-
T and deuterated tocopherols have been quantified in human
plasma [105], and retinol, &-T and 3-carotene in human serum
by normal phase liquid chromatography—atmospheric pressure
chemical ionization-tandem mass spectrometry (LC-APCI-
MS-MS) [106]. LC-APCI-MS-MS has also been proposed
to determine o-tocopherol and carotenoids [107] in plant ma-
terials. It was reported by Bustamante-Rangel et al. [108] that
detection using APCI mode is 100 times more sensitive than
that with an electrospray (ESI) mode. ESI is the most frequently
used ionization technique for LC-MS. However, the lack of a
site for protonation or deprotonation on non-polar substances
such as fat-soluble vitamins hinders their ionization. The addi-
tion of a metal salt to themobile phase enhances the ionization
of tocopherols; this ionization technique is called coordinated
ion spray (CIS). Silver is the metal usually added, forming Ag'-
tocopherol adducts that facilitate ionization. This approach has
been used for the detection and identification of tocopherols
and carotenoids in several food products [84], and tocotrienol
isomers, a-tocoenol and «-T in a crude palm oil extract rich in
vitamin E homologues [87]. Using the same method, o-T, -
tocopheryl succinate and o-tocopheryloxyacetic acid in mouse
serum were analysed [109]. Some authors have enhanced the
ESI, in positive ion mode, of tocopherols by the addition of an
acid to the mobile phase to produce, [M + H]+ species. Thus,
o-T and «-tocopherol quinone have been quantified in human
plasma by the addition of formic acid to the mobile phase
without problems due to the large amounts of this compound
in human plasma [110]. Negative ion mode electrospray ioni-
zation was used for the determination of unlabelled and
deuterium-labelled o-T in blood components [111]. ESI is not
usually used in food samples because food matrices are
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generally more complex than clinical samples for the quantifi-
cation of tocopherols [108].

Bustamante-Rangel et al. [108] have developed a rap-
id and simple method for the determination of tocoph-
erols and tocotrienols in cereals. The analytes were ex-
tracted from cereals using pressurized liquid extraction
(PLE) and separation was carried out by liquid chroma-
tography, and detection was performed with electrospray
ionization mass spectrometry (LC—ESI-MS). MS was
chosen as the detection technique because it can provide
additional information about analytes and hence allows
confirmation of the presence of tocotrienols in the sam-
ples analysed. Extraction of analytes from the sample
using PLE allowed their direct injection into the chro-
matographic system, which afforded simplicity, speed
and the possibility of automation of the methodology.
PLE provides some advantages over other extraction
techniques, such as low solvent consumption, the possi-
bility of automation and speed. Moreover, the reduction
in sample manipulation leads to a decrease in error prop-
agation. Negative ion mode electrospray ionization was
used for the ionization of tocopherols and tocotrienols.
The difficulty involved in the ionization of these mole-
cules was avoided by adding a base, specifically the
presence of ammonia in the mobile phase was essential
to enhancing their ionization. The sensitivity of this LC—
ESI-MS method is higher than other LC-APCI-MS. The
proposed method was found to be reliable for the deter-
mination of tocopherols and tocotrienols in cereals. The
repeatability and accuracy of the proposed procedure was
verified by analysing the vitamin E content of wheat and rye
samples [108].

Therefore, PLE-LC-ESI MS is a technique that uses
solvents at high pressure and temperature above their
boiling point to extract substances from solid matrix.
PLE offers several advantages over other extraction tech-
niques, such as possibility of automation, low solvent
volume and reduced extraction times. PLE has been used
for the extraction of vitamin E prior to chromatographic
determination. Thus, Bustamante-Rangel et al. [108] de-
veloped a rapid and simple method including PLE
followed by LC-ESI-MS for the determination of tocoph-
erols and tocotrienols in cereals. Extraction of analytes
from the sample using PLE allowed their direct injection
into the chromatographic system, which afforded sim-
plicity, speed and possibility of automation of the meth-
odology. Separation was carried out by LC and detection
was performed with ESI mass spectrometry. Negative ion
mode electrospray ionization was used for the ionization
of tocopherols and tocotrienols. The difficulty in the ion-
ization of these molecules was avoided by adding a base.
Almost all of the tocopherols and tocotrienols were
analysed successfully by this method.

@ Springer

Conclusion

Tocotrienols, members of the vitamin E family, are natural
compounds found in a number of vegetable oils, wheat germ,
barley and certain types of nuts and grains. The unsaturated
chain of tocotrienol allows an efficient penetration into tissues
that have saturated fatty layers such as the brain and liver.
Recent mechanistic studies indicate that other forms of vita-
min E, such as y-T, 8-T and y-T3, have unique antioxidant
and anti-inflammatory properties that are superior to those of
a-tocopherol against chronic diseases. Tocotrienols are de-
tectable at appreciable levels in the plasma after supplementa-
tions. However, there is inadequate data on the plasma con-
centrations of tocotrienols that are sufficient to demonstrate
significant physiological effect and biodistribution studies
show their accumulation in vital organs of the body. Consid-
ering the wide range of benefits that tocotrienols possesses
against some common human ailments and having a promis-
ing potential, the current state of knowledge deserves further
investigation into this lesser known forms of vitamin E.

In recent years, the basic research on vitamin E has expand-
ed from primarily focusing on «T and its antioxidant effects to
investigation of different tocopherols and tocotrienols, their
metabolism and their non-antioxidant activities including
anti-inflammatory property [8, 9]. In contrast to «T, accumu-
lating evidence suggests that yT, 8T and tocotrienols seem to
have unique properties that are superior to oT and relevant to
prevention and therapy against chronic diseases even under
conditions with adequate T status [112]. In spite of the prom-
ising potential, the experimental analysis of tocotrienols ac-
counts for only a small portion of total vitamin E research.

Thus, the literature shows a very broad spectrum of
medicinal properties of these vitamin E variants. «-T3,
v-T and 8-T3 have emerged as vitamin E molecules
with functions in health and disease that are clearly
distinct from that of «-T. An expanding body of evi-
dence support that members of the vitamin E family are
functionally unique. The current state of knowledge de-
serves further investigation on tocotrienols. Therefore, it
becomes imperative that an assessment in order to reg-
ulate the quality, authenticity and consistency of deliv-
ery of the compound product to the pharmaceutical in-
dustry should be carried out. Hence, this review article
containing the methods for analysis and characterization
of tocotrienols will be helpful in fulfilling the experi-
mental and methodological information on this vitamin
E variant.
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