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Abstract

Vegetable oils are among the most common topics of many recent studies. This is
because they are important constituents of the human diet and a major source of edible
lipids. Moreover, vegetable oils such as soybean, sunflower and palm oils are typical raw
materials used for the production of biodiesel.

Chapter 1 presents an introduction to the physiologically-active compounds in some
vegetable oils in terms of their importance and their available extraction methods from
edible oils.

Chapter 2 displays a development of a rationally designed polymer (RDP) that had
an affinity towards a group of minor components. RDP has several advantages over
commercial sorbents that make it suitable for analytical and industrial applications. It has
a low cost, potential group-specificity towards the compounds that share some common
functionalities, and compatibility with mass-manufacturing and high stability.

Chapter 3 shows a study to develop the rationally designed polymer (RDP) for the
extraction and purification of a group of minor components including free fatty acids, o-
tocopherol and some phytosterols, from a range of oils including sunflower oil, palm oil,
wheat germ oil, olive oil, sesame oil and soybean oil in a single step without any additional
pre-treatment with an environmentally-friendly process.

Chapter 4 includes a comparison of the developed RDP and several commercially
available resins in relation to the retention and recovery of the compounds of interest. The
comparison has shown the superiority of RDP to extract the group of minor components
from 20% sunflower oil in heptane with the minimum use of organic solvents.

Chapter 5 also includes a comparison between the RDP and tocopherol-specific
MIPs and magnetic molecularly imprinted nanoparticles (MIP NPs), in terms of the
advantages of each material for particular separation and purification. MIP and MIP NP
have shown an affinity towards a-tocopherol; however, the RDP extracted not only a-
tocopherol but also other minor compounds in a higher concentration under the mild
conditions of SPE.
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Chapter one



Literature review

1.1 Vegetable oils

Vegetable oil is an essential component of the human diet and a major source of
edible lipids, which supplies more than 75% of the total world consumption of the lipids.*
Vegetable oils provide an important medium used in cooking, a source for energy, to
protect body tissues, to maintain the normal body temperature, to carry the essential lipid-
soluble vitamins in the human body and many other vital functions. Moreover, vegetable
oils are the main source of many necessary nutrients such as the essential fatty acids,

vitamins and some phenolic compounds.??

Qils, in general, are an important renewable material for biofuel production.* The
growth in population and development of industry around the world has caused an increase
in the demand for energy. This, in turn, has led to more attention being given to renewable
energy sources. Although 80% of world energy consumption is still derived from fossil
fuels, significant research has been conducted and great improvements have been made in
the use of biofuels derived from biomass.>® Biomass is defined as any matter of biologic
origin that can be converted into biofuel.” When biofuel is produced from biomass that is
based on vegetable oil, corn or sugar, it is called ‘first-generation fuel’. If the biomass is
part of other parts of the plants, including the leaves, bark, fruit and seeds, it is named

‘second-generation fuel’.8

Vegetable oils are considered as an important resource for the first generation of
biofuel. These oils contain useful secondary metabolites such as tocopherols,
tocoterienols, sterols and other phenolic compounds which could be extracted prior or
through the biofuel production procedures. These valuable compounds, which have
various industrial and pharmaceutical applications can be extracted from the oil during
pre-treatment or other biofuel-producing processes and by doing that, it simplifies the
biomass to the its basic components of fermentation or esterification used to produce
ethanol or biodiesel.>® Therefore, some of the valuable components will be recovered and
will add extra value to the biofuel production, which will reduce the cost of the biofuel.
The goal of this study was to prepare efficient and cheap polymers that possess a high

affinity towards some physiologically-active compounds in the vegetable oils. These were



used as an adsorbent for optimised solid phase extraction (SPE) in order to extract valuable

components from vegetable oil.
1.2 Phytochemical composition of the vegetable oils

Vegetable oils are commonly produced from fruits or plant seeds such as sunflower,
olive, sesame, corn, etc. Oils are obtained in different ways such as pressing or solvent
extraction.®® The method of oil extraction is an important factor determining the nature

and the quantity of produced oil.

Minor components 2-5%

Major components 95-98%
Triglycerides

Free fatty acids
Salurated-fatty acids
triglycerides _
24 Tocopherols and tocotrienols
Mono-unsaturated fatty acids Q Phytosterols
triglycerides ’
Squalene
Poly-unsaturated fatty acids b,
triglycerides .
Carotenoids

Phenolic compounds

oo oo PO

Figure 1.1: The major and minor components of vegetable oils.



Vegetable oils are considered as a non-polar and lipophilic matrixes that consist of
variable and complex components, depending on their origin, quality and extraction
methods. Triacylglycerols are the main components of the oils, making up to 95-98%.
Triglycerides consist of three fatty acid molecules ester-linked with the OH groups of
one glycerol molecule. The fatty acids that bound to the glycerol are determining the
characteristics of the oil. Triglycerides are generally classified according to the
saturation degree of fatty acids into saturated, mono- and poly-unsaturated fatty acids,
which may result in different physical and chemical properties.** The remaining oil (2-
5%) (non-glyceridic fraction) comprises different compound groups such as hydrocarbons,
tocopherols and phytosterols, as demonstrated in Figure 1.1. The analyses of these

components indicated different information about the origin and the quality of vegetable
0ils.311-13

1.2.1 Fatty acids

Free fatty acids are one of the minor components of the vegetable oils. Free fatty
acids are generally formed during the hydrolysis of triglycerides. They are undesirable in
the vegetable oils and should be eliminated during refining processes since they impact
negatively on edible oils. In addition, unfavourable features of edible oils such as the low
smoke point of oil and increasing the foam-making properties of the oil are caused by the

higher free fatty acids in the vegetable oil.}413

In terms of producing biofuel from vegetable oils, removal of free fatty acids is
essential to make the biodiesel production more effective, which preventing the reverse
reaction with the alkali catalyst during transesterification reaction. This usually requires a
great amount of alcohol to maintain the equilibrium of the reaction and produce more
methyl esters.’>1® The negative impact of free fatty acids was observed through the
production of soap and water, thus hindering the separation and purification procedures of

the biodiesel production.1%17



Table 1.1: Some fatty acids present in natural oils.*®

Name Chemical Molecular Chemical structure
formula weight

Myristic acid CusH250, 228 CH3(CH2)12COOH

Palmitic acid C16H320, 256 CH3(CH2)14COOH

Palmitoleic Ci6H300> 254 CH3(CH,)sCH=CH(CH,);COOH

acid

Stearic acid CisH3502 284 CH3(CH2)15COOH

Oleic acid CisH3240- 282 CH3(CH2)7CH:CH(CH2)7COOH

Linoleic acid C18H3.0, 280 CH3(CH2)4CH=CH-CH2-
CH=CH(CH_);COOH

Linolenic acid C13H3002 278 CH3-CH2-CH=CH-CHz-CHZCH-CHz-
CH=CH(CH,);COOH

a-Eleostearic CisH3002 278 CH3-(CHy)3-CH=CH-CH=CH-

acid CH=CH(CH,);COOH

Ricinoleic acid C18H3303 298 CH3(CH2)4CH-CH-CH2-

CH=CH(CH)7(OH)COOH

Most fatty acids of natural origin have an alkyl chain comprising between 4 and 22
carbon atoms. Table 1.1 shows examples of some fatty acids. The most common
unsaturated fatty acid is palmitic acid, which is an important constituent of such widely-
used products as ice cream, toothpaste, candles and cosmetic products.'’ Oleic acid, which
is @ mono-unsaturated fatty acid, is known for its reducing effect on the blood sugar levels
and protection of the heart.*® It was shown that linoleic acid, which is one of the main di-
unsaturated fatty acids, can lower the triglyceride and cholesterol content of the cells,

which leads to a reduction of the incidence of cardiovascular diseases.2°

The method for determination of the fatty acid in the oil samples, which was
standardised by IUPAC?! and AOAC?, is based on using a silica gel column to separate
the oil sample into two fractions, the first fraction contains triacylglycerols. The second
fraction involves the more polar compounds such as polymers of triacylglycerols, oxidised
triacylglycerols monomers, diacylglycerols, monoacylglycerols, free fatty acids (FFAS),

and other polar minor constituents. The elution is conducted in two steps: the first fraction



is eluted with a mixture of hexane and diethyl ether (87:13), the second more polar fraction
requires a relatively polar solvent for elution, i.e. diethyl ether. Different authors suggested
using aminopropyl SPE cartridge to separate polar lipids, such as free fatty acids, using

low polarity solvents.? 2

Table 1.2: Relative fatty acid (%) in different vegetable oils.!8 24

Fatty acids Sesame | Sunflower | Palm | Soybean | Corn | Peanut | Rapeseed
oil oil oil oil oil oil oil

Myristic acid nd nd 1.1 nd nd nd nd
Palmitic acid 9.5 6.4 46.3 11.0 13.2 11.6 4.4
Stearic acid 5.7 nd nd nd nd nd 0.2
Oleic acid 385 22.9 38.0 22.2 311 | 393 60.9
Linoleic acid 44.8 64.7 9.3 54.7 52.4 38.3 20.7
Linolenic acid nd nd nd 0.7 nd nd 0.3

* nd: not detected

The usual method of expressing the content of free fatty acids was in using the
percentage of each type of fatty acid towards the total fatty acids as shown in Table 1.2
that have been published in several studies.*®?* The most common determination and
separation of free fatty acids was started by converting the free fatty acids to methyl ester,

then using the GC/MS for separation and quantitation.31223-25
1.2.2 Vitamin E

Tocopherols and tocotrienols form the vitamin E group. The vitamin E compounds
are lipid-soluble, and they are abundant in most vegetable oils in varying amounts (70—
1900 mg/kg).*2 The common tocopherol in most vegetable oils is a-tocopherol which is
associated with antioxidant activity in the human body.1%11.26 Recent studies have also
indicated the importance of another member of the vitamin E family, y-tocopherol. It is
known that the main role of vitamin E in the human body is to reduce the hydroperoxyl

radicals. It was also proven that the presence of a-tocopherol increases the bioavailability



of y-tocopherol.?” Individual amounts of tocopherol components in some vegetable oils

are given in Table 1.3.

Table 1.3: Tocopherol content in some vegetable oils (mg kg*).?

Tocopherol Sesame Soybean Olive Argan Wheat germ | Sunflower

oil oil oil oil oil oil
a-tocopherol 9.8 190 310 59 1330 678.4
y-tocopherol 403.6 1040 15 531 6 127.6
&-tocopherol 32.5 640 2 51 27 26.3
total 446.0 1870 330 675 1363 712.2
tocopherol

The vitamin E group include eight compounds, 6-, -, y-, and a-tocopherol and the
corresponding tocotrienols. All of these compounds share a chromanol ring and a

hydrophobic chain, as shown in the Figure 1.2. The chain is phytyl in tocopherols and

isoprenyl in tocotrienols.?%3°

Tocopherol

Tocotrinol
Ri1 R2 Molecular weight
a-tocopherol and tocotrinol CHs CHs | 430
v- tocopherol and tocotrinol H CHs | 416
B-tocopherol and tocotrinol CHs H 416
8-tocopherol and tocotrinol H H 402

Figure 1.2: Structure of the eight forms of tocopherols and tocoterienols.3! 32



Vitamin E is a fat-soluble antioxidant that has promising properties in preventing
and curing Alzheimer’s disease, cancer and cardiovascular diseases.®3343% Vitamin E is
not synthesised in the human body,° therefore, we are required to obtain it from nutritional
sources such as vegetable and seed oils. Vitamin E deficiency can cause muscular diseases,
foetal death and neuropathy.3°- 3637 VVitamin E is only present as a-tocopherol in the human
body. The evidence for this comes from the fact that there is only one receptor available
in the plasma, o-tocopherol transfer protein (a-TTP), which is responsible for its

metabolism and biological activity in the human body.30:38:39

There is an increasing interest in the extraction of tocopherol from their natural
resources such as wheat germ oil,° vegetable oils and vegetables.®% %¢ g-tocopherol and §-
tocopherol are more readily available in the human diet than the other forms of
tocopherol.®® Though anti-oxidative activity has been displayed by all types of
tocopherols, it has been proven that y- and 6-tocopherols possess the highest anti-oxidative
potential. 3726 3 The role of a-tocopherol in the human body has been investigated. 37 38 39
a-tocopherol is associated with the inhibition of undesirable oxidative processes by
preventing free radical formation from unsaturated fatty acids. This was reported as a
direct cause of certain types of cancer.®® 3 In addition, a-tocopherol was regarded as an
important industrial constituent, e.g. it has been used in the additive formulation for food,3’
cosmetics and drugs®®. In terms of industrial or therapeutic applications, it is preferable to
obtain tocopherols from natural sources. This research focuses on sunflower oil, soybean

oil, sesame oil, olive oil, wheat germ oil and palm oil.

In 1937, Emerson and his co-workers discovered that the compounds such as a-, -,
-, y-tocopherols prevented vitamin E deficiency in the human body.® Over the last 70
years, many attempts have been made to develop economically viable and accurate
procedures to determine, extract and purify a-tocopherol, which was reported to have the
highest significant biological effect compared with the other forms of tocopherol and the
synthetic a-tocopherol. One possible reason for this superior physiological effect is the
specific stereochemistry of a-tocopherol.3® It is known that all tocopherol isomers that are
present naturally in the human diet have three chiral centres in the phytyl chain; all three
are in the RRR diasteroisomers, while the synthetic a-tocopherol occurs as a racemic

mixture of all the eight configurations. It is very difficult, almost impossible to make the



physiologically active molecule with such complex stereo configuration using organic

synthesis, therefore, the extraction from natural sources is the only option.

Table 1.4: Relative biological activities of a-tocopherol derivatives and synthetic
derivatives of a-tocopherol acetate (determined by the foetal resorption-gestation test of

rat).’
Tocopherol Activity (%) | Tocopherol Activity (%)
Natural derivatives Synthetic derivatives
RRR-a-tocopherol 100 RRR-a-tocopherol acetate 100
RRR-p-tocopherol 57 RRS-a-tocopherol acetate 90
RRR-y-tocopherol 37 RSS-a-tocopherol acetate 73
RRR-5-tocopherol 1.4 SSS-a-tocopherol acetate 60
RSR-a-tocopherol acetate 57
SRS-a-tocopherol acetate 37
SRR-a-tocopherol acetate 31
SSR-a-tocopherol acetate 21

Azzi and Stocker presented a study on the different isomers of tocopherol comparing
synthesised a-tocopherol acetate with different configurations of the three chiral centres
37 All of the isomers of the tocopherol have been investigated in terms of their biological

activity and the comparison is shown in Tablel.4.

As mentioned above, only the RRR isomer of a-tocopherol is recognised in the
human body, while the other seven configurations (Figure 1.3) are not maintained in the

human body and are metabolised differently from a-tocopherol.3638:3°

Tocopherols have hydrophobic nature, thus the most widely used method for
extraction of tocopherols from vegetable is was extraction with ethanol followed by hot
saponification using potassium hydroxide. Although solvent extraction is time-consuming
and requires organic solvents, still it is a simple method and effectively eliminates the
impurities and interferences during chromatographic analysis and requires mild conditions

of temperature and pressure.?440



Figure 1.3: Stereoisomers of a-tocopherol.?
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There is an extensive list of publications that reported the attempts to develop
efficient methods to extract tocopherol from different sources.'® For example, Ofori-
Boateng and Lee developed an ultrasonic-assisted extraction of a-tocopherol from palm
oil. The extraction efficiency was compared with the commonly used methods such as
Soxhlet extraction or saponification. The highest recovery of tocopherols was observed in
the case of ultrasonic-assisted extraction.*! The advantage of this method includes the
possibility to perform the extraction at a low temperature, which is useful in case of
extraction of tocopherol, as it is usually unstable at high temperatures and might
decompose. In addition, the ultrasound helped to improve penetration of the solvent into
the cell allowing development of an inexpensive, simple, fast, a low-sample and solvent-
required method which is an efficient alternative to conventional techniques. Nevertheless,
this method was criticised in terms of low experimental reproducibility because of a lack
of uniformity of the distribution of ultrasound energy and cooling of the sonication vessel

was required due to a large amount of heat generation.*?

Super-critical fluid extraction is a method that shows promise due to the relatively
low consumption of time and organic solvents, accuracy and economic viability.4344
Several studies were conducted on tocopherols using this method for extraction. However,
it is still generally unavailable for practical applications due to the high cost of the

equipment, 114546

Solid phase extraction (SPE) is one of the most effective and popular extraction
methods in terms of its relatively low cost and high resistance to environmental and other
physical and chemical conditions.*®4” It was used widely in industry as an effective clean-
up method for bio-recovery of natural compounds from various biomasses. Typically, SPE
is conducted using several types of stationary phases packed commercially in glass or
plastic columns. However, the most common criticisms levelled at these commercial
stationary phases are their poor stability, inadequate selectivity, limited reusability and
restricted binding capacity, especially for polar compounds.*84° Bartosifiska reported solid
phase extraction (SPE) as an effective extraction method for small-scale study purposes.*’
In addition, among the most commonly used SPE sorbents were C18, silica gel and

aminopropyl-functionalised silica.'?
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Regarding the detection methods, there are different metods to detect tocopherol
after extraction from vegetable oils. The method standardised by ITUPAC and AOAC is
based on direct injection into the HPLC system with UV or fluorescence detector.240
Reverse phase and normal phase HPLC were reported to separate tocopherols and different
methods such as TLC or using a silica gel column were stated to separate tocopherols from
sterols or triacylglycerols. GC/MS has been used effectively for the determination and
quantification studies of tocopherols, which was required for the derivatised tocopherol

with the saponification process.1%:1124,50
1.2.3 Phytosterol

Sterols are an important phytochemical group of compounds because they possess a
wide range of biological properties. Plant sterols, which are called phytosterols, are
important for health as antioxidative agents and decrease serum low-density lipoprotein
(LDL) cholesterol levels, thus protecting against cardiovascular diseases.*>5! Phytosterols
are applicable in the nutrition industries as steroidal intermediates and precursors to

produce hormone pharmaceuticals.>>°3

Phytosterols are 28- or 29-carbon alcohols with a steroid nucleus, a 33-hydroxyl
group, and a 5, 6 double bond. Phytosterols vary by containing an extra methyl or ethyl
group, or double bond. Moreover, most phytosterol side chains contain 9—10 carbon atoms,
instead of the 8 carbon atom side chain in cholesterol.*? The most important natural sources
of phytosterols in human diets are oils and margarine. Phytosterols are found in vegetable
oils in either free form or as conjugates through esterification of the 3 B-hydroxyl group
with a fatty acid or hydroxycinnamic acid.**°° The esterified sterol content and free sterol
have different physiological effects and their composition of vegetable oils has been used
to measure adulteration of oil. Figure 1.4 show examples of the most common phytosterols

available in vegetable oils.
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Ergosterol

Figure 1.4: The most common phytosterols available in vegetable 0ils.*?

Typical analytical methods for identification or quantification of phytosterols
involve saponification and conversion of the sterols to trimethylsilyl ether derivatives to
reduce the hydroxyl group polarity prior to separation of phytosterols individually using
gas-chromatographic analysis coupled with either mass spectroscopy (MS) or flame
ionization detection (FID) for identification.>> A standardised protocol for total
phytosterol analysis included acidic hydrolysis for the esterified phytosterol prior to the
saponification of the phytosterol content as it has been developed by the American Oil
Chemists' Society, and Association of Official Analytical Chemists.>® Then, derivatised to
trimethylsilyl ether is analysed by GC after clean up and separation the phytosterols from
another organic phase using SPE or TLC. TLC can be used to fractionate lipid or non-
specifiable lipid extracts and visualized with a UV lamp on a silica gel plate.?426:%0
Moreover, common effective method of separation and purification of phytosterols were
SPE using different SPE sorbents, such as neutral alumina or silica SPE cartridges. In
addition, NP and RP-HPLC systems have been used for the analysis of phytosterols in
vegetable oils. RP-HPLC has been the more commonly used than NP-HPLC for the
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separation of individual sterols due to the possibility to use less volatile polar organic
solvents in water, and offers quick equilibration in a bonded silica stationary phase with

the mobile phase solvents.*25

In the case of the separation of free phytosterols, the direct saponification methods
have been applied to the oil sample for the determination of free phytosterols. It was
reported that phytosterols represented the highest portion of the unsaponifiable fraction of
vegetable oils.5* Corn oil, rapeseed oil and wheat germ oil typically have the highest total
phytosterol contents of individual sterols and this does not include the esterified
phytosterols in the original oil. Table 1.5 shows examples of some vegetable oil content

of phytosterols.

Table 1.5: The content of common phytosterols of some vegetable oils (mg kg™).5!

Phytosterol Sunflower oil | Sesame oil | Olive oil | Soybean oil | Palm oil
Campesterol 210 360 34 48 100
Stigmasterol 280 3.3 5.9 560 60
[3-sitosterol 1450 2170 1050 1170 280
Total phytosterols 3400 4920 1620 2850 660

To analyse certain environmental, food or bio-samples, direct injections of the
original sample matrixes are not recommended, since simple matrix components can affect
the instrument. For example, using the selective detection provided by MS the crude
sample extracts may inhibit or enhance the analyte ionisation, hindering the quality of the
quantification.® Therefore, it is important to consider choosing the appropriate preparation
method that suits the sample and the applied analytical method to remove the potential
interferences. The traditional process for this objective was liquid-liquid extraction.
Liquid-liquid extraction is hindered by some defects such as being generally labour-
intensive, time-consuming, and requiring a large amount of expensive, toxic and
environmentally unfriendly organic solvents, often combined with environmental and
health hazards. However, during the last few years, new goals have been set to improve
eco-friendly laboratory work such as using smaller initial analyte sizes, enhancement of

selectivity in extraction, to enable the automation, and to reduce the amount of glassware
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used and organic solvent consumption. Taking into consideration the current requirements
for improving the work in the laboratories to be eco-friendlier, liquid-liquid extraction
should be replaced with preparation and clean-up methods that fulfil these features. Solid
phase extraction (SPE) is one of the available options that could be the suitable

replacements.
1.3 Solid phase extraction (SPE)

The solid phase extraction (SPE) technique has become one of the most preferred
and applicable procedure for sample preparation and clean-up in green analytical
chemistry. SPE has been supplemented by using beside various instrumental analytical
procedures, especially HPLC and GC to determine analytes from samples. SPE has many
advantages compared to conventional methods, such as being able to remove undesirable
interferences, to carry out clean-up and enable concentration processes in one run before
chromatographic analysis, reducing the consumption of organic solvents, and increasing

the selectivity of extraction.
Using SPE as a pre-treatment method is determined by several factors:

1- The analysis technique that is going to be used to detect and quantify the analyte.
For example, GC/MS is a sensitive technique and more suitable for the vaporised samples
with lower molecular weight. HPLC could be an alternative for the samples with high
molecular weight. LC/MS is another available analysis method for a wide range of samples

that requires fewer preparation and clean-up steps.

2- The type of intermolecular interactions between the target and the SPE sorbent
(mechanism of interaction). The retention of the analyte on the surface of the SPE sorbent
is performed by bonds formed between the analyte and the sorbent particles. These bonds
formed by intermolecular interactions that have been classified based on the nature of the
sample solution. There are three main types of interactions, 1) polar interactions that occur
between the analyte in organic solvent and sorbent with polar moieties; 2) hydrophobic
interactions that happen between analyte in aqueous solvent and non-polar SPE sorbent;
3) cationic or anionic exchange between analytes carrying permanent negative or positive
charges respectively and charged functional groups bounded to silica surface. The main

retention mechanism of the compound is performed mainly by the electrostatic attraction
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of the charged functional group on the compound to the charged group that is bonded to
the SPE sorbents.

3- The solvent system used in the SPE protocol. The SPE process is conducted in
four steps which are demonstrated in Figure 1.5. First, the cartridge is conditioned with
solvent A. Then, a solution of the sample in liquid B is loaded onto the sorbent in the
cartridge. The interfering compounds co-adsorbed with interest are washed out from the
cartridge with solvent C. Finally, the purified compound is eluted from the cartridge using
solvent D which is optimised to disrupt the molecular interactions which participate in the
binding of target compound/s to the SPE sorbent. Examples will be mentioned in the next

subtitle. An SPE manifold equipped with a vacuum pump is used during all steps of the

SPE.
O o Target
’A:.'A Complex sample

| Condition [ Loading ] Washlng] l Elution

v
[Solvent AJ Solvent B Solvent C Solvent DI

®
A
*A®

A < £ ) 3
L S — e
() A :
[.,)A. (o] ()
() (o) (o) ()
() (o) » [0) ()
. (o) ()
() A[—]
() (o) o ) ()

Figure 1.5: Main steps of SPE.
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Figure 1.6: Typical SPE apparatus.

1.4 Commercial sorbents used for SPE of minor components from vegetable oils

Typically, SPE is performed using a stationary phase prepared and packed in glass
or plastic columns named as cartridge.>657 There are several types of stationary phases that
are commercially available to be used for SPE analytical research. The extraction of the
target compound/s from SPE cartridge can be conducted using one of two strategies; a
washing step with an appropriate solvent can be carried out before target compound elution
to remove the interferences.%®% Otherwise, analytes can be eluted first leaving the

interfering matrix components retained by the sorbent.

Stationary phases are classified based on the methods of the distribution of
substances in the solid material which, in turn, depends on the intermolecular interactions
with the bound phase and solid support, with dispersed sample matrix components, and
with the eluting solvents, as well as on molecular size. The types of SPE sorbent are

reversed phase, normal phase, ion exchange phase and adsorbent phase.6:60.61

There were several studies of extraction, purification or clean-up the minor
components from vegetable oils using different types of SPE sorbents. For example, the
analysis of free fatty acids from natural materials usually included these steps, 1)

separation of lipids; 2) extraction of free fatty acids; 3) esterification of free fatty acids to
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methyl esters; 4) analysis of fatty acid methyl esters using GC/FID, GC/MS or HPLC or
any other suitable analysis techniques.®%-5? Silica cartridge was used by Correia and co-
workers to extract tocopherol and fatty acids from different vegetable oils prior to analysis
with HPTLC. Vegetable oils included peanut, sunflower and soybean oils.®? The elution
process started with a less polar eluting solvent mixture (petroleum ether/diethyl ether
92:8) to extract the non-polar fraction first, followed by polar diethyl ether solvent to elute
the polar fraction. The purification of the fatty acids is often performed using SPE columns
with a bonded aminopropyl sorbent, to separate the analyte to low-medium polarity lipids,

free fatty acids and a phospholipids fraction.?363

a-tocopherol has been purified or extracted from edible oil sources with SPE in
several studies.!>#76466 Grigoriadous et al. used a silica cartridge for preparing and
purifying a fraction involved a-tocopherol and squalene from olive oil sample. The oil
sample was loaded in hexane and the eluting process was conducted in two stages. First,
squalene was extracted with 10 mL of hexane and then, extract a-tocopherol was extracted
with hexane/dimethyl ether (99:1), before analysis with HPLC/UV.%*

In an attempt to develop extraction of minor compounds from edible oils, a study
was conducted to optimise a replacement of time and solvent-consuming saponification
process with a simple and reliable method to determine and quantify tocopherols and
sterols.!! The study was applied to rapeseed, sunflower, soybean, castor, poppy and cuphea
oils. The developed method included using a silica gel cartridge and applying the oil
samples to the cartridges after esterifying the targets in hexane/ methyl tert-butyl ether
(99:1) (v/v). Then, the same solvent was used for elution and GC/MS was used for
analysis. The validation study resulted in the good quality of the yield of extraction.
Moreover, several studies conducted SPE to purify a-tocopherol from oil samples
effectively using different type of sorbents such as C8, C18,*” aminopropyl® and silica

cartridge®®.

Phytosterols are another example of minor components in edible oils. The
purification of phytosterols was described by Toivo et al. as a general process which
started with saponification, adding internal standard, adjusting the pH between 2 and 5 and
applying the sample to a C18 reverse phase. Then, the sample was derivatised before
analysing with GC/MS %6

18



Neutral alumina cartridge for SPE was used for clean-up and purification of eight
free and esterified phytosterols from 31 samples of vegetable oils by Phillips and co-
workers. The extraction was conducted using hexane for conditioning, followed by loading
using 20:80 diethyl ether: hexane. Then, the esterified phytosterols were eluted with 20:80
diethyl ether/hexane, and free phytosterols with ethanol/ hexane/ diethyl ether (50:25:25).
The eluted samples were saponified with potassium hydroxide before separation and
analysed with GC/MS.5!

According to Lagarade et al.,*? phytosterols have been separated successfully from
the non-saponified fraction of edible oils with several types of SPE sorbent such as reverse-
phase sorbent (C18)%, normal-phase (neutral alumina)®! and silica SPE cartridge and

eluted with hexane containing 20% tert-butyl methyl ether from olive oil 58"

SPE showed simplicity, flexibility, relative selectivity and requirement of mild
extraction conditions which led to the diffusion of this method over many classical sample
preparation methods. Yet there is a demand for the development of the SPE sorbent to
improve their features. One of the most important developments is synthesis the
customised porous polymer with specific recognition to specific compounds called
molecularly imprinted polymer (MIP). MIPs have many applications in different
disciplines which will be presented in this chapter (subtitlel.6). In the next part of this
chapter, will focus only on the achieved applications of MIPs in purification and extraction

of the minor component in this study.
1.5 Molecularly imprinted polymers (MIPS)

MIPs are synthetic polymeric materials with specific binding sites to selectively
recognise target molecules during rebinding. Recently, there have been extensive reports
on the development of Molecularly Imprinted Polymer-based solid phase extraction
(MISPE) protocols for the applications in different areas including environmental, food

and pharmaceutical analyses.”

SPE is preferable as an extraction method compared to other extraction methods in
terms of its relatively low cost and high resistance to the environmental and harsh physical

and chemical conditions.” Before exhibiting the successful application of MIPs in SPE
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for extraction of some compounds which are available in minor or trace levels, some

features and principles related to MIPs will be presented in the following subsections.
1.5.1 Synthesis of Molecularly Imprinted Polymer

Molecular imprinting technology is based on synthesising polymers that have
specific recognition to specific compounds (template). The polymer synthesis is relatively
simple (as shown in Figure 1.7), and can be made by adding template to the mixture of
functional monomers, cross linkers and initiator molecules. Table 1.6 shows examples of
some commonly used initiators, cross linkers and functional monomers compounds.
Subsequently, the polymerisation starts when monomeric mixture is subjected to the UV
light or heat. The molecular complex, which was formed between template molecules and
functional monomers, is fixed in the cross-linked network.”#” Then, the template was
extracted in order to obtain the molecular imprinted polymer with three-dimensional
cavities complementary in shape, size and chemical functionality to the extracted template.
These cavities have the ability to rebind with the template or its derivatives using the
intermolecular interactions such as hydrogen bonds, van der Waals, dipole-dipole and

ionic interactions.”®

ZE Prearrangement ;
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Figure 1.7: Molecular imprinting approach.
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Table 1.6: Examples of commonly-used initiators, functional monomers and cross-

linkers in MIP synthesis.

Initiators

Chemical structure

Azobisisobutyronitrile

CN CH,
H3C+N=N—’~CH3
CH, CN

Azobisdimethylvaleronitrile

CH,
H,C CN CH,
N=—N
CH, CN CH,
CH,

Benzoylperoxide

Tl

Functional monomers

Chemical structure

Acrylic acid

CH

2
”YOH
o]
Methacrylic acid (MAA) CH,
H C)S(OMe
3
o]
Acrylamide NH,

CH/_<O

2

Trifluoromethyl acrylic acid (TFMAA)

(@]
3
%OH
CH2

Cross-linkers

Chemical structure

Ethylene glycol dimethacrylate (EGDMA)

CH 0]

2
0 CH
HSCJK’( \/\oJﬁ( 3

0] 0]

Divinylbenzene (DVB)

\CH
H2C\ 2
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1.5.2 Types of molecular imprinting

In the first step of MIP preparation, template and monomers form the complex

functional monomer and cross-linker by one of the three following binding approaches:
1.5.2.1 Covalent imprinting

This approach was first presented by Wullf and Sarhan in 1972.72 Reversible
covalent bonds were formed between the template and monomers prior to polymerisation.
The covalent bonds support more homogeneous binding sites on the polymer. This method
requires relatively mild conditions to allow cleavage of the formed covalent bonds
between template and MIP, which are going to rebind with the same compound or its
analogues but from an analyte. The important advantage of this method is the production
of stable and well-defined polymers due to the covalent bonds before the polymerisation.
Nevertheless, the acid hydrolysis for the cleavage of the reversible covalent interaction
that reformed by adding the analyte makes this approach less common than the

others.”273.77
1.5.2.2 Non-covalent imprinting

This method was introduced by Mosbach and his co-workers in 1981.7277 In this
method, the covalent bonds in the previous method were being replaced with rather weaker
intermolecular interactions such as hydrogen bonds, van der Waals and hydrophilic
reactions between the template and monomers in the first step of MIP preparation. This
approach is one of the most adopted in the literature due to its ease of use and the
availability of broad choices of suitable monomers. However, this method tends towards
polymer formation by adding an excess of free monomers that in turn cause non-selective

binding sites compared to the covalent method.”>"3
1.5.2.3 Semi-covalent imprinting

This method combines elements of the two other methods. It depends on the
formation of covalent bonds in the first step of MIP formation. Then, the target binds with

the polymer by non-covalent interactions.”?73.77

22



1.6 Applications of Molecularly Imprinting Polymers

The synthesis of MIPs is based on the complex formation between the functional
monomer, templates and cross-linker molecules to form polymers with specific
recognition properties towards the template. The molecular recognition creates molecular
memory that makes complemented cavities in shape, size and chemical functionality,
therefore, selectively recognising the imprinted species.”” MIPs are able to mimic natural
antibodies and biological receptors, demonstrating specific molecular recognition
phenomena. Moreover, MIPs could be used to separate and analyse mixtures of
compounds. MIPs also have considerable robustness and stability under harsh conditions
in various environments. All these properties have made MIPs attractive for application in
research and analysis.”>’4’® There are four main areas of research that have been
developed using MIPs, including separation science and purification, sensors, catalysis

and drug delivery.
1.6.1 Molecularly Imprinted-Solid Phase Extraction (MISPE)

Since SPE has been used as an application of MIPs, it is now called molecularly
imprinted solid phase extraction MISPE. MIPs have been applied successfully to extract
several compounds from matrices or compounds available in certain samples at very low
concentrations.” MIPs can be packed in HPLC columns for on-line analysis, or between

two frits in cartridges for off-line synthesis.”

As mentioned above in subtitle 1.4, although there has been huge development and
there exist variety in the commercially available SPE sorbents, there is still demand for
improving the sorbent selectivity. In this regard, many studies have been conducted to
develop the selectivity during extraction and/or purification of analytes.®° MIPs are stable
polymers with molecular recognition, provided by the presence of a template during their
synthesis. Therefore, MIPs are excellent materials providing selectivity to sample

preparation.

MIPs were applied successfully in many different types of analytical applications.
One of the earlier successful applications was purification of sameridine in biological

sample prior to detect with GC/MS. Clean chromatographic traces from plasma samples
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were obtained in the sample eluted from synthesised MIP that was synthesised using a

sameridine analogue.8!

Additionally, several studies described the purification of different analytes in
environmental samples in aqueous solutions. Generally, the loading step onto the MIP
cartridge is performed in a low-polarity solvent, in order to reduce the non-specific
interactions, and after the washing step and removal of adsorbed compounds by non-
specific bonds from the polymeric matrix, analytes are eluted with a solvent with a suitable
degree of polarity to disrupt the non-covalent interactions between the analyte and the
imprinted polymer.2° In order to develop water- compatible MIPs, it is useful to contain
hydrophilic surface properties to the polymer to reduce non-specific hydrophobic
interactions. This could be attained by using polar porogens,’® hydrophilic co-monomers
(e.g.  2-hydroxyethyl  methacrylate, acrylamide) or  cross-linkers  (e.g.
pentaerythritoltriacrylate, methylenebis(acrylamide)),®? and/or designed monomers
capable of stoichiometrically interacting with the template functionalities.®® Many other
examples were demonstrated in the literature about the effective application of MIPs in
MISPE, such as extraction and purification of microcystin-LR®®, cocaine, morphine,8

biotin,% simazine,® tarbaryl®’ and triazines.

Although the witnessed achievements were recorded using MIPs in sample
preparation, there is a continuous demand for the constant enhancement and for these
materials to be able emulate the current development of the scientific research. The
traditional polymerisation was the bulk polymerisation which is rapid, simple and does not
required a sophisticated or expensive instrumentation. However, MIPs which were
synthesised by bulk polymerization have been criticised due to the poor site accessibility
to the target molecules. In addition, the thick polymeric network and lower rebinding
capacity. Several strategies have been developed to overcome these drawbacks of bulk
polymerisation. The different polymerisation methods include suspension polymerisation,
emulsion polymerisation, precipitation polymerisation and the most recent method solid-

phase synthesis of molecularly imprinted polymer nanoparticles (MIP NPs).8%-92
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1.6.2 Sensors

Chemical sensors for clinical diagnostics, environmental and food analyses have
been improved using MIPs. MIP technology is applied in sensor research by synthesising
antibody-like materials with high selectivity and sensitivity, chemical inertness, long-
thermal stability and insolubility in water and most organic solvents.”®8 Many studies
have been reported for the detection and control of poisonous substances in adulterated
foods which are the major challenges in food safety in the world.®3% MIP-based
immunoassay methods in food safety, and the developed biomimetic immunoassay could
be effective alternatives to antibodies which are relatively unstable and costly, resulting in
a limitation of their applications and developments.®® N-methylcarbamate insecticide
metolcarb was determined by Wang et al., who developed MIP film as the antibody
mimic.%* The established method was successful to be used in the determination of
metolcarb in spiked apple juice, cabbage, and cucumber, with recoveries ranging from
71.5 to 100%. The results suggested that the method was effective for the direct
determination of metolcarb in foods. Moreover, vancomycin (antibiotic) was used as a
template in molecularly imprinted nanoparticles (MIP NP) prepared by solid-phase
syntheses to development of a clinically relevant enzyme-linked assay. The sensitivity of
the assay was superior to a previously described enzyme-linked immunosorbent assay

based on antibodies.%®

A sensor to determine atropine concentration in human serum and urine was
synthesised by preparing an aniline-o-phenylenediamine-atropine MIP layer onto a
piezoelectric quartz crystal.®® In addition, MIPs were successfully used as sensors for
enantiomeric separation of compounds like R and S-propranolol, D and L-tryptophan and

D and L-serine.’8:97.98
1.6.3 Catalysis

MIPs have been given a lot of importance due to their high selectivity and stability
under the harsh conditions of high temperature and pressure, basic or acidic pHs. This
explains the interest in them as a replacement for enzymes or catalytic antibodies.®® For
example, Wulff used amidines as monomers to obtain phosphonate ester imprinted

polymers with the ability to bind to carboxylic acids and phosphonate esters with very high
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affinity. The catalyst was used in the hydrolysis reaction of analogous carboxylate esters.
The reaction rate increased 100 times by using the imprinted matrices compared with the

un-catalysed reaction.%

The specific recognition and catalysis performance of MIP is a result of the
conformational complement of imprint-substrates. The shape of the imprint can partially
allow molecules that are identical to, or smaller than, the template to enter the interior.
Tong et al. presented thermodynamic and kinetic surveys on the specific recognition and
catalysis by p-nitrophenyl phosphate as templates and 1-allylimidazole as functional
monomers in MIP.1% The imprinted polymer catalyst showed a highly specific recognition

and catalysis toward the imprint species.

In addition, a catalytic and positively thermosensitive molecularly imprinted
polymer was synthesised.'®® At higher temperatures (such as 40 °C), this polymer
exhibited significant catalytic activity resulting from the dissociation of the inter-polymer
complexes between 1-vinylimidazole and 2-trifluoromethylacrylic acid that facilitated

access to the active sites of the imprinted polymer and inflated them.
1.6.4 Drug delivery

MIPs have ability to bind strongly and selectively to bioactive molecules which
could be applied in drug delivery application. Due to the cross-linked nature and affinity
properties of MIPs, it was found that they are suitable to be used in the enhancement of
the pharmacological therapy by using MIPs to act as reservoirs that are capable to achieve
a controlled drug release.'92193 For example, theophylline-imprinted polymers performed
a controlled release of the drug, the obtained polymer showed a slow drug release for

several hours in the phosphate buffer, pH 7.0.194

MIPs offered some effective applications for improving some drugs, particularly
those drugs with a low therapeutic index, which might cause negative effects if their
concentration is not kept below a certain threshold value. In addition, MIPs offered
selective release of one of the enantiomers of racemic drugs, where the two enantiomers
have different activity levels or effects as shown with the template -adrenergic

antagonist, 105106
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MIPs were capable to simulate the binding characteristics of biological receptors by
molecular imprinting. Testosterone was used as a template in preparing a MIP templated
with testosterone and using ethylene glycol dimethacrylate as the cross-linker and
methacrylic acid as the functional monomer. The resulted MIP recognised the original
template as well as shown affinity towards four other related steroids especially estradiol,

progesterone, testosterone propionate and estrone.'%”
1.7 Computational design of MIPs

The original use of the molecular modelling system is as a tool to generate and refine
the geometry of molecular structures in terms of bond length, bond angles and torsions to
represent the lower conformational energy. The molecular modelling was designed for
many purposes, one of them is molecules such as drugs, proteins, macromolecules.%® The
Leicester Biotechnology Group improved this system to be used as a computer-aided
rational design for the rapid development and optimisation of molecularly imprinted
polymers. The developed protocol involved construction of a virtual library of functional
monomers that are commercially available at low cost and are easily and commonly used
in polymer preparation as adsorbents. The target template is screened against the virtual
library to determine a list of the most suitable functional monomers to start within the MIP
synthesis. The process of computing and simulating of the physiochemical properties of a
molecule relies on the ability to accurately determine the lowest energy conformations of
the monomer-template complexation.”#10%1% The list of monomers is chosen in the
molecular modelling process based on the evaluation of interactions between templates
and monomers in order to rationalise the choice of the best monomers used for the

synthesis of the highest affinity polymeric materials.

The molecular modelling is based on theoretical calculations to determine the
intermolecular interactions between the template and monomer in polymerisation
mixtures. The calculations are performed using a molecular dynamics approach to
calculate the binding interaction in the monomer-template complexation. The amount of
this energy is governed by the change in Gibbs free energy of the complexation. The Gibbs
free energy of binding can be broken down into individual parameters which has been

described as follows:111
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AGying = AGeyr + AG, + AG, + AG,;, + ZAGP + AGeons + AGyay

Equation 1.1: Gibbs free energy equation.

A G is the Gibbs free energy; (bind) shows the Gibbs free energy of complexation.

(t+r) are the modes of translation and rotation. (r) is the restriction on rotation when
complexed, (h) is the hydrophobic interaction and (vib) is the vibrational modes. (p),
(conf) and (vdW) are the polar groups, conformational changes and van der Waals

interactions.

In this research, the template structure is refined using the molecular modelling
software SYBYL. The computer-aided design is a good starting step for the synthesis of
affinity polymers. It minimises the cost and process time of the production of materials
possessing high affinity with extra guarantee for their effectiveness without extensive
testing or expensive experimental resource consumption.’ Free energy (equation 1.1) is
the theoretical explanation, but to calculate the binding score practically SYBY L software
using the LEAPFROG algorithm. The algorithm is applied to identify the binding points
on the template molecule. The first binding site points that should be considered are the
functional groups of the template. The average electrostatic and steric properties of a
monomer are calculated. Then, the polymer is directed to the identified binding site of the
monomer. The binding energy is calculated based on the interaction between the monomer
and the template which determines a binding score. The LEAPFROG binding score is one
of the many different scoring methods by which binding score calculates steric,

electrostatic and hydrogen bonding enthalpies.%:1°

1.8 Comparison of Molecularly Imprinted Polymer (MIP) and Non-Imprinted
Polymer (NIP)

It is important to have control polymers for comparison purposes of the MIP
performance. Control can be achieved in the form of non-imprinted polymers (NIP). NIPs
are synthesised by following exactly the same procedure of molecularly imprinted polymer
synthesis. However, the step of adding the template is excluded, thus the resultant
polymers consist of functional monomers and cross-linkers organised in rigid polymeric

networks without the selectivity generated by adding template molecules.”? The synthesis
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of NIPs accompanies MIP synthesis. The NIP should be subjected similarly to the

experiments to compare between them in terms of the selectivity that is absent in NIPs.

However, in some cases NIPs act as MIPs or close to them with a high recovery
percentage, for example, nonyphenol was extracted with 99% recovery similarly via MIP
and NIP.*2 Another example of successful use of NIP is the effective extraction of

kukoamine from potato peel.”

The multiple successful examples of NIPs as adsorbents in SPE are a motivation
behind using the rationally-designed polymers (RDPs) in the current research. The
specificity of RDPs is based on the computational selection of monomers using the same
protocol as a design of the MIPs. Generally, the principles of the molecular imprinting are
realised in virtual sense (in silico) and allow the production of cost effective adsorbents,

at scale and possessing the required binding properties.’
1.9 Rationally-designed polymers RDPs

Over the years, a number of polymers were designed and applied successfully to
extract different compounds from different matrices with high affinity and specificity. In
addition, MIPs have demonstrated their superior chemical and thermal stability as
compared to traditional stationary phases. Nevertheless, MIPs remain mainly used for
analytical applications. However, MIPs are not suitable for the large-scale purification
processes due to their cost which is associated with the price of the template and relatively

low binding capacity.’*7

RDPs developed by Piletsky and co-workers could be an alternative to MIPs as
stationary phases in SPE. They were designed computationally using the SYBY L software
exactly as for the MIP synthesis. RDPs are synthesised using computationally-selected
functional monomers without adding the template to the monomeric mixture. The obtained
polymers consist of the rigid polymeric network which contains an excess of functional
groups on the polymer surface that are capable to interact with target compound and
provide a high binding sites suitable for its extraction and purification. It is possible to
highlight that the absence of the specific cavities in the RDP in comparison with MIPs is
compensated by the high amount of the functional groups which possess the natural

affinity towards the compound of interest.
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MIPs, in general, are very selective towards the target, but the small number of
binding site could hinder the binding capacity of the polymers. In terms of the industrial
purification and extraction, it is necessary to take in consideration what is the maximum
amount of the target that could be extracted. In addition, it is preferable to improve the
stationary phase to be a multi-purpose SPE resin. It was observed that one of the
difficulties associated with MIP synthesis is to achieve complete removal of the template

which directly affects the efficiency of the recovery in the extraction step.’

In some cases, the difficulty of synthesis of MIPs is related to the fact that the target
that is expensive, unavailable in pure standards or unsuitable for use in the research
because of its toxic nature. In these cases, the development of the polymer consists of the
computational screening of the template against the library of functional monomers and
experimental screening of the computer-suggested monomers to make blank imprinted
polymers. The advantage of this method is that it increases the chance of success using the
virtual imprinting by executing the extraction process under the conditions (pH, solvent,

salinity, temperature, etc) which are required in the practical application.”

It was found that in some cases the performance of non-imprinted polymers (NIPs)
is not distinguished from the performance of MIPs. Consequently, it is apparent that the
computer-selected monomers should have an affinity to the corresponding template when
it is included into a random polymeric network. This knowledge has been exploited in
developing adsorbents (RDPs) which could have natural selectivity for specific target
molecules, have lower cost than MIPs, are less selective and can improve extraction from
the natural source of the target at the maximum level. High affinity of NIPs was observed
in the case of polymers that were computationally designed for nonyphenol with a
recovery percentage of 99%, which is similar to the performance of the MIPs made for the

same target.?

MIPs and the corresponding NIPs were computationally designed to purify the
phenolic polyamine kukoamine. The predicted molecular modelling was to match the
experimental performance of MIP and NIP with binding capacities of 54 and 45 mg g
respectively. This could suggest that rationally designed polymers broaden the efficiency
of extraction process. Further detailed studies could be conducted to extract pure

compounds from less complex crude samples.’®
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1.10 Aims and objectives

The main objective of this project is to develop an economical method to extract and
purify minor chemical compounds from the essential biomass (vegetable oils), which is
one of the common renewable resources used for the production of biofuel. To achieve the
aim of this project, a rationally-designed polymer was prepared based on the molecular
imprinting principles. It was used as an adsorbent in the optimised SPE protocol in order
to extract and purify the selected chemical compounds. In addition, the study aimed to
approve the effective performance of the synthesised polymer by comparing the yield of
SPE process using the optimised protocol to RDP as well as several commercially
available sorbents. Finally, the synthesis of RDP beside MIP from the same components
and at the closest conditions was presented to highlight the difference of RDP from the
traditional MIP. In addition, the MIP NPs with affinity towards o-tocopherol was

synthesised and optimised the separation conditions.
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Development of RDP resin and SPE protocol for extraction of
a-tocopherol and other physiologically-active components from

sunflower oil

2.1 Introduction
2.1.1 Multi-target adsorbents

In the last few years, particular attention has been given to the development of
detecting multiple targets simultaneously in various matrices, such as food and
environmental complexes or biological samples, that has encouraged the enhancement of
the analytical methodology.'® One of the early trials was reported by Lechner and co-
workers using silica gel in SPE cartridge and the eluted samples were analysed by
GC/FID.! The proposed method performed determination of the quantities of -
tocopherol, B-tocopherol, y-tocopherol, o&-tocopherol, brassicasterol, stigmasterol,
campesterol, B-sitosterol and A5-avenasterol simultaneously, in five types of vegetable
seed oils including rapeseed, sunflower, soybean, castor and cuphea.! The recent studies
have shown several feasible protocols for group-specificity molecularly imprinted
polymers that demonstrated considerable recognition for a wide range of compounds
simultaneously.>* These MIPs have been developed based on chromatographic techniques
coupled to one of the standard detecting technologies such as the UV detector,
fluorescence, diode array detector or mass spectrometer. Madikizela and co-workers
introduced a MIP that has simultaneous selectivity towards three acidic pharmaceutical
compounds as templates.® The polymer was synthesised using 2-vinyl pyridine as a
functional monomer with EGDMA as cross-linker in the presence of diclofenac (3),
ibuprofen (1) and naproxen (2) as templates (Figure 2.1). The synthesised polymer was
capable of recognising all the three compounds, even in the presence of competitor

compound gemfibrozil (4) (Figure 2.1).5

Furthermore, Lolic and co-workers optimised an SPE protocol using commercial
adsorbent (Strata-X) to extract a group of compounds from seawater at the same time.®
The eluted compounds from seawater include diclofenac, 1-hydroxyibuprofen (5),

carboxyibuprofen (6), acetaminophen (7), acetylsalicylic acid (8), naproxen (2),
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nimesulide (9), ketoprofen (10) and ibuprofen (1) (Figure 2.1). These compounds were
extracted from several seawater samples collected from different places, some of the
seawater samples had all the compounds and were separated, while other samples had only
a few of these compounds. The analysis was performed by UHPLC with a C18 column.®
Another study on similar compounds (1, 2, 3, 4, 10 in Figure 2.1) was reported by
Lindqvist et al., using SPE via Oasis MCX commercial cartridge.” The compounds were
separated from sewage water and were analysed using HPLC/MS. Regarding the
biological samples, Stolker and Brinkman reviewed the different types of SPE cartridges
which were used for separating various drugs from biological tissues including liver,
kidney and meat.? The authors reported the most widely used polymeric sorbents including
the (poly)styrene-divinylbenzene co-polymers, Oasis-HLB, N-vinylpyrrolidone and

divinyl-benzenes.

On the other hand, non-imprinted polymers accompanying synthesis of the imprinted
polymer as a control have shown considerable group specificity to some compounds,
though it was less than what has demonstrated by MIP. Non-imprinted polymers are
synthetic material from functional monomers connected with excess cross-linkers. NIPs
have the same chemical characteristics except for the presence of the cavities with specific
recognition. However, functional monomers in NIPs serve as binding sites which lead to
exhibition of strong non-specific binding to the organic compounds in the analytes.® 3 For
example, Meischl and co-workers extracted acetylsalicylic and salicylic acid
simultaneously with the percentage recovery of 98.4% using a NIP synthesised,
acrylamide (functional monomer) and EGDMA (cross-linker).** Moreover, it was possible
to extract 17pB-estradiol (harmful compound in water) using NIP at a high level of
efficiency (80%).° In addition, NIP synthesised by Boulanouar and co-workers used MAA
as a functional monomer and EGDMA as a cross-linker. NIP demonstrated specific
recognition towards five compounds with the percentage recovery of 75+13%. These five
compounds include: fenthion sulfoxide, malathion, diazinon, fenitrothion and fenthion. In
some cases, NIP outperformed MIP and C18 as a material for extraction and concentration

of nonylphenol from a water sample.*3
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Figure 2.1: Chemical structures of some pharmaceuticals extracted using group-

specificity MIP. >8

1) Ibuprofen, 2) naproxen, 3) diclofenac, 4) gemfibrozil, 5) 1-hydroxyibuprofen, 6)

carboxyibuprofen, 7) acetaminophen, 8) acetylsalicylic acid, 9) nimesulide and 10)

ketoprofen.
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2.1.2 RDP versus MIP

Regardless the immense attention that MIPs have gained as sorbents employed in
classical solid phase extraction for sample preparation, there are some limitations in this
methodology demanding more development to overcome such limitation. The most
common reported drawback of this technique was the bleeding which occurred in case of
incomplete removal of the template (target) molecules from the MIP after the
polymerisation. Bleeding leaded to false positive quantification which is defined as the
overestimation of the quantities in the real sample.3* One of the suggested solution was to
use the dummy template which was a structural analogue of the template molecule, that
was used as a template in synthesis the imprinted polymer. This helped to distinguish
between the dummy template and the main target in the real sample in case of leakage

from the MIP during the analysis.3*14

Typically, SPE is performed using stationary phase packed in glass or plastic
columns. However, the commercial stationary phases are often blamed for their poor
stability, which limits a selection of compatible solvents, for inadequate selectivity, limited
reusability and restricted binding capacity, especially for polar compounds.??23 Therefore,
due to the absence of effective commercial resins for extraction of a-tocopherol and other
secondary metabolites from oil matrices, there is a demand for economical, alternative
stationary phase that could be cost-effective and, potentially, be suitable for industrial
applications. This chapter includes the development of Rational Designed Polymer (RDP)
as a resin for the extraction and purification of a group of minor components including
free fatty acids, a-tocopherol and some phytosterols from such complex and dense matrix
like sunflower oil. It is important to highlight that due to the complexity and high viscosity
of the oil matrix, the extraction of any compounds from natural oils is a very challenging
task. There are very scarce publications that report successful development of the
Molecularly Imprinted Polymers as resins for extraction of the oil-soluble pesticides.!>16-
18 Among the advantages of RDPs which could make them suitable for analytical and
industrial applications are their low cost, potential group-specificity towards the
compounds sharing some common functionalities, and compatibility with mass-
manufacturing and high stability.**242> This chapter demonstrates the development of the
protocols and materials, which could effectively be applied for the extraction of minor

components of sunflower and other vegetable oils.
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2.2 Materials and methods
2.2.1 Chemicals and reagents

Unrefined sunflower oil was purchased from Activecare through Amazon.com. The
vegetable oil-originated a-tocopherol, a mixture of phytosterols consisting of 46% [-
sitosterol, 24% campesterol and 16% stigmasterol were obtained from Santa Cruz
Biotechnology (UK). Samples of free fatty acids containing palmitic, oleic and linoleic
acids were purchased from Aldrich (UK). Methanol, ethyl acetate, heptane, acetonitrile,
n-hexane, dichloromethane and acetic acid were obtained from Fisher Scientific (UK). All
solvents were of HPLC-quality grade and used without any purification. 1,1'-
azobis(cyclohexane carbonitrile), methacrylic acid (MAA) and ethylene glycol
dimethacrylate (EGDMA) were purchased from Aldrich (UK). Dimethylformamide
(DMF) was obtained from Acros Organics (UK).

2.2.2 Equipment and analysis techniques

The characterisation of the rationally designed polymer was performed using a
standard solution of a-tocopherol (model solution) using UV-Vis spectrophotometer
(Shimadzu, UV1800, UK). In the current research, it was found that a-tocopherol absorbs
UV light to give a peak at wavelength Amax 296 nm in direct proportion to its concentration
in the sample. Therefore, the UV absorption spectroscopy (Amax 296 nm) was the first
analytical technique applied here to quantify the bound a-tocopherol in hexane and for the
evaluation of the binding capacity of the polymer. The optimisation process was applied
to SPE extraction from the model solution. One mL SPE columns were packed with 100
mg of the RDP and used in combination with a vacuum manifold (Supelco, UK). All SPE

experiments were repeated five times.

The second part of the experiment was applying the optimised protocol to the
sunflower oil. The quantification of the eluted a-tocopherol and other minor components
was performed using the Gas Chromatography-Mass-spectrometry (GC/MS) set-up
(Perkin Elmer, TurboMass, UK) using a 30 m x 250 pum, 0.25 mm I.D., ZB-5 capillary
column (Phenomenex, UK). Helium gas was used as mobile phase to carry the sample at
a flow-rate of 1 mL min at 200 °C. After injection of 10 uL of the sample at 200 °C, the

temperature of the GC oven was raised by 10 °C min to 350 °C and held for 3 min.
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2.2.3 Molecular modelling of the a-tocopherol-specific polymers

A computer-aided rational design was used for the optimisation of molecular
imprinting procedure. In the current research, molecular modelling was the first step to
design the polymer that is going to be the stationary phase in SPE. Molecular modelling
was performed using a workstation from Research Machines running the CentOS 5
GNU/Linux operating system. The workstation was configured with a 3.2GHz core 2 duo
processor, 4 GB memory and a 350 GB fixed drive. Molecular modelling was executed
via the software packages SYBYL 7.0 (Tripos Inc., St. Louis, Missouri, USA). The library
of functional monomers was chosen and developed in S. Piletsky group. The functional
monomers in this library are available and inexpensive to use rapidly and easily by
screening them using the LEAPFROG algorithm. The LEAPFROG algorithm works by
screening the library of commonly used functional monomers for their potential
interactions with the template (a-tocopherol) that is either downloaded or drawn. The
calculated energies are a combination of (i) a typical monomer-template complexation and
(i1) a system of scoring the complementarities between monomer and template where the
template is defined by LEAPFROG as the receptor binding site (using additional site-point
matching scores, a system of scoring the receptor and ligand interactions).?®

The monomers were ordered in terms of the strength of their possible interactions
with the template (a-tocopherol). The monomers were ranked by the highest binding score
(kcal mol?) as the best candidates for polymer preparation. The library consists of 22
functional monomers (Figure 2.2 showed some of them) that are commonly used in
molecular imprinting due to their ability to interact with a template through ionic and
hydrogen bonds, van der Waals’ and dipole-dipole interactions.?” The molecular energy
of each monomer from the library was minimised at a value of 0.01 kcal mol* and the
charges for each atom were calculated. The structures of the monomers were then refined
using molecular mechanical methods. The 2D structures of a-tocopherol and monomers
were minimised, and Gasteiger-Hickel charges were applied to obtain the 3D molecular

structure.
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2.2.4 Synthesis of RDP

The preparation of the polymer was done by weighing all the components of the
polymerisation mixture. Firstly, as shown in Table 2.1, 1 g (10%) of each monomer with
9 g (90%) of EGDMA were dissolved in the equal weight of dimethyl formamide (DMF)
10 g, then, 100 mg (1%) of the initiator 1,1'-azobis (cyclohexane carbonitrile) was added.
All the components were dissolved using an ultrasonic bath for 5 min. Subsequently, the
monomeric mixture was deoxygenated by purging with nitrogen for 10 min. The vial with
monomeric mixture was tightly closed using parafilm and thermo-polymerised at 80 °C
for 24 h. On the next day, the polymer was removed from the vial, and ground using
electrical mortar. The resulting particles were sieved and polymer fraction with a size
between 63 to 125 um was collected. The prepared polymer fraction was washed overnight
using Soxhlet extraction with methanol. The polymer was dried in the oven at 70 °C.
Finally, 100 mg of polymer was packed in 1 mL SPE cartridge and used for extraction
experiments. 100 mg of each polymer was packed in 1 mL SPE cartridge to evaluate the
binding ability of a-tocopherol to these polymers as a stationary phase in SPE. In this
experiment, 1 mL of 0.1 mg mL* a-tocopherol in hexane was loaded in those cartridges
after conditioning them with hexane. The absorption of UV light at wavelength 296 nm
was measured for all the samples of a-tocopherol before loading and after loading. By

using calibration curves, the concentrations of these samples were calculated.
2.2.5 Evaluation of the a-tocopherol binding ability

The outcome of the modelling is a list of monomers ordered based on their binding
energy. In order to choose one of them, the top 6 monomers in the list were used to prepare
rationally-designed polymers (RDPs) with EGDMA (Table 2.2) as a very commonly used
cross-linker that gives the polymer the rigidity. In addition, EGDMA as a monomer has
been evaluated from the list to assess the potential interaction with the difference in the
concentration of a-tocopherol before and after loading was used to evaluate the binding
ability of a-tocopherol to the polymers then calculated the binding percentage for each
polymer as shown in Table 2.3. The evaluation of the polymers was performed using SPE

technigue. All these steps were repeated three times for each polymer.
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Figure 2.3: Solid phase extraction tools.

Table 2.1: The different polymers composition using different functional

monomers.
Quantities (g)
Compositions

Pol.1 Pol.2  |Pol.3 Pol.4 Pol.5 Pol.6 Pol.7
EGMP - - - - - - 1
MAA - - - - - 1 -
AMPSA - - - - 1 - -
IA - - - 1 - - -
Acrylamide - - 1 - - - -
DEAEA - 1 - - - - -
EGDMA (cross-linker) 10 9 9 9 9 9 9
DMF (porogen) 10 10 10 10 10 10 10
Initiator 0.1 0.1 0.1 0.1 0.1 0.1 0.1

2.2.6 Choosing the cross-linker

In experiment of 2.2.5 the polymers were synthesised using EGDMA as the common
cross-linker, in this experiment, DVB was replaced by EGDMA to comparison purpose.
Based on the result of the computational modelling, the composition of the polymer has
been designed using the functional monomer(s) selected using computational modelling.

Based on the outcome of the computational modelling, the composition of the polymer has
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been designed using the functional monomer(s) selected using computational modelling.
Methacrylic acid (MAA) was selected as the first monomer which demonstrated a high
natural binding towards the a-tocopherol. Two options as cross-linkers, divinyl benzene
(DVB) and ethylene glycol dimethacrylate (EGDMA), were selected to choose one of
them for the preparation of two MAA-based polymers (MD and MV correspondingly) as

shown in Table 2.2.

Table 2.2: The polymer composition (g) of two MAA-based polymers with

different cross-linkers.

Composition MD | MV
Monomer (MAA) 1 1
Cross-linker (DVB) 9 0
Cross-linker 0 9
(EGDMA)

Initiator 0.1 0.1
DMF (porogen) 10 10

All the components in Table 2.2 were dissolved using an ultrasonic bath for 5 min.
Then, the monomeric mixture was deoxygenated by purging with nitrogen for 10 min. The
vial with monomeric mixture was tightly closed using parafilm and thermo-polymerised
at 80 °C for 24 h. The polymers MD and MV were grinded, sieved, washed and dried as
mentioned in 2.3.4.

2.2.7 Polymer synthesis and optimisation of the monomer cross-linker ratio

Several RDPs were prepared with different monomer: cross-linker ratios (0:100
(P1), 1:99 (P2), 10:90 (P3) and 20:80 (P4)) to determine the polymer representing the best
performance in the recovery of a-tocopherol. The composition of the polymerisation
mixtures was reported in Table 2.3. All components were dissolved, using an ultrasonic
bath for 5 min. Subsequently, the monomeric mixture was deoxygenated by purging with
nitrogen for 10 min. The vials containing the monomeric mixtures were tightly closed and

allowed to polymerise thermally in a thermostatically-controlled oil bath at 80 °C for 24h.
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Table 2.3: The polymer composition with different monomer: cross-linker ratio.

a) MAA, b) EGDMA, c¢) 1, 1'- azobis (cyclohexane carbonitrile).

Quantity (g)
Reagents

P1 P2 P3 P4
Monomer (M) a 0 0.1 1 2
Cross-linker (C) b 10 9.9 9 8
Ratio C:M 1.0 9.9:01 | 91 8:2
Initiator ¢ 0.1 0.1 0.1 0.1
DMF 10 10 10 10

After polymerisation, the monolithic polymer was removed from the vial and ground
using a ZM200 Ultracentrifuge Mill (Retsch, UK). The obtained polymer powder was
sieved using AS200 Sieve Shaker (Retsch, UK) and a fraction of polymer particles with
sizes between 63 to 125 um was collected. The isolated polymer fraction was washed for
12 h using Soxhlet extraction with methanol. The polymer was dried in the oven at 70 °C.
Finally, 1 mL SPE cartridges were packed with 100 mg of polymer and used in extraction

experiments. All SPE experiments were repeated 5 times.
2.2.8 Quantification of a-tocopherol

Since a-tocopherol was the template that has been used to make the modelling for
the RDP, a standard solution of a-tocopherol was used to evaluate the different polymers.
The analytical techniques used to characterise the polymers were UV spectroscopy and
GC/MS. Therefore, two calibration curves were prepared by plotting the absorbance (in
UV spectroscopy) and the peak integration (in GC/MS) against the different level of

concentration of a-tocopherol solution in hexane.

The calibration curves for UV analysis were made using different concentrations of
a-tocopherol in hexane to calculate the concentration of a-tocopherol in all samples that
were analysed by UV spectroscopy. The chosen range of concentration was determined

based on the UV absorbance of a-tocopherol that gives the linear relationship between
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concentration and UV absorbance. The final concentration of a-tocopherol was calculated
using the same calibration curve by evaporating the eluted solvent, and then, analyte was

dissolved in hexane before measuring its absorbance.

Since the integration values of the area under the peaks in the GC/MS
chromatograms are directly proportional to the concentration of the analysed sample, a
calibration curve of a-tocopherol was made using the integration of the peaks to calculate
the concentration of a-tocopherol in the different fractions of SPE protocol and to calculate

the concentration of a-tocopherol with other minor components from oil samples.
2.2.9 Characterisation of RDP
2.2.9.1 Measuring the surface area of RDPs

The multi-point Brunauer, Emmett and Teller (BET) method was used to evaluate
the surface area of the developed RDPs using Surface Area and Pore Size Analyser
(Quantachrome, UK).%2° The 45-points isotherm curve was used to evaluate the total pore

volume and average pore diameter.
2.2.9.2 Calculation of the breakthrough volume

In order to measure the ‘breakthrough’ volume of the developed polymer a model
solution of a-tocopherol in heptane (0.1 mg mL™t) was prepared. SPE was carried out using
100 mg of the polymer backed in cartridge that attached to a vacuum manifold at a flow
rate 0.5 mL min?. Sequential aliquots of these solutions were passed through the
cartridges, and the amount of free a-tocopherol left in the filtrates was quantified using a
UV-Vis spectrophotometer 2100UVPC (Shimadzu, UK) at a wavelength of 296 nm. The
breakthrough volume was calculated as the amount of a-tocopherol adsorbed from the
fractions that demonstrated < 50% adsorption.?6*° All experiments were conducted in five

repeats.
2.2.9.3 Calculation of the binding capacity

The data of the breakthrough volume was used to calculate the binding capacity (B)

of the RDP. One millilitre of a model solution of a-tocopherol in heptane (0.1 mg mL™)
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was filtered through 100 mg of polymer. The polymer capacity was calculated using the

equation 2.2:10:31
B=(Ci-CfyjVvml
Equation 2.1: The polymer capacity!!2

Where Ci and Cf are the initial and final concentration (fraction correspond to 50%
adsorption by the polymer) of free analyte, V is the breakthrough volume and m is the

weight of the polymer.
2.2.9.4 Calculation of the a-tocopherol recovery

This test was done by filtering 1 mL of heptane spiked with 0.1 mg of a-tocopherol
(model solution) through 100 mg of the developed RDP. Then, 1 mL of methanol
containing 5% acetic acid was used to elute the bound a-tocopherol from the RDP. A
comparison between the synthesised polymers and their selection was performed based on

the percentages of a-tocopherol recovered from the polymers after the elution process.
2.2.9.5 The reusability of the polymer

To assess the possibility of reusing the cartridge for SPE used for a standard solution
of a-tocopherol and 20% sunflower oil, this cartridge was washed with 3 mL of 10% acetic
acid-methanol, then 5 to 7 mL of acetonitrile. Then, after drying the polymer, SPE protocol

was applied again. The process was repeated 7 times.
2.2.10 Optimisation of SPE protocol for a-tocopherol solution

The optimisation protocol involved choosing different solvents in each step of the
SPE process, such as loading, washing and eluting solvents. The primary selection of
solvents was based on literature data that described studies of SPE for a-tocopherol, as
shown in Table 2.4. 1434263334 |n order to evaluate the extraction process, the highest

percentage of a-tocopherol recovered was used as an indication of the optimal conditions.
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Table 2.4: The candidate solvents used for optimisation SPE conditions.# 2326:33,34

SPE step Solvents

Conditioning and Hexane, heptane

loading

Wash Hexane, 50, 60 and 70 % methanol

Elution Acetonitrile, absolute methanol, methanol with 5%
acetic acid

2.2.11 Application of optimised conditions for the extraction of a-tocopherol from

sunflower oil
2.2.11.1 Development of the ratio between the oil and loading solvent

A possibility to use neat oil in combination with RDP was assessed. Unfortunately,
due to the high viscosity of oil, it was not possible. Therefore, in order to determine the
optimal dilution of sunflower oil in the loading solvent (heptane) 1:9, 1:4, 3:7, 4:6 and 5:5
ratios between oil and heptane were prepared and tested. Sunflower oil samples in heptane
were filtered through SPE cartridge packed with 200 mg RDP. The requirements of the
washing step were that solvent should remove interfering compounds and impurities

without losing the compound of interest (a-tocopherol).

The loaded oil sample, which consisted of 1 mL of 20% (v/v) sunflower oil in
heptane, was spiked with internal standards as follows: 300 pg mL™ of palmitic acid,
linoleic acid, a-tocopherol and a mixture of phytosterols (B-sitosterol, campesterol and
stigmasterol). The cartridge was washed with 1 mL of 60% methanol, followed by elution
using 3 mL of methanol containing 5% acetic acid. The eluted samples were evaporated
and then reconstituted in 1 mL of hexane before GC/MS analysis. The percentage of eluted
compounds were calculated using the internal standards and corresponding calibration

curves. Each experiment was repeated 5 times.
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2.3 Results and discussion
2.3.1 Molecular modelling

The design of imprinted polymers for a new template is a multi-step process. It is
time-consuming and demands a trial-and-error approach to optimise the polymer
components. Different parameters should be considered to design certain polymer such as
type and quantity of the functional polymer/s, cross-linker, template and temperature in
which the polymerisation performed in the case of using template temperature responsive
or temperature sensitive. Several methods have been suggested in the literature to design
MIPs instead of experimental methods, including chemometric, molecular modelling and
computational methods.? Currently, molecular modelling has become an increasingly
popular approach that provides reliable data to speculate (computationally) on the strength
of the interactions between the target molecule and the functional monomer/s in the
synthesis. Madikizela and co-workers described molecular modelling as a trustworthy tool
that helps to calculate the binding energy (computationally) before practically evaluating
the affinity of the monomers towards specific target molecule.® In general, the use of
computational chemistry to design the imprinted polymers has proved that it is useful in
terms of facilitating the development of synthesising the imprinted polymer with lower
consumption of the chemical reagents. Therefore, the aim of this part of the study was

production of a list of group of monomers that have affinity towards o-tocopherol.
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Figure 2.4: The chiral centres in the 2D molecular structure (a), 3D molecular

structure of a-tocopherol minimised using the SYBYL software (b).

The chemical structure of o-tocopherol has three chiral centres (Figure 2.4 a).
Therefore, there are 8 possible stereoisomers of o-tocopherol. However, natural o-
tocopherol occurs only in the (2R, 4'R, 8'R) configuration. A molecular model of a-
tocopherol was drawn in the configuration of 2R, 4'R, 8'R using the SYBY L software, then

the chemical structure was minimised (Figure 2.4 b).
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Table 2.5: The list of functional monomers suggested by SYBYL software based

on the template structure (a-tocopherol).

Functional | Binding score Functional monomer | Binding score
MONOMET 1 cal mol ) (kcal mol )
EGMP -32.41 4-vinylpyridine -23.05
MAA -31.65 EGDMA (cross-linker) -20.28
UA -29.74 1-vinylimidasole -18.14
AMPSA -28.85 0-DVB -17.09

1A -27.79 p-DVB -14.73
Acrylamide -26.16 Styrene -13.54
DEAEM -25.03 m-DVB -11.65

The minimised structure of a-tocopherol was used for computational screening of
the virtual library of functional monomers using the LEAPFROG algorithm. Each of the
monomers was probed for their possible interaction with a-tocopherol. The results of
LEAPFROG are reported in Table 2.5. In the LEAPFROG table, the first five monomers
presented the highest binding score (kcal mol?) including ethylene methacrylate
phosphate (EGMP), methacrylic acid (MAA), urocanic acid (UA), acrylamido-2-methyl-
1-propanesulfonic acid (AMPSA) and itaconic acid (IA). As aforementioned (Section
2.2.3), the imprinted approach in RDP is non-covalent which occur due to interactions
such as hydrogen bonds, electronic forces, ionic interactions, van der Waal interactions or

hydrophobic interactions.

Using the SYBYL software, it was possible to see only hydrogen bonding between
the functional monomers and the template (a-tocopherol). However, there are other
potential types of interaction between the monomer and the template contributing to
retaining (adsorption) of the target on the surface of the polymer. Horvath and co-workers
reported that the binding of analytes to the imprinted polymers is usually directed by

electrostatic driving forces, such as hydrogen bonding, n-r bonds or ionic interactions.33
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o-tocopherol was used as a template for the modelling purpose even it has not been
added to the components of the polymer. The main aim of the ‘virtual imprinting’ was to
select the functional monomers possessing the natural affinity toward the template.
Therefore, it was expected that the synthesised polymer might demonstrate some group
specificity allowing effective ‘harvesting’ of compounds with similar functionality and

properties from the oil matrix.
2.3.2 Composition of the RDP

The main five pre-polymerisation reagents in the synthesis of molecularly imprinted
polymers are template, functional monomer, cross-linker, initiator and porogenic solvent.
The success of the imprinting technique depends on the accurate selection of these
components.3#+2136 In the current research, the template that has been used for the design
of the polymer is a-tocopherol (Figure 2.5). The main difference of synthesising the used
polymer here from the classical synthesis of MIP is adding the template to the pre-
polymerisation components in the molecular modelling only as mentioned above.
Practically in the lab, the polymer was synthesised using the components which have been
chosen based on the presence of molecular modelling data with the absence of o-

tocopherol in the mixture.

The composition of the polymer was designed based on the results of the molecular
modelling using the functional monomers that demonstrated the highest binding energy
towards a-tocopherol. The molecular modelling reduced the list length of the monomers

that underwent the evaluation of the binding ability towards a-tocopherol.

It was found that the non-covalent binding due to the relatively weak interactions
were formed between the target and the functional groups of the monomer molecule. These
interactions require relatively milder conditions for the elution. The non-covalent binding
method has been desirable in the development of MIPs due to the ease of synthesis with
no need of sophisticated instruments and the possibility of controlling the reaction
conditions. The bulk polymerisations have been synthesised for development of MIPs
sorbents for food sample preparation and clean-up or sample extraction as mentioned in
the published work.24 The last component for the successful polymerisation is the

porogenic solvent. The porogenic solvents offer the single phase that collects all the
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components of pre-polymerisation mixture. It is responsible for creating the pores of the
polymeric material which influences performance of the polymer directly.3#

W |
g

Figure 2.5: Molecular complexes between a-tocopherol and the functional
monomers: EGMP (1), MAA (-) (2), UA (-), (3) AMPSA (4), IA (5) and EGDMA (as a

cross-linker) (6), the hydrogen bonds are shown as dotted lines.
2.3.2.1 The functional monomer

The monomers polymerise effectively providing functional groups exposed at the
surface of the polymer.?® Therefore, the functional monomers are responsible for
determining the types of the interactions in the imprinted sites of the polymer. It has been
observed that the appropriate monomer was selected based on its ability to interact with
the target compound/s during the synthesis and in the molecular recognition step. The
interactions between the functional monomer and the template occurred at the pre-

polymerisation step of the MIP synthesis and in the extraction of the targeted compound

63



from the sample. The selection of the functional monomers was demonstrated with the
consideration of matching the functionalities of the template in a complementary fashion.
For example, the presence of the unsaturated ring in the monomer such as DVB or 4-
vinylpyridine leads to n—r interactions with an aromatic ring in the template. In addition,
another monomer like methacrylic acid has been observed as an acceptor and donor for
hydrogen bonds with template molecules.>®> Moreover, it was reported that the acidic
monomers (e.g. methacrylic acid) are more suitable for basic analytes, and the basic

monomers (such as vinylpyridine) are more appropriate for acidic targets.>*

The molecular modelling of a-tocopherol resulted in a list of monomers sorted from
the highest of binding to the lowest. The first six monomers with EGDMA (cross-linker)
were evaluated in terms of their ability of binding with a-tocopherol. The a-tocopherol
solution in hexane was passed in SPE cartridges that were filled with 100 mg of the RDP
polymers, which synthesised with those monomers with EGDMA cross-linker. By
measuring the UV absorbance of a-tocopherol before and after loading, the percentage of

bounded a-tocopherol was calculated for each monomer.

The evaluation of the binding ability of a-tocopherol to the modelling list of
monomer resulted in little different order of affinity towards a-tocopherol with the
molecular modelling calculations. The highest binding ability were binding to AMPSA,
MAA, EGMP, IA and EGDMA with little differences in the percentages of binding.
Regardless the order of these monomers (as the differences between the percentages were
very small Table 2.6) the first functional monomer which was selected for the polymer
preparation was MAA. The main reason for starting with MAA monomer was because
this monomer has been successfully used to extract a-tocopherol from other natural

sources in published studies.3334
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Table 2.6: The percentage of recovery of the different polymers synthesised with

different functional monomers and EGDMA (cross-linker).

Polymer Adsorbed percentage
EGMP 50.2% +2.1
MAA 58%=1.5
AMPSA 65.5%=2

1A 62.7%=2
Acrylamide 42 1%=+1.7
DEAEA 39.3%+1.3
EGDMA 61%=+1.5

In addition, MAA is a commonly used monomer in MIP synthesis forming non-
covalent interactions due to its ability to form hydrogen bonds as being either donor or
acceptor through the presence of a carboxylic group with a-tocopherol that has hydroxyl
groups. Therefore, the decision to use MAA as a functional monomer in RDP synthesis
was made in order to increase the chance of success of producing an effective RDP which

will be capable of extracting the maximum of a-tocopherol from sunflower oil.32°
2.3.2.2 The cross-linker

The cross-linker influence on the binding capacity of the imprinted polymers by
offering a balance between the rigidity and flexibility in the imprinted material.*> The
cross-linker that is involved in the polymerisation is responsible for making a robust
polymer which should be simultaneously flexible enough to allow the mass access inside
the pores. Thus, the vital roles of cross-linkers in the synthesis of the imprinted polymers
is to control the morphology for the polymer matrix by providing the stabilisation for the
imprinted site in particular, and for the whole polymer matrix in general.* The most
commonly used cross-linkers in the literature are DVB and EGDMA.%" Ariffin et al.
reported that DVB offered lower non-specific interactions compared to EGDMA in the

polar analyte.®” The goal of synthesis of polymer in the current study was to develop a
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polymer that has an ability to harvest as much as possible of the minor compounds from
oil sample. Thus, the non-specificity was relatively desirable in the current research. The
comparative study between the two MAA-based polymers that were synthesised using the
DVB once as a cross-linker and EGDMA in the second polymer was in accordance with
the previous studies. However, there were small differences between the performances of

these polymers when these were applied to extract a-tocopherol from model solution.

Table 2.7: Percentage of recovery for two MAA-based polymers with two different

cross-linkers.

Polymer | Percentage of recovery (%)

MV 93+2.5

MD 94+3.7

Based on the percentage in Table 2.7 and the literature studies, the chosen cross-
linker was EGDMA. It has been observed that EGDMA surpassed other cross-linkers in
contribution to increase the binding capacity of molecularly imprinted polymer by Klejn
and co-workers.¢ This was attributed to the presence of methyl groups in the cross-linker
which offered reduction of the intramolecular cyclization, thus lengthening the distance
between the polymer net, which leads to higher swelling of polymer matrices.3® Moreover,
DVB is relatively hydrophobic and has no functional group comparing to EGDMA that
has two carbonyl groups enabling them to participate in the interactions with the template
among the polymer. Madikizela and partners reported that the imprinted polymers that
have a surface area covered with hydrophilic functional groups are demonstrating better
hydrophilic binding associated with decreasing the non-specific hydrophobic
interactions.®® For example, MIPs synthesis with EGDMA as a cross-linker has shown
strong potential for extracting the acidic targets due to the hydrogen bonding.® In the
current study, although the difference in the percentage recovery of a-tocopherol from the
standard solution was very close in the two resulted polymers, the possibility to extract
various compounds from the oil sample which has common functional groups with those
in a-tocopherol in the next step of this research is more likely to happen with EGDMA

polymer. This is the main motivation for concentrating on them.
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2.3.2.3 Choosing the optimal monomer: cross-linker ratio

To investigate the effect of the monomer: cross-linker ratio, several polymers were
synthesised with different ratios of monomer to cross-linker (0:100 (P1), 1:99 (P2), 10:90
(P3), 20:80 (P4)). A comparison was made between these polymers in terms of
breakthrough volume, binding capacity, recovery, surface area and pore volume as was
shown in Table 2.8. It was observed that all polymers tested were capable of extracting a-
tocopherol from the model solution, as revealed by examining the breakthrough volumes
and the binding capacities. However, although the polymer P1 showed a higher binding
capacity than other polymers (8.1 mg g* of a-tocopherol, breakthrough volume 9 mL), it
was observed that the percentage recovery of a-tocopherol from this polymer was the
lowest among other tested polymers. This was attributed to the fact that the polymer was
hydrophobic and, thus, difficult to elute. The data obtained in this experiment are recorded

as the average of five replicates determinations and standard deviation (SD).

Table 2.8: Different features of the different polymers with different monomer:

cross-linker ratios.

Polymers

Characteristics
P1 P2 P3 P4

Breakthrough volume 9 5 7 4
(mL)

Binding capacity (mg g*) | 8.1+0.7 | 3.5+t0.6 | 3.3+0.8 | 2.4+1.0

% recovery 80x£2.1 | 82.6+£3.3 | 94.5+5.2 | 79.4£3.4
Surface area (cm?g?) 44505 | 437.128 | 276.15 | 161.20
Pore volume (cm3g?) 0.0302 | 0.0291 0.349 0.240

It was found that the polymer prepared by using monomer: the cross-linker ratio of
1:9 demonstrated the highest percentage recovery of a-tocopherol (94%) (Table 2.8). The
bound a-tocopherol was eluted from the polymer using 3 mL of methanol mixed with 5%

of acetic acid (the optimised elution solvent). Using the calibration curve, the
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concentrations of o-tocopherol after each step of SPE were calculated to compare the

percentage of a-tocopherol recovery.
2.3.2.4 Characterisation of the developed polymers

The monomer MAA was chosen for polymer preparation, as it was one of the top
candidates from modelling screening and because this monomer has been successfully
used in Molecularly Imprinted Polymers (MIPs) employed to extract a-tocopherol from
non-oil sources.?33338 As it was known from previous studies, MAA has the ability to form
hydrogen bonds with a-tocopherol, demonstrated a strong specific binding and also non-
specific binding which attributed to long chain moiety and the hydroxyl group in a-
tocopherol molecules.®® The presence of hydrogen-bonding between the functional
monomer and a-tocopherol was suggested by SYBY'L, as shown in Figure 2.5. We believe
that these two types of interactions (specific electrostatic and non-specific hydrophaobic)
attribute to the high capacity and the ability of RDPs to adsorb not only a-tocopherol but

also other minor components present in the sunflower oil.
2.3.2.5 Measurement of the breakthrough volume and binding capacity

In order to evaluate the binding capacity of the prepared polymers, breakthrough
volume has been measured. It allowed comparing the performance of different polymers
under required extraction conditions and selecting the polymer which possessed the
highest capacity. The data were collected using UV spectroscopy to measure the
absorbance of the samples after a pass through the SPE cartridge, then, using the
calibration curve to calculate the concentration of breakthrough volume of the two MAA-
based polymers with two different cross-linkers were shown in Tables 2.9 and 2.10. The
polymer ME has shown a higher capacity of 3.3 mg of a-tocopherol g of polymer
(breakthrough volume is 7mL) than the polymer MD 0.51mg of a-tocopherol g of

polymer (breakthrough volume is 2mL). The measurements were repeated 5 times.
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Table 2.9: The breakthrough volume of MD polymer.

Cumulative Concentration of free Percentage of
volume (mL) a-tocopherol (mg mL™) | binding %

1 0 100
2 0.0545+0.021 51.8
3 0.0337+0.042 32.4

Table 2.10: Breakthrough volume of ME polymer.

Cumulative Concentration of free Percentage
volume mL a-tocopherol (mg mL?) of binding (%)
1 0 100
2 0.0082+0.0013 92.8
3 0.0088+0.00043 92.4
4 0.0103x0.024 89.7
5 0.0168+0.011 83.1
6 0.0432+0.0015 56.8
7 0.0522+0.0057 48.9
8 0.0716+0.023 28.5

These results agree with the published findings in Madikizela et al. who reported
that DVB is hydrophobic in nature with an aromatic ring which could attribute to n-n
interactions, and has no functional group which makes them less contributing to the
hydrophilic interactions between the polymer and the target molecules.>® On the other
hand, EGDMA is hydrophilic and has two carbonyl groups that can act as hydrogen bond
acceptor. Madikizela also mentioned that the imprinting of the polymer using EGDMA as
a cross-linker produced matrix with an outer hydrophilic layer which was associated with

the reduction of the non-specific hydrophobic interactions.®
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2.3.2.6 Evaluation of reusability and measurement of the surface area

Molecularly imprinted polymers have been reported in the literature as a material
with physical stability and high chemical robustness. There are many reports demonstrated
the reusability of MIPs.11:2021.28 This type of experiments was based on applying the
polymer for SPE for loading followed by elution. Then, wash the polymer with acidic
methanol (9:1), thereafter, repeat the loading elution cycle. In each cycle, the loading
elution process should measure the efficiency of the extraction by measuring the
adsorption capacity or recovery of the target. The possibility to regenerate has been
evaluated in the previously published studies for some synthesised MIPs to fifteen times
in Dai et al. % and at least more than 5 times in other different studies.%4% In the current
study, the RDP demonstrated extraction of a-tocopherol 7 times at the same level of the

recovery (94%) of a-tocopherol in heptane solutions as represented in Figure 2.6.
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Figure 2.6: Regeneration cycles of the RDP loaded with a-tocopherol in heptane

standard solution. Standard deviations were represented as error bars (n=5).
2.3.3 Calibration curve of a-tocopherol

The main purpose of making a calibration curve was to measure the different
properties of the synthesised polymer, such as breakthrough volume and binding capacity.
A calibration curve using UV spectroscopy was made using very low concentration (less
than 0.2 mg mL?) for a model solution of a-tocopherol ¥ (Figure 2.7).
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Figure 2.7: The calibration curve of a-tocopherol hexane using UV, Y= 0.499x-
6.702, R2=0.999.

A= ecl
Equation 2.2: Beer-Lambert low.

Equation 2.3 represents Beer-Lambert law where A is the absorbance, € is molar
absorption coefficient and | is the length of the sample. It was found that above 0.2 mg mL-
!, the relationship between concentration and absorbance deviated from the linear

relationship of Beer-Lambert law (Equation 2.3) as shown in Figure 2.8.
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Figure 2.8: The relationship between concentration and absorbance of a-

tocopherol solution in hexane.
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In addition, a calibration curve was intended to be used to calculate the concentration
of a-tocopherol in sunflower oil in the different steps of SPE. However, it was not possible

to analyse the oils samples using UV spectroscopy due to the presence of interferences.
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Figure 2.9: The calibration curve of a-tocopherol using GC/MS, Y= 0.7702x
+0.0002, R?=0.996.

Therefore, the measurements of different samples for the optimisation of SPE of
sunflower oil were performed using GC/MS which has been done using a calibration of a
standard solution of the target molecules. In this chapter, only the calibration curve of o-
tocopherol using GC/MS (Figure 2.9) were presented. The calibration curves details of

other eluted compounds from sunflower oil will be presented in the Chapter 3.

2.3.4 Optimisation of the SPE protocol using the model solution of a-tocopherol

SPE is the most frequently used procedure for clean-up, fractionation, pre-
concentration or extraction of a target from different types of samples. The binding
capacity of the polymer together with fast desorption of target molecule from the sorbent
are marked factors that have an impact on the design of the polymer and the SPE
conditions.2® In this respect, it is essential to develop the SPE protocol in terms of choosing
the solvent for each step in SPE process that provide the best yield in diversity and

quantity.
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The obtained yield from each step of the SPE was influenced by the type of solvent
used in loading, washing and elution steps (Figure 2.10). In order to achieve the good
retention and recovery of analyte, the protocol of SPE using RDPs as adsorbents to extract
a-tocopherol was optimised based on previous reported studies!®233233 that allowed to
choose the solvents for each step of the SPE and contributed to the highest percentage
recovery (94%) of a-tocopherol from the model solution (0.1 mg mL"* a-tocopherol in

loading solvent).

The selected solvents for each SPE step are mentioned earlier in Table 2.4 in the
material and method section. The yield of a-tocopherol was measured by using each of
these solvents and the relative concentration of a-tocopherol produced with each of these
solvents and presented statistically in Figure 2.11. From these statistical figures, it can be
concluded that the optimised conditions, including the conditioning, loading, washing and

eluting solvents in all experiments are as follows:

One mL of the sample in heptane (optimised conditioning and loading solvent) was
used for loading, 1 mL of 60% methanol was the optimised solvent for washing, and
elution was performed at the best yield of the eluted compound with using 3 mL of

methanol acidified with 5% acetic acid. The quantification of a-tocopherol in the different SPE

fractions were conducted using GC/MS set up and a calibration curve.
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Figure 2.10: The optimised conditions for SPE of a-tocopherol using RDP.

After loading of the model solution onto the SPE cartridge, it was washed with 60%
ethanol in water, which was subsequently evaporated to dryness. Then, the analyte was
dissolved in hexane and analysed using GC/MS. Elution of a-tocopherol from the SPE
cartridge was achieved with ethanol containing 5% acetic acid. The eluted sample was
evaporated and reconstituted in hexane before analysis by GC. Figure 2.11 summarises

these results and these experiments were repeated five times.
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Figure 2.11: The statistical demonstration of cadidate solvents for the optimisation

of SPE conditions. (1) Condition and loading, (2) washing, (3) elution.

In the GC/MS chromatogram (Figure 2.12), the peak that corresponded to o-
tocopherol was analysed using mass spectrometry to check the similarity with a spectrum
of a-tocopherol from the spectral library (NIST). As shown in the Figure 2.13 that there
was considerable similarity between the mass-spectrum of extracted o-tocopherol (upper)
and the spectrum of a-tocopherol from the spectral library (lower). The similarity will be

illustrated further in detail in the Chapter 3.

It is known that the list of most commonly used SPE stationary phases for the
purification of tocopherol from biological samples or vegetable oil, and for clean-up before
HPLC analysis include following adsorbents: C8,4 C18,'* aminopropyl,*> XAD,?
florisil,*® cyclohexyl,3* Sephadex LH-20* or silica gel*®
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Figure 2.12: The GC/MS chromatogram of a standard solution of a-tocopherol.
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Figure 2.13: The similarity between the mass-spectrum of extracted o-tocopherol

(upper) and the spectrum of a-tocopherol from the spectral library (lower).

However, none of them was reported to be capable of purification of a-tocopherol
from oil, either because the analysis protocols require pre-treatment steps,3*¢ or
adjustment of pH? or because the percentage recovery was poor (< 20%).*® Although
developing RDP with optimised SPE protocol for large scale applications was not a goal
of this feasibility study, we are confident that modern technology allows producing the
polymer developed here (RDP) in the industrial quantities and use it to extract o-
tocopherol from the oils on a large scale following the optimised extraction protocol that

doesn’t require any sample pre-treatment or adjustment.

According to the achieved percentage recovery of a-tocopherol from the model
solution, it is evident that the current achievement is comparable with the results from the
literature.?3323844 The benefits of the developed RDP and the optimised SPE protocol
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include a minimal dilution of the oil sample, no need in the pre-treatment of the oil and

allowed to extract a group of essential minor compounds in a single step.

2.3.5 Application of the SPE conditions for the extraction of a-tocopherol and other

minor compounds from sunflower oil

After the validation of SPE protocol based on high recovery percentage of a-
tocopherol from the model solution, the developed RDP and the optimised protocol have
been used to harvest the minor components directly from sunflower oil. Thus, the
conditions of SPE optimised for the model solution of a-tocopherol were applied to a
sample of 20% sunflower oil in heptane spiked with 300 pg mL* of the compounds which
were then purified using RDP, eluted and measured using GC/MS. It was observed that it
was possible to process it without pre-treatment, which makes it advantageous due to
reduced consumption of organic solvents compared to the current industry standards (1:10
dilution ratio between oil and solvent).?*4* The standard compounds which were used to
spike the oil sample included palmitic, oleic and linoleic acids, a-tocopherol and mixture
of campesterol, stigmasterol and B-sitosterol. The calibration curves were used to calculate
the concentration of the eluted compounds from sunflower oil followed by 5-times dilution
in heptane, as shown in Table 2.11. The eluted compounds are presented as separate peaks

in the GC chromatogram (Figure 2.14).

Table 2.11: Quantities of minor components extracted from sunflower oil in

heptane.

Eluted compound Eluted amount (mg kg?)
Palmitic acid 2400 + 600
Linoleic and Oleic acids 17250 + 333
o-tocopherol 1138 + 144
Campesterol 1994 + 200
Stigmasterol 2705+ 77
[-sitosterol 5394 + 38
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Relative intensity

Relative intensity

The eluted compounds were identified using the suggested identifications of the
NIST library of mass-spectra. Each peak was analysed by comparison to standard solutions

of the compound present in the mass-spectroscopy library (Figure 2.14(a)).

It was found that the a-tocopherol and phytosterols recovered from the sunflower oil
(Figure 2.14 (b)) using developed RDP are comparable or even superior to other published
reports. For example, the concentration of thea-tocopherol extracted from sunflower oil

was more than 485 mg g which was reported by Gonzalez et al.*®
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Figure 2.14: The GC/MS chromatogram for the eluted samples.
A mixture of standards solutions (a), eluted sample from 20% of sunflower oil (b),

1) palmitic acid, 2) oleic acid, 3) linoleic acid, 4) a-tocopherol, 5) campesterol, 6)

stigmasterol and 7) B-sitosterol.
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In addition, the content of a-tocopherol in spiked unrefined sunflower oil was found
to be close to the published range measured in sunflower seeds by Galea et al. (416 mg
kg™1)?% and Ballesteros et al. (473 mg kg?)*® indicating the efficiency of the developed
method. Similarly, the concentrations of phytosterols extracted were in good correlation
with the concentrations reported by Lechner et al. who has recovered 325 mg kg? of
campesterol, 198 mg kg of stigmasterol and 1868 mg kg of B-sitosterol.#’ The
phytosterols extracted from sunflower oil by Schwartz et al. were reported as campesterol
(68 mg kg), stigmasterol (280 mg kg) and B-sitosterol (2060 mg kg™).8

2.4 Conclusions

An effective protocol for the extraction and purification of a-tocopherol beside other
minor components from sunflower oil, based on a bespoke RDP, has been developed. The
optimised SPE method resulted in the increased recovery of the valuable natural product,
a-tocopherol from a complex matrix of the sunflower oil. Another important advantage of
using the developed polymer over traditional methods of extraction included a two-fold
reduction in the volume of solvent required. The protocol reported here for the extraction
of a group of components involved only 5 times dilution of the sunflower oil with heptane.
This dilution rate is twice improved by comparison with the 10-fold dilution applied in the

industrial protocol, representing a reduction in waste and saving in the resources and time.

It was also demonstrated that the combination of the optimised SPE protocol and
developed RDP allowed a quantitative extraction of minor components from sunflower oil
to be performed without any additional pre-treatment. It is important to highlight that the
optimised protocols and proposed strategy could be used as blueprints for the development
of extraction procedures for different groups of compounds from other natural oil-

containing biomasses.

The relatively high percentage recovery of the minor components from sunflower oil
has encouraged the research to be directed to evaluate the possibility of applying the
proposed protocol to other vegetable oils and report to what extent that is going to be

potential, which is going to be demonstrated in the next chapter.
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Applications of the optimised SPE protocols to extract selected

physiologically-active compounds from the vegetable oils

3.1 Introduction

Vegetable oils consist of 95 to 98% of triacylglycerol and 2 to 5% of different
groups of minor components such as hydrocarbons, tocopherols, phytosterols and
their esters.'3. The typical raw materials for biodiesel production are vegetable oils,
such as rapeseed, canola, soybean, sunflower and palm oils. “The cost of biodiesel
can be lowered by increasing feedstock yields, developing novel technologies, and
increasing economic return”* (p.S111), described by Demirbas (2009) to highlight
the importance of encouraging this industry to protect our planet. Triglycerides are
the target components of vegetable oils which are used as reactants with methanol
or ethanol in the transesterification reaction in the presence of the alkali catalyst to
produce biodiesel (Figure 3.1).%" Therefore, the minor components of vegetable
oils, most of which are physiologically active, are lost during the biodiesel

production process.

Free fatty acids are the main group of minor compounds in the vegetable oils
that are desirable to be separated or treated before biofuel production process. One
of the reactions used for producing the biofuel is transesterification.
Transesterification is the reaction of a fat or oil with an alcohol to yield esters and
glycerol. The reaction should be controlled by an alkali catalyst. This equilibrium
reaction requires a great amount of alcohol to keep the reaction equilibrium in the
forward direction and produce more methyl esters, not the opposite.>? It was
observed that the presence of free fatty acids has a negative effect on the biodiesel
production from vegetable oils due to their reaction with the alkali catalyst to form
soap and water, thus inhibiting the separation and purification processes of the
biodiesel as demonstrated in Figure 3.2.2% Hence, free fatty acids represent a
potential problem in biodiesel production. The most common fatty acids in
vegetable oils are palmitic, oleic and linoleic acids. Palmitic acid is the main
saturated fatty acid that has numerous food and industrial applications. According

to Mancini et al., palmitic acid is an important constituent in industrial products
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such as ice cream, toothpaste, candles and cosmetic products.* The main mono-
unsaturated fatty acid is oleic acid which can reduce blood sugar and protect the
heart.® Linoleic acid as the main di-unsaturated fatty acid can lower the triglyceride
and cholesterol in the human body which leads to reduce the chances of

cardiovascular diseases.®
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Figure 3.1: The equation of esterification (biofuel production).
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Figure 3.2: The formation of soap during the esterification (undesirable

interference by free fatty acids in the reactants).

Tocopherols are minor components of vegetable oils that represent some of
the vitamin E family of compounds. Vitamin E compounds are associated with
antioxidant activity in the human body. Thus far, a-tocopherol has attracted much
attention as a potential protective and palliative agent among this group of
compounds,” ! however, recent studies have indicated the importance of y-
tocopherol.’®1” The main role of vitamin E in the body is the reduction of peroxyl
radicals, and it was proved practically that the presence of y-tocopherol with a-

tocopherol leads to increase the bioavailability of y-tocopherol.'? Additionally,
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vitamin E is widely used in industrial applications like medicine, cosmetics,

agriculture and the food industry.*31415

Other minor components of vegetable oils are comprised of phytosterols (plant
sterols) a type of triterpenes which have drawn the attention of many researchers
due to their bioactivity. They are available in plants in their free and conjugated
forms with fatty acids or glycosylated with hexose. It is known that phytosterols
have the potential to reduce total serum cholesterol as well as LDL-cholesterol in
the human body through the inhibition of the absorption of dietary cholesterol and

the reabsorption of excreted cholesterol in the bile in the enterohepatic cycle.6-18

Many published studies suggested several protocols to purify and extract the
minor components from vegetable oils separately or simultaneously.!®?° However,
all of these methods require either pre-treatment of the oil sample or consuming a
lot of chemical solvents to dilute the oil sample and using developed technologies
for separation such as HPLC and supercritical fluid extraction.??? Thus,

applications of these methods in the industry are limited.

In this study, the proposed protocol presented here was based on an optimised
method which allows to “harvest” some physiologically-active compounds in a
single step, from the vegetable oils with a minimum of organic solvents in an

environmentally-safe process using an earlier developed bespoke adsorbent.
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3.2 Materials and methods
3.2.1 Chemicals and reagents

The unrefined and cold pressing oils including sunflower and sesame oil were
purchased from Activecare. Palm oil was obtained from KTC and olive oil,
wheatgerm and soybean oil were all bought from the Food Marketplace through
Amazon.com. Standards were originated from vegetable oil including a.-tocopherol
that was purchased from Santa Cruz Biotechnology (UK). In addition to the a-
tocopherol, mixtures of phytosterols, containing 46% [-sitosterol, 24% campesterol
and 16% stigmasterol, were also purchased from Santa Cruz Biotechnology (UK).
Ethylene glycol dimethacrylate (EGDMA), azobis (cyclohexane carbonitrile),
methacrylic acid (MAA) and free fatty acids including palmitic, oleic and linoleic
acids were purchased from Aldrich (UK). Methanol, ethyl acetate, heptane,
acetonitrile, n-hexane, dichloromethane and acetic acid were obtained from Fisher
Chemicals (UK). All solvents were used without any purification and they were all
HPLC-quality grade. 1, 1'-azobis (cyclohexane carbonitrile), methacrylic acid
(MAA) and ethylene glycol dimethacrylate (EGDMA) were purchased from
Aldrich (UK). Dimethylformamide (DMF) was obtained from Acros Organics
(UK).

3.2.2 Equipment and analysis techniques

1 mL SPE columns were packed with 200 mg of the RDP and used in SPE
supported with a vacuum manifold (Supelco, UK). Gas Chromatography-Mass
Spectrometry (Perkin Elmer, TurboMass, UK) was used for the analysis and
quantification of the extracted components in the eluted samples during SPE
protocol. Gas Chromatography was performed using a 30 m X 250 pm, 0.25 mm
I.D., ZB-5 capillary column (Phenomenex, UK). To carry the sample, helium gas
was used as a mobile phase with a flow-rate of 1 mL min? at 200 °C. The
temperature of the GC oven was raised after a sample injection by 10 °C min to
350 °C and held for 3 min.
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3.2.3 Invistigation the affinity of RDP towards minor compontns

In order to justify the potential of the synthesised RDP in the previous chapter,
modelling process has been applied again (though using different templates) to
demonstrate specific recognition to some minor components, such as fatty acids and
phytosterols in vegetable oils. The molecular modelling software capable to
illustrate the hydrogen bonds between each of these minor components with the

same functional monomers as presented in the previous chapter.

The main goal of doing the modelling for the extracted minor components was
to be able to predict the possible molecular interactions contributing to the
formation of the template: monomer interactions among the RDP. Molecular
modelling was performed using a workstation from Research Machines running the
CentOS 5 GNU/Linux operating system. The workstation was configured with a
3.2GHz core 2 duo processor, 4 GB memory and a 350 GB fixed drive. Molecular
modelling was conducted using the software packages SYBYL 7.0 (Tripos Inc., St.
Louis, Missouri, USA).? The LEAPFROG screening of the library of functional
monomers for their potential interactions with the template resulted in tables of
functional monomers with the binding energy to each template. Each modelling
process was repeated for all the minor components as a template in this study

including palmitic, oleic, linoleic acids, campesterol, stigmasterol and j-sitosterol.
3.2.4 Applications of the optimised SPE protocol to the vegetable oils

The optimised protocol that has been applied to all types of oil was based on
the optimised protocol in the previous chapter, which has been published?*
(Appendix1), as follows:

3.2.4.1 Preparation of the samples

Dissolved the oils (20%) and the standards of each minor components in
heptane. Further, used these standards to spike 1 mL of each oil (sunflower, sesame,
soybean, olive, palm and wheat germ) solution in heptane with 0.3 mg of each

standard.
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3.2.4.2 The SPE protocol conditions

The SPE cartridges were packed with 200 mg of synthesised RDP and
conditioned with 1 mL heptane. Further, two separate cartridges were loaded, one
with 1 mL of spiked oil sample and other with 1 mL of oil without spiking, for each
type of oils. After that, the cartridges were washed with 1 mL of 60% methanol,
subsequently, 3 mL of methanol with 5% acetic acid was used for the elution of the
adsorbed compounds from the cartridges. The eluted samples were evaporated and
reconstituted in hexane (1 mL) to be analysed with GC/MS. The quantitative
measurements were performed using the integration values of the area under peaks
in GC chromatogram which is directly proportional to the concentration of the
analysed samples. The concentration of compounds was calculated in mg g of oil
using calibration curves of the pure standards. The mass spectra of each compound
were analysed to match the fragmentation pattern in the NIST library and the
literature with the obtained fragments. In addition, IR was used to distinguish

between fatty acids and their esters in the eluted samples.
3.2.4.3 Calibration curves

Calibration curves were made using the integration of the peaks corresponding
to the series of concentrations of the standards solution in hexane for the minor
components involved in this study, in GC/MS chromatogram. Hence integration
values of these peaks were directly proportional to the concentration of analysed
samples. The calibration curve was generated from ploting the relationship between
the integration of series of known concentration solutions and their concentration.
The straight line resulted follow the equation y=mx where x is the concentrations
and y is the corresponding integration. Then, simply replaced the integration (y) of
the unknown concentration into the equation, where the m is known from the
resulted equation produced from calibration curve, to calculate the unkown

concentration.

The calibration curves were made for each fatty acid: palmitic acid, oleic acid
and linoleic acid. Calibration curve for a-tocopherol was presented in the previous

chapter. Phytosterols standard sample contained naturally 24% of campesterol and
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16% of stigmasterol. Therefore, the calibration curve was made from a series of the

mixture to each sterol alone as shown in the results section.
3.2.5 Saponification the fatty acids

For comparison in GC/MS between the fatty acids and their esters, methyl
esters were synthesised from each fatty acid individually. The saponification was
carried out by following the method described by Fallon et al.?® Briefly, 0.7 mL of
10 N KOH in water was added to 40 pL of liquid fatty acid or 0.5 mg of solid fatty
acid in 125x16 mm screw-cap Pyrex tubes. Then, 5.3 mL of methanol was added
before heating at 55°C for 1.5 hours with the mixture being shaken by hand every
20 minutes. The mixture was cooled to room temperature before adding 0.58 mL of
sulfuric acid (24 N) in water. The mixture was heated again at 55°C with it being
shaken 3 min every 20 min. Next, the mixture was vortex shaken after cooling it to
room temperature and adding 3 mL of hexane. Finally, the mixture was centrifuged
for 5 min at 4000 rpm. The layer of hexane contained the ester of fatty acids, which

was separated and analysed using GC/MS.
3.2.6 Method validation

Method reliability and matrix effects were investigated using the published
method in Flakelar et al.1 mL of heptane was spiked with the mixed standards.?
ImL of the spiked solution was analysed with GC/MS with the same used
conditions of this study. Using the calibration curve and the integration of peaks, it
was possible to calculate the percentage of each standard compound in the spiked
sample as shown in Table 3.8 in results section. Further matrix effects were
examined by comparing the weight of the eluted sample from 20% sunflower oil in
heptane with weight of the eluted sample after subtracting the calculated weight of
the natural compounds quantified using GC/MS. The calculations of the
concentrations of eluted compounds were performed using the integration of peaks

and the calibration curve.
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3.3 Results and discussion

The main objective of this chapter was to determine the possibility of applying
the optimised protocol to other vegetable oils. Before presenting the results of these
experiments, it is important to highlight the properties of the RDP that provided
specificity towards these minor components. In order to explain the common
molecular interaction between the minor compounds, which were extracted in the
current study, and the synthesised polymer, a molecular modelling has been
conducted using the SYBYL software as it was described in the previous chapter

for a-tocopherol.
3.3.1 Molecular modelling:

The RDP has been synthesised based on a-tocopherol as a template.
However, after applying the optimised method to the sunflower oil sample, it was
found that the polymer has demonstrated recognition to not only a-tocopherol but
also to other minor compounds. The used polymer has been synthesised based on
the 3D chemical structure of a-tocopherol, therefore, the investigation of the
modelling for other minor compounds was focused on the same functional
monomers in the top of the LEAPFROG list in terms of their binding energy with
each template. The functional monomers include MAA, EGDMA, AMPSA,
EGMP, IA and UA. The results of the modelling were presented initially together
in Figure 3.3 for the purpose of justification the affinity of these minor compounds
to the same functional monomers. In general, it was found that AMPSA showed the
highest binding energy then, EGMP with a little exception in some phytosterols,
then MAA and EGDMA (cross-linker) and, finally, 1A and UA with some
exceptions. In the next part, each group of minor compounds was presented with

these functional monomers and was explained in more detail.

RDP was applied in this study as a resin or a stationary phase which retained
the analytes based on binding to the organic moieties of some available compounds
from the different groups of vegetable oil components. To explain the capacity of
RDP and the excellent efficiency of RDP towards the fatty acids in the vegetable

oils a comparison has been made between the different chromatographic separation

94



mechanisms to justify the common features that led to the separation of the group

of compounds in this study.

In the solid phase extraction, the retentive properties and the selectivity of
certain analytes are affected mainly by the stationary phase and the mobile phase.?’
There are six different modes of stationary phases which were presented in details
in the fourth chapter. In this chapter, the stationary phases that have common
features with RDP have been demonstrated to understand the retention mechanism
of RDP. Firstly, in normal-phase separation, the analytes are separated according to
their polar moieties (e.g. the hydroxyl group, amine group or ester bonds).
Therefore, the retentive properties of silica gel as stationary phase are due to the
interactions between silanol groups, to which hydroxyl groups are linked, and the
polar moieties from analytes. Thus, the separation depends on the nature and the

number of the polar functional groups of the analytes.?®

In the reversed-phase the stationary phase retains the compounds by attractive
dispersion interactions. Moreover, shape and size of moleculas have an effect on
the retintive properties.?® The third separation mode could be used in the explanation
of the RDP selectivity is the ion-exchange separation. lon-exchange separation
modes are based on the competition between the analyte ion and counter ion comes
from the mobile phase in certain site with opposite charge on the sorbent. The
separation is performed by controlling the concentration of ion or pH of the elution

solvent (the mobile phase).?829

RDP has some common features with the three above mentioned separation
modes. RDPs are particles contain functional groups such as carboxylic (come from
MAA), imidazole rings (come from urocanic acid) or phosphoric (come from
EGMP). These functional groups interact with polar intermolecular interactions
such as hydrogen bonds or non-polar intermolecular interactions such hydrophobic
interactions depending on the nature of the analytes and the functional groups on
the surface of the polymer particles. In the polymer particles, the orientation of
functional monomers was fixed using cross-linker (EGDMA), which contributed as
well to the retentive properties of the polymer particles via the electron-withdrawing

and electron-donor properties of alkoxy and carbonyl groups. Furthermore, the
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mobile phase was the solvent that was miscible with these compounds at optimal
pH sufficient to disturb the intermolecular interactions and elute the compounds of
interest.

The results of the molecular modelling have been presented for all separated
compounds in one Figure 3.3 to have an overview of the chosen functional
monomers by SYBYL software. Then, the binding energies were presented for each
group in the current chapter. It was found that MAA was among the functional
monomers possesing the highest binding energy towards the extracted compounds,
which was in accordance with the experimental results.

40
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Palmitic acid Oleic acid Linoleic acid Campesterol Stigmasterol b-sitosterol
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Figure 3.3: The relative binding energy of common functional monomers

towards minor components.
3.3.1.1 Study the molecular modelling of fatty acids

The chemical structure of each fatty acid was downloaded and minimised.
Then, all of the modelling processes was applied to it as mentioned in the previous
chapter. The SYBYL software has the potential to demonstrate the hydrogen bond
interactions only (Figures 3.4, 3.5 and 3.6). However, the other types of molecular
interactions can be predicted by looking at the type of atoms or measuring the

distances between the template and functional monomer atoms.
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According to Christie, the fatty acids have several organic moieties, by which
fatty acids were separated using differet types of stationary phases.?’” The lipid
compounds were separated in the normal-phase mode based on the chain-lengthe
moieties and the degree of saturation. In reversed-phase chromatography the alkyle
moieties, carboxyl moieties and the number and configuration of the fatty acids
were contributing to the separation process. The used mobile phase was methanol
with 5% acetic acid that disturbed the interactions between the fatty acids with the
functional monomers on the RDP surface. The potential moieties by which the
intermolecular interactions occurd include two double bonds in linoleic acid, a
carboxylic group and 18 carbon chain-length. In case of oleic acid, only one double
bond with the carboxylic group and 18 carbon chain-length participated in the
retentive properties. Palmitic acid has no double bond and the contributed moieties
to the retention on the stationary phase included the 16 carbon chain-length and

carboxyl group.

The fatty acids were interacting using London forces and Van der Wall with
the alkyl moiety or double bonds on fatty acid and methyl groups on the polymer
surface.?”?® Moreover, hydrogen bonds, polar dipole-induced dipole, dipole-dipole
and proton doner-proton acceptor interactions have also participated in the retention
process. Therefore, it was suggested that the difference in the preference of these
types of interactions could lead to the prefentional binding of the functional
monomers towards different fatty acids. For example, since AMPSA has carbonyl
group, nitrogen and sulpur atoms as proton acceptors and hydrogen linked to a
sulfuric group could act as a proton donor, it could provide an explination why this
functional monomer could prefer interacting through polar intermolecular
interactions with polar moieties. On the other hand, UA and 1A have alkyl moieties
that could show more non-polar intermolecular interactions such as van der Waals
with the alkyl chain and double bonds. Moreover, EGMP was at the beginning of
oleic and linoleic acids and in the middle of the list in palmitic acid. This could be
explained through the preference of oleic and linoleic to interact with EGMP with

van der Waals scince it has methyl and methylene moieties.
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Figure 3.4: The 3D structures of palmitic acid (1), the hydrogen bonds between
palmitic acid and the functional monomers: MAA (-) (2), EGDMA(cross-linker) (3),
AMPSA (4), EGMP (-) (5), UA (-) (6) and IA (-) (7).
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Figure 3.5: The 3D structures of oleic acid (1), the hydrogen bonds between
palmitic acid and the functional monomers: MAA (-) (2), EGDMA(cross-linker) (3),
EGMP (-) (4), AMPSA (5), IA (-) (6) and UA (-) (7).
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Figure 3.6: The 3D structures of linoleic acid (1), the hydrogen bonds between
palmitic acid and the functional monomers: MAA (-) (2), EGDMA(cross-linker) (3),
EGMP (-) (4), AMPSA (5), 1A (-) (6) and UA (-) (7).

The molecular modelling software SYBYL as was mentioned above provided
3D pictures of the hydrogen bonds may be formed between the fatty acids and the
functional monomers as shown in Figures 3.4, 3.5 and 3.6. Fatty acids have common
features which are carboxyl groups that could act as either donor or acceptor for the
hydrogen bonds with the different functional monomers. In addition, the alkyle

chain is another common feature that may contributed to the non-polar
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intermolecular interactions involving, for example, van der Waals and London

forces.?®
3.3.1.2 Study the molecular modelling of phytosterols

Phytosterols molecules consist of four rings with standard carbon numbering.
The three are six carbon atoms in a non-linear arrangement and are attached to one
5-carbon atom ring. The different phytosterols extracted from plants vary in the
number of carbon atoms in the side chain and the position and number of double
bonds in the ring and side chain. The structure of phytosterols determines the
chromatographic properties of them. It has been demonstrated that phytosterols
interacted with the chromatographic surfaces with hydrophilic and hydrophobic
interactions due to the presence of polar and non-polar moieties in the same
molecule.®>32 According to Demel et al., phytosterols could participate in polar
intermolecular interactions via 3-hydroxy group in the meanwhile of making non-

polar interactions through the alkyl side chain.2

The binding energy of intermolecular interactions between the three types of
phytosterol in the current study (campesterol, stigmasterol and 3-sitosterol) and six

types of functional monomers that were calculated by SYBYL software.

The SYBYL software demonstrated the hydrogen bonds between the six types
of functional monomers and the three phytosterols only through the 3b-hydroxy

group as shown in Figures 3.7, 3.8 and 3.9.
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Figure 3.7: The 3D structures of campesterol (1) and the hydrogen bonds

between campesterol and the functional monomers: MAA (2), EGDMA(cross-linker)
(3), EGMP (-) (4), AMPSA (5), 1A (-) (6) and UA (-) (7).
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Figure 3.8: The 3D structures of stigmasterol (1) and the hydrogen bonds
between stigmasterol and the functional monomers: MAA (2), EGDMA (cross-linker)
(3), EGMP (-) (4), AMPSA (5), IA (-) (6) and UA (-) (7).
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Figure 3.9: The 3D structures of -sitosterol (1) and the hydrogen bonds
between [-sitosterol and the functional monomers: MAA (2), EGDMA (cross-linker)
(3), EGMP (-) (4), AMPSA (5), IA (-) (6) and UA (-) (7).

3.3.2 Quantification of the minor components in the vegetable oils
3.3.2.1 Calibration curves

Calibration curves of the minor components in the current study facilitated the
quantification of the components in all of these experiments (Table 3.1). The minor
components included palmitic, oleic, linoleic acids, campesterol, stigmasterol, -
sitosterol and sesamin (obseved in sesame oil only). It is important to highlight here
that a-tocopherol was quantified along with these minor components in the

vegetable oils, but its calibration curve was showed in the previous chapter.
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Table 3.1: Summarised the calibration curve equations and R-squared values

were produced from calibration curves (Appendix 2) for all the minor compounds.

Minor compound | Calibration curve equations | R? value
Palmitic acid y =0.4527x - 21.111 R?=0.99183
Oleic acid y = 0.4501x - 7.3577 R2=0.9984
Linoleic acid y =0.4599x - 10.138 R2=0.99651
a-tocopherol y =0.4991x - 6.7026 Rz =0.99902
Campesterol y = 0.6204x - 23.724 R2=10.99325
Stigmasterol y =0.5852x - 25.821 R2 =0.99237
B-sitosterol y =1.4715x - 67.776 R? =0.99085
Sisamen y=0.7617x - 17.122 R? = 0.99556

3.3.3 Investigation the minor components

As discussed in Chapter 2, the optimised protocol was applied to sunflower
oil. In this chapter, the optimised method has appliedto sesame oil, soybean oil,
wheat germ oil, olive oil and palm oil. The proposed method, as aforementioned,
involved using RDP as arisen in the SPE cartridge and applyied the optimised
solvents with appropriate optimised quantities in SPE steps to the oil samples
separately. The data obtained in this experiment was recorded as the mean of

triplicate determinations and standard deviation (SD).

It is important to point out that in this chapter, the listed quantities (in sections
from 3.3.3.1 to 3.3.3.5) consisted of the amount of extracted minor compounds
using the optimised method sorted in two columns for each component. One of them
showed the extracted amount from oil in heptane. The other column was referring
to the extracted amount from the spiked oil with 0.3 mg mL! of the standard
solution of each minor components. The most noticeable point was that the
difference between the two columns varied from the spiked amount by a value of +
0.3 mg mL™. This difference in the extracted quantities leaded to the conclusion

that spiking the oil with the standards improved the extracting process as has been
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concluded in previous studies.®? One possible explination is using the
intermolecular attractive forces theory. Increasin the initial concentration of the
minor component by spiking. It seems that more concentration of these compounds
encorage the extraction process and leading to more yield. The Figure 3.10
displayed the chromatogram of each oil individually. This allowed to compare each
minor component in all vegetable oils. In the next section, each minor component

was discussed individually in all oils.
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Figure 3.10: GC chromatograms of the eluted samples from the six different
vegetable oils spiked with the seven standards (this experiment was repeated three

times).
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3.3.3.1 Extraction and analysis of palmitic acid (16:0)

The first common extracted compound at the retention time around 5 min is
palmitic acid (a saturated fatty acid). Palmitic acid is found in vegetable oils either
in free form or in conjugated form as an ester.321:3% The presence of palmitic acid
was proved using the classical analysis method of lipids by comparing the retention
time, pattern of fragmentation in mass spectra and IR spectra of free acid and methyl
ester forms.*® Free fatty acids and ester have been quantified in several studies such
as those reported in Eisenmenger et al., and Ghafoor et al., where free fatty acids
comprised of 0.5 to 22% 3 and 0.2 to 7.9 % % respectively from a total component
of fatty acids in wheat germ o0il.*3%" It was found that free fatty acids did not exceed
60 g kg%, however this number could be amplified in the case of extracting the oil
by cold pressing to reach 23.46 mg g thus all the used vegetable oils in this study
are either unrefined or obtained by cold pressing to extract relatively measurable

levels from the minor components.

The extracted fatty acids in this research are in their free form only (Table 3.2)

which were confirmed by three ways:
1) Comparing the following peaks in GC chromatogram with their standards.
2) IR spectra.
3) The mass spectra of each fatty acid and its corresponding ester.

Table 3.2: The concentrations of palmitic acid in different vegetable oils.

Vegetable oils Quantities (mg/q) Spiked quantities (mg/qg)
Wheat germ 114+ 051 1.73 £0.09
Soybean 0.004 £ 0.01 1.22 £0.13
Sunflower 0.942 +0.09 1.82+0.8
Sesame 0.366 £ 0.14 0.62 +0.06

Palm 15.6 £ 0.87 16.28 £ 0.43
Olive 1.19+£0.13 2.16+£0.12
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Standard solution of palmitic acid in heptane and the methyl ester of palmitic
acid were analysed using GC/MS and IR to determine the differences between them.
Firstly, GC chromatogram has shown a peak related to the ester form before the
acid form as shown in Figure 3.11, the upper plot represented the GC/MS
chromatogram for palmitic acid and the lower one represented methyl palmate.
Therefore, under the current conditions of GC, the difference in time of separation

of ester from its corresponding acid is very short in the GC column.

100+ 5.60

(a)

100

(b)

Figure 3.11: GC chromatogram for (a) palmitic acid and (b) methyl palmate

solutions in hexane.

By comparing the mass spectra of the peak at 5.5 min in the GC/MS to the
NIST library mass spectrum of palmitic acid, it was found that the fragmentation
patterns were identical. It has been reported that free fatty acids were hardly found

in research analysed by GC/MS without derivatisation, however, the mass spectra
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could be compared with the corresponding methyl ester of these acids.®” By looking
at mass spectra in Figure 3.12 (a,b), it was possible to confirm that spectrum (a)
refers to palmitic acid and the molecular ion was seen at m/z 256. In addition,
specifying fragment was at m/z 239 produced from loss the OH" ion. Other
fragments at m/z 101, 115, 129, 143, 157, 171, 185 were representing
fragmentations between methylene groups of the form [HOOC(CHy>) n]*.2¢ Another
fragment was at m/z 213 [M-43]* was produced from complicated reareangment to
loos of C2to C 4. On the other hand, mass spectra (b) shows the fragments of methyl
palmate. The baseline is the fragment at m/z 270, then the fragment at m/z = 239
that refers to the loss of the methoxyl group [M-31]*. The other distinguished ion is
the one at m/z = 227, which is formed by losing Cs unit (carbons 2 to 4). Then, the
homologous series of fragments at m/z = 101, 115, 129, 143, 157 and 199 refer to
the general formula [CH3OCO(CH2)n]*, which indicated to the absence of

functional groups in the chain.*’
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Figure 3.12: Mass spectrum of (a) palmitic acid and (b) methyl palmate.
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Figure 3.13: IR spectrum for (a) palmitic acid and (b) methyl palmate

In addition, IR spectra were used to support the outcomes. There are
substantial differences in peaks of carboxylic acid and its ester which are noticed in
Figures 3.13 (a, b). The first difference appeared on the C-H bond stretch, in
spectrum (a), this peak started broadly between 2800 and 3000 cm™ due to the
presence of O-H stretching vibration. This broadness disappeared in the spectrum
(b) that refers to methyl palmate ester. The second difference related to the carbonyl
bond stretch band, it was a broader peak that appears at a lower wave number (1697
cm) in the spectrum (a) of fatty acid, relative to a sharp band observed at 1744
cm in the corresponding ester. These differences in the two IR spectra indicate the
presence of carbonyl group in carboxylic acid in the spectrum (a) and an ester in the

spectrum (b), as carboyl group in carboxylic acid participates in hydrogen bond
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leading to reduce the stringth of the double bond C=0 comparing to the same bond

in the ester, spectrum (b).

The majority of the published data measured the percentage of each fatty acid
relative to the sum of free fatty acid and its ester after chemical
esterification.*133538-42 Thjs could be due to the difficulty of determination of fatty
acids in a free form using GC/MS for analysis at low temperature. By comparing
the GC conditions in the current study, it was found that it is possible to analyse the
fatty acids in a free form using GC/MS at the current temperature conditions where

the analysis in GC/MS oven started at a relatively high temperature 200°C.

16.00 - _:|_ 3

14.00 A | Oil solution

12.00 Spiked oil solution

10.00 H

Concentration mg g

8.00 A
6.00 A
4.00 H

2.00 A . . < z
0.00 |%| . . |-=-| . r-'II . . |_:E|

Wheat Soy Sunflower Sesame Palm Olive
germ

Vegetable oils

Figure 3.14: The relative quantities of palmitic acid in different vegetable

oils.

To compare the quantities (percentages) of palmitic acid or any other fatty
acids with the published work, these percentages should be converted to weight,
then, compared to the quantities (measured weight) in the current research. Even
though, the far difference between the quantities in the published data and what was
extracted in this study, the order of the palmitic acid in some vegetable oils in the
current study is similar to what mentioned in Ramos et al., where palm oil was
found to be the highest source of saturated free fatty acid (palmitic acid) followed

by olive oil, then sunflower oil (Figure 3.14).%2
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3.3.3.2 Extraction and analysis of oleic (18:1) and linoleic (18:2) acids

The second peak around 7 min in GC/MS represented both mono-unsaturated
fatty acid (oleic acid) and di-unsaturated fatty acid (linoleic acid) which eluted
almost at the same time, thus appear as one peak. Therefore, the difference between
the oil samples spiked and non-spiked are more than in other compounds in this
study because here the oil samples were spiked with two compounds (oleic and
linoleic acids) (Table 3.3).

Table 3.3: The concentrations of oleic and linoleic acid in different vegetable

oils.

Vegetable oils | Quantities (mg g*) | Spiked quantities (mg g%)
Wheat germ 7.181+1.31 1041 +4.3

Soy bean 0.088 £0.12 2.719 £0.77
Sunflower 16425+ 7.8 28.411 £ 15.7
Sesame 2.407 £0.12 6.246 +2.19

Palm 34.496 £ 8.4 38,914+ 75

Olive 1.325 +0.87 3.823 £1.19

However, the presence of each one of them has been examined individually
by spiking the oil sample, and calibration curves were drawn separately for each
fatty acid. In addition, each peak of oleic and linoleic acids and their esters on the
GC chromatogram (Figure 3.15 and 3.16) were analysed individually to find out the
similarity with the mass spectra available in the NIST library (Figure 3.17 and 3.19).
Starting with the GC chromatogram of the acid forms and the corresponding ester
forms of oleic and linoleic acids displayed similar results that were represented in
the case of palmitic acid. The peak in case of esters (Figure 3.18, b and 3.20, b) in

the two esters are separated slightly earlier than the carboxylic acids.
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Figure 3.15: GC chromatogram for (a) oleic acid and (b) methyl oleate

solutions in hexane.
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Figure 3.16: GC chromatogram for (a) linoleic acid and (b) methyl linoleate

solutions in hexane.
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Regarding the mass spectrum of oleic acid (Figure 3.17, a), the molecular ion
was observed at m/z 282 with a lower abundance than [M-18]" at m/z 264
representing the loss of a molecule of water from the carboxyl group of oleic acid.
The most abundant fragments were in the low mass region representing the

hydrocarbon ions with their general formula [CnH2n-1]" at m/z 111, 123, 137...
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Figure 3.17: Mass spectrum of oleic acid (a) and methyl oleate (b).

In the mass spectrum of methyl oleate ester (Figure 3.17, b), the molecular ion
was observed at m/z = 296, along with a daughter ion at m/z = 264 that referred to
the loss of the methanol molecule [M-32]". The next distinguished ion seen at m/z
= 222 represented the McLafferty ion rearrangement. Characteristic fragments at
m/z = 180, 166, 152, etc were also diagnostic. They were formed by the loss of a
fragment containing the carboxyl group by cleavage between carbons 5 and 6 with

the addition of a rearranged hydrogen atom.

By looking at IR of oleic acid and methyl oleate (Figure 3.18 (a and b)), the
main differences in the two spectra occurred due to the transference of the

carboxylic acid in oleic acid to methyl ester group. First, the strong broad band of
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O-H stretch in spectrum 3.42 (a) changed to a strong narrow band related only to
the C-H stretch in the spectra (b). Second, the carbonyl (C=0) stretch at 1712 cm™
in the spectrum (a) (acid) changed into a sharp band at a slightly longer wavelength
(1745.9 cm™) in the spectrum (b). These differences were confirmation of the

formation of methyl oleate ester from oleic acid.
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Figure 3.18: IR spectrum for (a) oleic acid and (b) methyl oleate.

Similarly, the mass spectrum of linoleic acid (Figure 3.19 (a)) is dominated by
the hydrocarbon ions of the general formula [CrhH2n-3]" in the low mass range at m/z
109, 123, 135,149, 163 etc. The molecular ion was observed at m/z 280 with an
abundance greater than [M-18]" at m/z 262 which in accordance with published

studies.3* # In the mass spectrum of methyl linoleate (Figure 3.19 ,b), the abundant
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molecular ion is seen at m/z = 294, and the ion for the loss of the McLafferty ion
appears at m/z = 220. Then, the ion that represented [M-31]" is more abundant than
that of [M-32]*. Hydrocarbon ions of the general formula [CrH2n-3]* dominatein the
lower mass range (m/z = 109, 121, 135, 149 etc).
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Figure 3.19: Mass spectrum of (a) linoleic acid and (b) methyl linoleate.

Similar to the previous fatty acids, IR analysis has been carried out for the
linoleic acid before and after esterification to confirm the transformation of the
carboxylic group to methyl ester group. Figures 3.20 (a and b) show the difference
between the two forms by the differences in their peaks. O-H strong broad band of
the linoleic acid in the spectrum (a) disappeared in the corresponding ester spectrum
(b). Moreover, the peak corresponding to the carbonyl stretching in the IR
spectrum of acid was seen as wider, stronger and at a shorter wavelength than in the
ester form.
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Figure 3.20: IR spectrum of linoleic acid (a) and methyl linoleate (b).

Most published work focussed on calculating the percentage of each fatty acid
to the total content of fatty acids after its conversion to the ester form for all of them
(free and conjugated forms) as illustrated in the palmitic acid,336:38-4135434546 A
study by Eisenmenger et al., quantified the free fatty acid in the wheat germ oil
within a range between 0.2 to 7.9 mg g* which included the extracted amount of
these acids in that study. It is important to emphasise that the spiking of the oil
sample with standards of minor components encouraged the separation of the fatty
acids by the effect of intermolecular attractive forces as mentioned in subtitle 3.3.3.
The difference between the concentrations of extracted oleic and linoleic acids

together from vegetable oils and spiked extracted amount with 0.3 mg mL"* from
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standards solutions of minor components is not equal in all types of oils (Figure
3.21).
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Figure 3.21: The relative quantities of oleic and linoleic acids together in

different vegetable oils.
3.3.3.3 Extraction and analysis of a.-tocopherol

One of the common peaks among the GC/MS investigations of the studied
vegetable oils in this research was proved to be to a-tocopherol. Table 3.4
summarises the extracted a.-tocopherol from the vegetable oils in this study in the
first column and from the spiked oils with 0.3 mg mL? of a standard solution of o-

tocopherol.

The mass spectrum of the peak at 14.9 min seen in the GC referred to o-
tocopherol. According to Nagy et al., *° the presence of a-tocopherol in the sample
could be demonstrated using mass spectra Figure 3.22. The marker ions for
detecting and confirming the presence of o-tocopherol were the molecular ion at
m/z 430 and the dominated fragment of [Ci0H1302]" was observed at m/z 165,
which was representing the ion after opening the ether bond and loss of the side

chain 2,6,10,14-tetramethylpentadec-1-ene.*4°
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Table 3.4: The concentrations of o-tocopherol in different vegetable oils.

Vegetable oils | Quantities Spiked quantities (mg/g)
(mg/g)
Wheat germ 0.298 £ 0.06 1.357 £ 0.34
Soy bean 0.233+0.11 1.313£0.60
Sunflower 0.277 £0.08 1.035 £ 1.27
Sesame nd 0.876 £ 0.28
Palm 0.148 +0.01 0.946 +0.81
Olive 0.256 +0.36 1.027 £0.72
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Figure 3.22: Mass spectrum of extracted a-tocopherol (upward) and NIST

mass spectrum (down).

It was observed that this component showed a wide difference between the

extracted quantities with spiking and without spiking the oil sample with a known

concentration of the standard solution of a-tocopherol. This had been observed in a

report by Feng et al., who carried out the extraction of a-tocopherol using a

molecularly imprinted polymer that was synthesised from MAA as a functional

monomer and EGDMA as a cross-linker.>* Feng et al. observed that the increase of
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the initial concentration of a-tocopherol led to the increase of the adsorption

capacity of the molecularly imprinted polymer (Table 3.4).34

Although the extracted amounts of a-tocopherol from oils without spiking
was very small compared to the extracted amount from the spiked samples, the ratio
between the extracted amounts from the spiked oil samples are in agreement with
the published results of Schwartz et al. on some of these oils including: wheat germ
(1.92 mg g1), sesame (0.079 mg g1), sunflower (0.59 mg g*) and olive oil (0.24
mg g1).1® The highest extracted amount was from wheat germ oil and the lowest
was from sesame oil (Figure 3.23). The extracted amount of a-tocopherol from
unspiked wheat germ oil is close to the extracted amount of it reported by Gonzalez
et al., which was 0.384 mg g™* from wheat germ oil and 0.485 mg g* from sunflower
0il.5352 In addition, the content of a-tocopherol was found to be the highest in wheat
germ oil (1.357 mg g!) which was consistent with the published data reported by
Ghafoor et al. (2017) (1.3 - 2.5 mg g'!) and in Kumar and Krishna (2013) (1.6 mg
g'1).133% Sunflower oil is the second highest source of a-tocopherol (0.277 mg g1)
in non-spiked oil and 1.035 mg g *in spiked oil which is close to the published range
in unsaponifiable matter reported by Galea et al. (0.416 mg g1),> and Ballesteros
et al. (1996) (0.473 mg g1).%>* Similarly, in olive oil the extracted amount (0.256 mg
g} of a-tocopherol was found to be close to the published quantities reported by
Ballesteros et al. (0.175 mg g1),>* Grigoriadou et al. (2007) (0.161 - 0.222 mg g
1% and Galea et al. (2010) (0.530 mg g1).3

H Oil solution

Spiked oil solution

Concentration mg n'!
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Vegetable oils

Figure 3.23: The relative quantities of a-tocopherol in different vegetable oils.
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However, the extracted a-tocopherol is higher than the reported quantity by
Ballestsros et al. (0.409 mg g, Hegde (0.12 mg g'!) and Gharby et al. (0.010 mg
g!) from wheat germ oil.*>544° Regarding the other types of vegetable oils such as
soybean and palm oils, the extracted level of a-tocopherol (0.233 mg g?) is slightly
higher than of those recorded in the previous work. For example, a-tocopherol has
been extracted from soybean oil ranged between 0.0109 - 0.0143 mg gt in the
reports produced by Lee et al. and Dijkstra and Kim 3867 |n palm oil, a-tocopherol
quantified in the current study at (0.148 mg g1), while it was reported at lower
concentration (0.0202 mg g') in Gibon et al. which could be refered to the
difference of the extraction method and conditions.®® a-tocopherol is available at
low content in sesame oil; therefore, it has not been detected without spiking the oil
sample and detected at the lowest amount compared to the other vegetable oils in
this study. By comparing this to the previous studies on a-tocopherol content in
sesame oil, it was found that a.-tocopherol was detected at a very low concentration
(0.03 — 0.7 mg g?) in Schwartz et al. which could be below the detection level of

a-tocopherol in this study which was determined at 0.04 mg g.16
3.3.3.4 Extraction and study of phytosterols

The next group of compounds are among the phytosterols family which are
available in free and esterified forms.'6185 As the current method was applied only
to the oil solution without any pre-treatment, the extracted phytosterols are in free

forms only.
Campesterol

This is the first free phytosterol separated within GC/MS at a retention time of
15.7 min. Table 3.5 shows the extracted campesterol from each vegetable oil and

spiked with 0.3 mg mL* of phytosterol mixture of standard solution.
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Table 3.5: The concentrations of campesterol in different vegetable oils.

Vegetable oils | Quantities Spiked quantities
(ma/g) (mg/g)
Wheat germ 0.489 £ 0.36 0.573 £ 0.06
Soy bean 0.251+0.03 0.344 +£0.04
Sunflower 0.058 +0.03 0.186 +0.21
Sesame 0.317 +£0.11 0.457 £0.21
Palm 0.074 £0.01 0.131+0.01
Olive 0.075+0.11 0.242+0.01

The mass spectrum of this peak was compared with the NIST library that
suggested the peaks corresponding to campesterol (Figure 3.24). In the mass
spectrum, the molecular ion [M]* is observed at m/z 400. The typical fragments of
campesterol are observed at m/z 385 for the ion [M-CH3]*, m/z 382 for the ion [M-
H>O]" and m/z 367 for the fragment [M-CHs-H20 1*.%° It was observed that spiking
the oil samples lead to optimise the separation of phytosterols and obtain a great
amount of them. The quantitative data is comparable with the results reported by
Eisenmenger et al. for wheat germ, sunflower, sesame and olive oils and Purcaro et

al. for palm oil.16:36.61,62
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Figure 3.24: The mass spectrum of campesterol.

The quantitative amounts of campesterol in vegetable oils reported in literature
were found to be close to the obtained values in this research. For example, the
quantities of campesterol reported in literature are 0.074 mg g-*in palm oil (Purcaro
et al.,) %3, 0.068 mg g in sunflower oil and 0.059 mg gt in olive oil (Schwartz et

al.)’®, and from wheat germ oil the amount ranged between 0.5 to 1.7 mg gt as
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reported by Eisenmenger et al.>® All of these mentioned amounts are in accordance

with the extracted amounts of campesterol from the oils in this study.

M Oil solution
0.60
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Figure 3.25: The relative quantities of campesterol in different vegetable oils.

Campesterol is typically available at low concentrations in vegetable oils
compared to other phytosterols, and it was quantified at the lowest amount in olive

oil and the highest concentration was found in wheat germ oil (Figure 3.25).
Stigmasterol

The next type of common phytosterol in the vegetable oils is stigmasterol.
Table 3.6 represents the quantities of stigmasterol in the oil sample alone and the

spiked oil samples with 0.3 mg mL™! of standard solution of phytosterol mixture.
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Table 3.6: The concentrations of stigmasterol in different vegetable oils.

Vegetable Quantities mg g* | Spiked quantities mg g*
oils

Wheat germ 0.307 £0.34 0.631 £0.06

Soy bean 0.517 £0.13 0.956 £0.29
Sunflower 0.146 £ 0.03 0.289 £ 0.06
Sesame 0.220 £ 0.09 0.331 £ 0.05

Palm 0.125 £ 0.03 0.266 £0.10

Olive 0.008 £0.01 0.409 £0.28

The NIST library proposed that the peak at 15.9 min in the GC chromatogram

(Figure 3.10) referred to stigmasterol and that was evidenced by mass fragmentation

pattern. The molecular ion [M]" was observed at m/z 412, then the distinctive

fragments included the ion at m/z 397 for [M-CHs]*, the ion at m/z 394 for [M-
H>O]*, the ion at m/z 369 for [M-CsHs]*, the ion at m/z 351 for [M-CsHs- H,O]*
and the ion at m/z 314 for [M-C7H14]".%°
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It was observed that the ratio between stigmasteol in wheat germ, sesame,
sunflower and olive oil (Figure 3.27) are in accordance with the values mentioned

by Schwartz et al.®
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Figure 3.27: The relevant concentrations of stigmasterol in different vegetable

oil.

In addition, the extracted amount of stigmasterol in the current study is
comparable with published data in Schwartz et al.'6., Eisenmenger et al.*® for wheat
germ, with Lechner et al.? for sunflower and with Schwartz et al.'® for sunflower,

sesame and olive oils.'®
p-sitosterol

This is the major sterol in vegetable oils and has been extracted at the highest
amounts relative to the other phytosterols. The extracted quantities in Table 3.7 in
all type of oils in the current study are in accordance with the previously published

quantitative data.16:18.36.38, 61
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Table 3.7: The concentrations of -sitosterol in different vegetable oils.

Vegetable oils | Quantities mg g™ Spiked quantities mg g™
Wheat germ 1.903 +0.12 2.285+041
Soy bean 1.398 £ 0.24 1.684 +£0.59
Sunflower 0.741 £ 0.19 1.446 £ 0.37
Sesame 2.177 £0.28 2.380+0.30
Palm 0.299 £ 0.10 0.575+0.02
Olive 0.760+0.01 0.894 +0.24

By analysing the data of GC chromatogram (Figure 3.10), peak at 16.2 min of
the eluted samples was designated to B-sitosterol as suggested by the NIST library.
The marked fragments in the mass spectrum (Figure 3.28) included the molecular
ion [M]" at m/z 414, the ion [M-CH3s]" at m/z 399, the ion [M-H>O]* at m/z 396, the
ion for [M-CH3.H2O]" at m/z 381, the ion for [M-CsH13]" at m/z 329 and the ion for
[M-C7H1:0]" at m/z 303.5°
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Figure 3.28: The mass spectrum of B-sitosterol.

The conventional method to analyse this group of compounds from vegetable
oils is to transform the free form of sterols to ester form and then quantify the total
amount of sterols in ester form.®%¢2 The RDP as an adsorbent in the SPE allows to

selectively adsorb those compounds in their free form to be eluted eventually.
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Figure 3.29: The relative concentrations of B-sitosterol in different vegetable oils.

The comparison between the current measurements to the previous studies has
suggested that the quantities of B-sitosterol extracted from sunflower (1.44 mg g?)
and wheat germ (2.28 mg g%) oil are close to the reported amounts of the free
phytosterols, B-sitosterol particularly as described by Lechner et al. (1.86 and 1.75
mg g!) and Eisenmenger et al. (2.5 to 2.6 mg g*) respectively.!®3® In addition, there
IS an agreement between the current quantitative measurements extracted from
soybean oil (1.68 mg g?), palm oil (0.57 mg g?), and olive oil (0.89 mg g?), and
the published quantities stated by Dijksra et al. (1.37 mg g?), Lechner et al. (1.75
mg g'1) in soybean oil, Purcaro et al. (0.304 mg g™) in palm oil and Longbardi et al.
in olive oil (0.83 mg g1).1°3%6183 Moreover, the current amounts of B-sitosterol
were close to the published quantities as stated by Schwartz et al. for sunflower,

olive and sesame oil (Figure 3.29).16

3.3.3.5 Further minor components extraction

Sesamin:

At a retention time of 15.3 min in the GC chromatogram (Figure 3.10) of the
eluted sample from sesame oil, there is a noticeable peak that showed a component
at a very high concentration. The NIST library suggested that this compound is
sesamin and further, it was confirmed by the mass spectrum Figure 3.30. The main
characteristic peaks are similar to the documented fragments of the mass spectrum

of sesamin in several published research papers *°. The baseline is observed at
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m/z 149 corresponding to [1,3-dioxymethylenephenyl-CO]", the molecular ion was
seen at m/z 354 [M]".Other fragment ions were observed at m/z 121 for [1,3-
dioxymethylphenyl]*, at m/z 135 for [1,3dioxymethylenephenyl-CH2]", at m/z 161
for [1,3-dioxymethylenephenyl-CHCHCH2], at m/z 203  for[M-
(1,3dioxymethylenephenyl-CHO-H)]*, and 336 [M—H.0]*.55-¢7
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Figure 3.30: The mass spectrum of sesamin.

The presence of sesamin was approved eventually by spiking the sesame oil
with 0.3 mg of sesamin and comparing the retention time with the peak of sesamin
solution which appeared identical. The standard solution of sesamin in hexane was
used to produce a calibration curve that was used for calculating the eluted amount
of sesamin from sesame oil using the optimised protocol in this study. 3.122 + 0.877
mg g in sesame oil and 3.566 + 0.455 mg g in spiked sesame oil was extracted in
the current study. These measurements are in accordance with the published
quantities in Jin et al. at (4.30 mg g'!), Wu et al. (2007) at (3.36 to 4.9 mg g™?),
Moazzami et al. at (4.44 to 16.01 mg g?) in unrefined oil and (1.18 to 4.01 mg g%)
in refined sesame oil and in Dachtler et al. at (4.74 mg g1).%6-%°

Also, two more peaks were noticed in the GC chromatogram at 3.34 and 4.5
min in case of olive oil. The integrations of these peaks were low; therefore the
suggestions of the NIST library of mass spectra were not enough to speculate them.
However, it is more likely to be one of the common free saturated fatty acids with

molecular weight less than the molecular weight of palmitic acid such as tridecanoic
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acid (13:0), myristic (14:0) or pentadecanoic acid (15:0) as published in previous

studies.’®"?
3.3.4 Method validation

The proposed method to measure the determine matrix effects was performed
by examining the percentage of the spiking standards (palmitic, oleic, linoleic acids,
o-tocopherol, campesterol, stigmasterol and [-sitosterol. Satisfactory recoveries
were determined for these solutions, with values ranging from 94-99% as shown in
Table 3.8 The purification percentage was evaluated by comparing the dry weight
of the 20% oil sample before SPE (200 £ 5 mg) and a dry weight of the eluted
sample after SPE (21.45 +4.8 mg). Considering that 18.52 + 5.2 mg of the eluted
sample constitutes a weight of the natural compounds which were quantified using
GC/MS, only 2.93 mg of the matrix is remained which is equivalent of 1.4%.

Therefore, a very high level of purification of 98.6% was achieved.

Blank samples were run to check the possibility of memory effect from the
analysis of high concentration in the calibration curve. No signal has been given
that interfered with the peaks, confirming no memory effect in the chromatographic

run.

Analysis of minor fat-soluble compounds in vegetable oils can be challenging
due to the interference from the oily matrix.!” ”2 The challenging is presenting in
the requirement of complex pre-treatment of the sample to make the hydrophobic
sample suitable for the reverse phase (RP) HPLC. Therefore, there is a demand to
develop new extraction methods to overcome these challenges and optimise simple
and efficient methods. Several published studies suggested simultaneous separation
and quantification protocols of some minor components from vegetable oils.”>7
Almost of these studies depended on optimised chromatographic separation with
appropriate detecting techniques to extract tocopherols and carotenoids from
different types of vegetable oils. However, all these methods required sample

preparation and did not include the phytosterols.

129



Table 3.8: The matrix effects of spiking 1 mL heptane with standards
solutions at known concentrations. (percentage of recovery is average of

triplicates + SD).

Standards of minor components | Spiked concentration | Percentage of recovery
(ng mL*Y)

Palmitic acid 120 96 +1

Oleic and linoleic acid 240 98+0.6

a-tocopherol 120 99+0.5

Campesterol 19.2 74.6+2

Stigmasterol 28.8 87.8+15

j-sitosterol 55.2 91+1.6

Further analysis methods have emerged to include the separation of
phytosterols beside tocopherols and other minor components such as squalene or
carotenoids.'”-">6 However, the pre-treatment processes of oil samples to separate
such compounds needed more complex processes such as methylation or

saponification, purification and derivatisation which led to loss of phytosterols.

The advantages of the developed RDP and optimised SPE protocol in the
current research over the traditional methods of extraction included the separation
of the minor compounds with 5 times dilution of the vegetable. This dilution rate
was twice improved by comparison with the 10-fold dilution applied in the
industrial protocol, leading to decrease the organic solvents waste and saving in the
resources and time. It was also exhibited that the combination of the optimised SPE
method and synthesised RDP enabled a quantitative extraction of minor compounds
from six types of vegetable oils to be performed without any additional pre-
treatment. It is important to underline that the optimised protocols and suggested
strategy could be used as proposals for the development of extraction procedures

for different groups of compounds from other natural oil-containing biomasses.
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3.5 Conclusions

An eco-friendly, economical and simple method has been developed to extract
a group of minor compounds from oil samples in heptane without any pre-treatment
of the oil sample. The proposed method has been optimised in the previous chapter
using sunflower oil, and in the current research this method was applied to five more
types of vegetable oils using spiked oil samples in heptane with the standard
solutions of the seven minor components expected to be extracted from the oil
samples. With the proposed protocol, it was possible to harvest those
physiologically-active components and then GC/MS was used for their
identification and quantification. The optimised method involved the RDP synthesis
which was used as an adsorbent in the optimised SPE protocol. The method has
successfully extracted a group of free fatty acids, a-tocopherol and three free
phytosterols from six types of vegetable oils, despite of the variability of the content
of the minor components in each one of these oils. This happened due to the pre-
customised selectivity of the polymer which was designed on the basis of common
structural features of these compounds. The quantitative results of this study were
compared to the published results from different studies using variable methods and
techniques to extract these minor components from the same vegetable oils and it

was found they were in accordance.

It can be concluded that this protocol is useful to reduce the use of organic
solvents and save the cost and time compared to the previously published methods
because there is no need for any pre-treatment or derivatisation of the free fatty
acids, a.-tocopherol or free phytosterols before the extraction. Finally, the proposed
method opened a wide field for future work on the synthesis of the customised
polymer with wide selectivity options which could have great applications in
different fields.
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Comparison between the developed RDP and commercial SPE
adsorbents for the extraction of minor compounds from

sunflower oil

4.1 Introduction

The development of efficient analytical procedures is one of the most
important scientific objectives. SPE is a widely used analytical process to perform
analyte separation and improve the performance of analysis. SPE provides several
analysis processes such as clean-up, preconcentration and preparation of samples,
which are some of the most laborious steps during the analytical techniques,
consuming in average 61% of the total time required to execute analytical
procedures.'™ SPE has been used for more than 20 years as an alternative to liquid-
liquid extraction for sample preparation in analysis of organic compounds in
industry, bioanalysis, food safety and nutrition and environmental applications.?™
SPE usually cobined to other analytical technique or preparation method to provide

a selective, cheap, quick, and environmentally friendly separation.®
4.1.1 SPE definition

SPE is an analytical method applied for the preparation of a certain sample for
quantitative or qualitative detection.'® In the SPE process, the analyte is dissolved
in a suitable solvent and removed from the solution potentially containing many
interfering compounds. The main common goals to be achieved by SPE is either

one or more of these of four purposes:
1) Concentrating the compound of interest;
2) Removal of undesirable interferences from the sample (clean-up);
3) Transform the analytes into a group of fractions;
4) Alternative storage method for the compound unstable in liquid medium.

In the SPE process, the sample is applied to one of the common formats such

as cartridge devices or discs packed with SPE sorbents or magnetic nanoparticles.’
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The different SPE sorbents are classified in terms of their separation mode, similarly
to the classification of the chromatographic stationary phases.?®-1° There are several
reviews in the literature attempted to separate the SPE sorbents into groups
possessing common features, which represent a well-defined classification for the
SPE resin that help to enhance the analytes separation and preparations
processes.»111213 The main types of SPE sorbents are reversed-phase, normal
phase, ion exchange resins and customised resins based on functionalised

polymers.1?8 Table 4.28 summarised the main features of each approach.

There are some reviews in the literature which suggest adding another group
to the sorbents types listed in Table 4.1 is known as mixed mode phases (ion
exchange and reversed phase). These group of sorbents are applicable for wide
selections of analytes as they are involved the modified reverse-phase with anionic
or cationic functional groups such as the silica-based modified resin SDB or the
polymeric resin modified with carboxylic or sulfonic acid groups.! Moreover, the
functionalised resins included a new group of the SPE resins based on molecularly
imprinted polymers (MIPs). MIPs offer selectivity, high capacity, regeneration
capability, relatively short time for preparation and low-cost extraction and
purification applications of different compounds in sustainable, natural/biological

matrices, especially if these compounds are present at trace levels.14-1’
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Table 4.1: Characteristics of the main chromatographic separation approaches.#1’

Separation Bed sorbents Analyte nature Dissolve solvent Elution solvent Common feature/s
approaches
Reversed-phase C18, C8, C2, Nonpolar or slightly | Methanol/water, Hexane, chloroform, Affected negatively
sorbents Phenyl polar acetonitrile/water methanol by presence of
silanol residual.
Effective only in
pH= 2-8
Normal-phase CN, NH,, COH, Slightly polar or Hexane, methanol
sorbents SiOH, Al,O; strongly polar chloroform,
acetonitrile

lon exchange
sorbents

Cation exchange:

NH,, (NH/NH,),

Anion exchange:

Negatively or
positively charged
analytes or
biological fluids

Anion exchange:
buffer (pH=pKa+2)

Cation exchange:

Anion exchange:
buffer (pH=pKa+2),

Cation exchange:

Affective in remove
polar compounds
from nonpolar matrix
by the hydrophilic

E:COHé):INS(CC):I:ﬁ), buffer (pbH=pKa-2) | buffer (pH=pKa-2) interactions
o pH for high ionic or
neutral analyte
Functionalised SAX, SDB, Wide range of Determined by Determined by the High capacity,
polymers MIP....etc samples: polar, thenature of analyte | nature of analyte and stability, no pH

nonpolar,
hydrophobic,
hydrophilic...

and the sorbent

the sorbent

limitation
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It is clear that the type of SPE sorbent has had a remarkable influence on the
separation process, however, Turowski and co-workers highlighted the importance
of other elements of the SPE process. For example, in case of the reversed-phase
mode, the analyte adsorbed on the sorbent was due to the hydrophobic interactions,
which are considered as weak interactions. However, the polar solvent are the
dominant effect on the interactions between the solute and the sorbent. This was
due to reduction of the surface area of the non-polar area in contact with polar sites

by the repulsion forces between the polar and non-polar molecules.*®

Moreover, the nature of the compound of interest has an important effect on
the choice of SPE resins. Courtois et al. reported that the reversed-phase separation
is mainly affected by the size and the shape of the solute, while normal-phase
separation depends on the selectivity interactions of the polar functional groups of

solute with polar sorbent.®

During the SPE, the analyte of interest is partitioned between a solid phase and
a liquid matrix. The analyte/s that has/have higher affinity to the solid phase than
towards the sample matrix will be retained on the stationary phase. This process is
called retention or adsorption, which is opposite of the other process called elution
or desorption. In elution, the retained compound/s on the stationary phase will leave
the stationary phase to eluent if it/they has/have a higher affinity towards the eluting

solvent than towards the stationary phase.%2°
4.1.2 Main steps of SPE

The SPE process is performed in four steps, namely: condition, loading,

washing and elution.
4.1.2.1 Condition

This step involves the conditioning of the cartridge with a solvent to wet the
sorbent. An appropriate solvent is passed over the stationary phase that activates the
stationary phase particles. The importance of the conditioning process varies from
one to another type of SPE sorbents. For example, in reversed-phase separation

systems the stationary phase should be kept wet by the conditioning solvent,!
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however, functionalised polymers are less sensitive to being dry before the loading
step.® Simpson explained the importance of the conditioning of C18 sorbent through
the comparison between loading a polar sample such as urine or drinking water on
dry C18 and after conditioned with polar solvent such as water or methanol.*® It was
found that the environment surrounding the organic moieties of the sorbent became

highly polar which in turn led to a more efficient SPE process.
4.1.2.2 Loading (retention)

The loading step is adding a certain amount of the analyte matrix that contains
the compound of interest to be retained in the cartridge that is packed with a specific
amount of the stationary phase. Preferably, the analyte and some impurities (in some
cases) are retained on the sorbent. The retention is the process by which the analyte
is retained in its solid state on the surface of the stationary phase after applying the
solution of the sample matrix.®?! The analyte retains on the stationary phase by
several types of intermolecular interactions, which is determined by the
characteristics of the sample matrix, the binding types and strengths between the
compound/s of interest and the surface of the stationary phase and its affinity

towards solvent molecules.®18
4.1.2.2.1 Mechanisms of retention on SPE stationary phases

To determine the appropriate SPE sorbent, it is useful to have knowledge about
the compound of interest in terms of the analyte matrix, pH, solubility, chemical
structure including the functional group/s and the ionic strength to speculate the
forces that possibly bind this compound to the solid surface.®?° The retentive
properties of the sorbent of SPE are due to the intermolecular interactions between
the analyte molecules and the stationary phase particles with forces such as van der
Waal and Coulombic. There are several types of intermolecular interactions
including electrostatic, hydrogen bonding and hydrophobic interactions as
demonstrated in Figure 4.1. Each type of interaction includes one or more sub-
type/s. The retention of the adsorbent on the surface of the sorbent could be occurred
due to one or more of these forces in the same time. 81122 The recent tendency of

separation research is directed to develop the sorbent that could provide more than
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one type of interactions by modifying them with polar and nonpolar moieties, thus,
providing an applicable sorbent that could be used in wide range of analytes.*®%

~

Sorbent particleAnalyte molecule

+
-4
+

7

Electrostatic bonding Hydrogen bonding Hydrophobic interactions
Electrical attractions between Formation a hydrogen bond Weakly bonded between two
two partially charged parts between H-acceptance and nonpolar surfaces

\w\ith opposite charges H-donor moieties J

Figure 4.1: Illustration of the possible intermolecular interactions between the

analyte and surface of the stationary phase in SPE.

Buszewski et al. and Dmitrienko et al. reported that the most commonly used
are silica-based sorbents. However, considerable effort has been made to develop
the stationary phases with high retentive properties, high capacities, excellent
efficiencies and performed hydrophilic/nydrophobic balances.®9-1121.24 M|Ps are
the most common example of the development of the SPE sorbent that has exhibited
distinguished successful achievements in the sample preparation science.?-2° The
retention process in this type of SPE sorbent is based on the pre-synthesis of the
polymer using the target molecule as a template. The synthesis of MIP includes the
polymerisation of functional monomers and cross-linkers around the target
molecule (template) and the subsequent elimination of the template molecules
leaving cavities with specific recognition sites that are complementary in shape,
size, and spatial arrangement to the template molecule.”*° Therefore, the retention
process of the target is determined by the type of functional monomers and cross-

linkers that have been used in the polymerisation.

The strength of intermolecular interactions varies from 1 to 200 k cal mol* as
is shown in Figure 4.2 and in one type of resin one or more types of intermolecular

interaction could bind the analyte to the stationary phase.

145




» (50-200) kecal/mol > Electrostatic forces
» (5-10) kcal/mol - Hydrogen-bonding

» (1-10) keal/mol > Polar, dipole-diploe, dispersion forces (London)

> 1w — m Interaction

Figure 4.2: Binding energy of different types of intermolecular interactions.

There is a continuous development of the stationary phases for SPE that
exhibit sufficient capacity and excellent selectivity. The most commonly used SPE
sorbents are among the four types: silica-based types, oxides of metals, carbon-
based types or polymer-based sorbents. Qureshi et al. suggested that polymer based
sorbents have an advantage over silica-based and oxides of metal sorbents due to
being less sensitive to drying out after conditioning and have less impact of variation
of pH.?! These polymer based sorbents show enhanced retention of highly polar
analytes such as phenols. In addition, these sorbents with a high surface area exhibit
a high degree of hydrophobicity that leads to large capacity. On the other hand, the
silica active and oxides of metals have limitations by the condition of that the
sorbents must be wet with the condtioning solvent before applying the sample
(loading step), effective in the limited range of pH and the presence of highly active

sites that cause the secondary interaction leading to reduce the efficiency.
4.1.2.3 Washing

To reduce the interferences that may be adsorbed on the stationary phase at
the same time as the compound of interest is retained during loading step, it is
essential to wash the SPE cartridge with an appropriate solvent that has a greater
affinity for the co-retained compounds to desorb and leave the SPE cartridge.
Meanwhile, this solvent should not disrupt the interactions between the compound

of interest and the resin to allow it to be eluted in the next step.
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4.1.2.4 Elution:

The step by which the extraction of the compound of interest is carried out
from a mixture using an appropriate solvent is called as elution, which makes the
componds more suitable for analysis. When a liquid mobile phase (eluent) provides
more affinity for the analyte than the solid stationary phase, then the compound of
interest leaves the solid surface to this liquid. Subsequently, the compound of
interest can be collected in the liquid as it exits the SPE device. Recent studies have
shown that silica based SPE sorbents, oxides of metals, carbon-based sorbents and
polymer-based sorbents are the most commonly used.># In the literature, a range
of attempts and methods has been mentioned to develop the silica based stationary
phases to improve the quality of the separation and the variety of the purified
samples. It was done by modification of the silica surface by immobilising
functional groups to enable either hydrophobic or hydrophilic interactions between
the analyte and the solid surface. As an example, Qureshi et al. presented Oasis
HLB as a polymer-based sorbent that was produced by polymerisation of lipophilic
DVB and hydrophilic N-vinylpyrrolidone, making a hydrophilic—lipophilic
balance. The Oasis HLB sorbent has been applicable in SPE for many polar or

apolar analytes.?

The principles of the relationships between the main elements of the SPE
process are shown in the Figure 4.3. Silica-based sorbents have advantage of the
large surface area and versatility to be derivatised. However, they suffer from some
drawbacks, such as being unable to be used in pH outside the range 2-8, as silica
dissolves in high pH. Moreover, silanol groups are easily ionised causing highly

active sites on the silica particles.

147



Analyte

Mechanisms of Mechanism of separation
adsorption and compound from the
desorption sample solution

Sorbent {p— Matrix

Clean-up (effective matrix removal)

Figure 4.3: The relationships between the main elements of SPE.

In some extraction processes, the silica should be kept wet before applying the
sample of the analyte. Therefore, there is an inevitable demand to develop a cost-
effective sorbent that combined the selectivity and diversity of purified samples.
The polymer-based sorbents have gained more attention for improvement as their
development overcame all the difficulties associated with silica-based sorbents. In
this chapter, a study has been presented which demonstrates a comparison between
the optimised SPE polymer (RDP), which was exhibited in the second chapter, and
some commercially available resins in terms of their retention properties and their
recovery under the proposed SPE protocol suggested in the second chapter of this

thesis.
4.2 Materials and methods
4.2.1 Chemicals and reagents

Unrefined sunflower oil was purchased from Activecare through
Amazon.com. The commercial names of the SPE sorbent used in this study are PAH
(Isolute, UK), Vac (Waters, Ireland) Phenyl, SAX and SDB (Phenomenex, UK).
The synthesis of adsorbent RDP was described in the second chapter. Methanol,
heptane, n-hexane and acetic acid were obtained from Fisher Scientific (UK). All

solvents were of HPLC quality grade and used without any purification.
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4.2.2 Equipment and analysis techniques

Three-mL SPE cartridges were each packed with 100 mg of all SPE sorbents
and used in combination with a vacuum manifold (Supelco, UK). All SPE
experiments were repeated three times. The quantification of the minor components
was performed using the Gas Chromatography-Mass-spectrometry (GC/MS) set-up
(Perkin Elmer, TurboMass, UK) using a 30 m x 250 pm, 0.25 mm 1.D., ZB-5
capillary column (Phenomenex, UK). Helium gas was used as the mobile phase to
carry the sample at a flow-rate of 1 mL min* at 200 °C. After injection of 10 uL of
the sample at 200 °C, the temperature of the GC oven was raised by 10 °C min to
350 °C and held for 3 min.

To assess the performance of RDP, 100 mg of six different types of
commercially available sorbents were packed in SPE cartridge.?®> The commercial
names of the SPE sorbent in this study are C18, PAH, Phenyl, SAX, SDB, Vac and
RDP. The optimised SPE protocol included following steps: a conditioning 100 mg
of adsorbent packed in a 3mL cartridge with 1 mL of hexane, loading of 1 mL of
20% sunflower oil in heptane, washing the cartridge with 1 mL of 60% methanol
and then, elution using 3 mL of methanol with 5% acetic acid. The collected eluent
from each cartridge was evaporated to dryness and reconstituted in 1 mL of hexane
to be analysed with GC/MS. Using calibration curves for each of the minor
components (Table 3.1 in the chapter 3 and Appendix 2), it was possible to calculate
the concentrations from the integration of each peak in GC/MS chromatogram
corresponding to each component. Subsequently, calcultion of the loading capacity

and percentage of recovery for each sorbent.
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4.3 Results and discussion

The goal of the experiments described in this chapter was to compare the
performance of the synthesised RDP resin with a group of commercially-available
SPE cartridges. An examination of the optimised SPE protocol with different SPE
sorbents was carried out. The comparison was made by packing 100 mg of each
sorbent in 3-mL SPE cartridges and applying the optimised SPE process in the
second chapter. The samples, which were collected from each cartridge and after
the three steps of SPE namely: loading (unbounded sample), washing
(interferences) and elution (eluted sample), were evaporated and reconstituted in
hexane to be analysed with GC/MS. The integration of each peak was converted to
concentration using the calibration curves of the minor compounds of sunflower oil
and was presented in the second chapter. The results were presented for each step

to all sorbents as follows:
4.3.1 After loading

The loaded sample in each cartridge was 1 mL of 20% of sunflower oil in
heptane. It was passed through the cartridge under vacuum using the manifold
device. The concentration of the minor components in the collected samples
indicated the unabsorbed amount of these compounds. The concentrations of these
samples indicated the retentive properties of the sorbents in this study (Table 4.2,
Figure 4.4).

150



Table 4.2: Concentration of the minor components in the samples lost during loading (mg g™).

SPE steps | Stationary | Palmitic Oleic and a-tocopherol | Campesterol | Stigmasterol | B-sitosterol | Total
phase acid linoleic acids (mg)

After C18 0.302 +0.02 | 1.080 +0.05 0.093 +0.03 0 0 0 1.475

loading
PAH 0 0 0 0 0 0.056 +0.03 0.056
PHENYL 0.056 +0.004 | 0.162 +0.03 0.043 +0.02 0 0 0 0.225
SAX 0 0 0 0 0 0 0
SDB 0.011 +£0.02 | 0.915 +0.03 0.083 +£0.03 0 0 0 1.009
Vac 0 0 0.055+0.02 0.010 £ 0.004 0 0.017 +0.02 0.082
RDP 0 0 0 0 0 0 0
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It was noticed that the most retention has occurred in SAX and RDP where
GC/MS detected no compounds in the collected samples from these cartridges.
Further, PAH has shown only 0.056 mg g from B-sitosterol that was passed
through the cartridge. On the other hand, the least retentive sorbent was C18, which
allowed the largest amount (total sum as 1.5 mg) of the minor compounds to leave
the cartridge. By comparing the sum of the amount of unabsorbed minor
compounds, it was found that their order from the least to the highest is as follows:
C18 < SDB < Phenyl < Vac < PAH < SAX < RDP. It was found that the resins C18,
Phenyl, SAX and SDB were presented in the literature as silica-based sorbents. C18,
SDB and Phenyl showed poor retention comparing to the rest of the resins.
However, Phenyl and C18 have been used effectively for lipid extraction under
different conditions.#232% Therefore, the reason for the poor performance of these

sorbents could be due to that the SPE conditions were inappropriately for them.
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Figure 4.4: Statistical demonstration of the concentration of the compounds which were not absorbed during loading.

153



4.3.2 After washing

The optimised solvent (i.e. 60% methanol in water) for washing out the
interferences was based on the proposed method as described in the second
chapter.?> Applying this solvent for the washing step resulted in good outcomes as
the cartridges SDB, Vac and RDP in this study retained all the compounds of
interest as shown in Table 4.3, Figure 4.5. Moreover, the sorbents C18, PAH,
Phenyl and SAX lost small concentrations of the heaviest group of compounds (a-
tocopherol and phytosterols) with exception of Phenyl that lost some of the fatty

acids with a-tocopherol.

The result showed in table 4.3 indicated that 60% methanol was a suitable
washing solvent for the sorbents SDB, Vac and RDP, where none of the minor
compounds were desorbed. The sorbents C18 and SAX lost some of [3-sitosterol.
However, 60% methanol was not suitable as a washing solvent for Phenyl, as a
considerable amount of the fatty acids and a.-tocopherol were desorbed. Alongside,
it proved to be an inappropriate solvent for the sorbent PAH, which lost a-

tocopherol and some of the phytosterols.
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Table 4.3: Concentration of the minor components in the samples after washing (mg g).

SPE Stationary | Palmitic Oleic and a.-tocopherol | Campesterol | Stigmasterol | B-sitosterol | Total (mg)

steps phase acid linoleic acids

After C18 0 0 0 0 0 0.084+0.03 0.084

washing
PAH 0 0 0.229+0.04 0.113+0.02 0.056+0.04 | 0.267+0.02 0.665
PHENYL 0.013+0.03 1.31+0.02 0.088+0.01 0 0 0 1.411
SAX 0 0 0 0 0 0.180+0.02 0.180
SDB 0 0 0 0 0 0 0
Vac 0 0 0 0 0 0 0
RDP 0 0 0 0 0 0 0
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Figure 4.5: Statistical demonstration of the concentration of the compounds which were lost during washing.
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4.3.3 After elution

The elution step was carried out by adding 3 mL of methanol with 5% acetic
acid to the SPE cartridges, then collectting the eluent after passing the sorbents.
Afterwards, the solvent was evaporated and the residues were reconstituted in
hexane to be analysed using GC/MS. It was possible to calculate the concentrations
using the integration of the peaks and the calibration curve for each compound
(Table 4.4, Figure 4.6).

To compare the recovery of SPE from the seven types of sorbents in the current
study, it was essential to consider the total amount of the separated compounds and
the types of eluted compounds in Table 4.4. Regarding the diversity and quantity of
the extracted minor compounds, RDP and PAH were far superior to other SPE
sorbents with 6.759 and 5.095 mg g, respectively of the separated minor
compounds from the sunflower oil solution. The purification using these adsorbnets
resulted in the largest number of the compounds under the study that were identified
using GC/MS. Moreover, Phenyl and VVac showed the various range of the extracted
compounds with less of the total compounds extracted. Purificaiton using SAX and
SDB resins allowed to purify fewer variety of the extracted compounds, in general
it was only the fatty acids and a-tocopherol which were extracted in even lower
quantities that when other resins were used. C18 showed the least amount of
extraction including only fatty acids and a-tocopherol and this is expected (in terms
of the quantity) as this adsorbent has shown the highest loss of unadsorbed

compounds after loading.
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Table 4.4: Concentration of the minor components in the samples after elution (mg g™).

SPE Stationary | Palmitic Oleic and a-tocopherol | Campesterol | Stigmasterol | B-sitosterol | Total (mg)

steps phase acid linoleic acids

After | C18 0.004+ 0.003 | 0.319+0.02 0.011+0.002 0 0 0 0.334

elution
PAH 0.129+ 0.03 4.589+1.02 0.022+0.004 0 0 0.355+0.04 5.095
PHENYL 0.005+0.002 1.188+0.3 0.033+0.002 0 0.011+0.005 | 0.035+0.005 1.272
SAX 0 0.997+0.04 0.141+0.03 0 0 0 1.138
SDB 0.016+0.003 | 0.710+0.03 0.028+0.001 0 0 0 0.754
Vac 0 1.509+0.05 | 0.046+ 0.004 | 0.016+0.003 0 0.003+0.003 1.794
RDP 0.286+0.02 5.749+ 0.5 0.121+0.002 | 0.054+0.005 | 0.291+0.02 | 0.258+0.021 6.759
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Figure 4.6: Statistical demonstration of the concentration of the eluted compounds.
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4.4 Conclusion:

Based on the time of this research, limited comparison between RDP and some
commercially availble cartridges was made. Using optimised SPE protocol, the
comparison between six commercially available resins and RDP has shown
distinguished efficiency of RDP to extract the group of minor components from
20% sunflower oil in heptane with minimum of organic solvents. Moreover, the
optimised protocol has enabled to achieve an almost similar and good result with
carbon-based polymer PAH. Despite the possibility to extract some of the minor

component using the other sorbents they were not as effective as developed RDP.
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Comparison of the selectivity and capacity of the three different

formats of molecularly imprinted polymers

5.1 Introduction

Molecular imprinting technology is a widely accepted synthetic approach to produce
pre-designed polymeric materials with memory to a specific template (or its analogues)
presented during polymer preparation.? The main attractive feature of the molecularly
imprinted polymers that makes them applicable in separation studies is the selectivity.'?
MIPs have been applied in different research fields based on the capability to recognise

the specific structure and three dimensional shape of the functional groups.

According to Koesdjojo et al., there are a number of successful examples of using
MIPs in separation science # and sample preparation or concentration before the analysis.
MIPs have been used as stationary phases for SPE.>® There are many successes examples
that have been reported in the pharmaceutical, cosmetic, and nutraceutical industries where
selective MIPs have been used to these compounds. For example, selective microparticles
MIPs have been reported to extract kukoamine from potato peel, the antibiotic tylosin

andephedrine.”®

More than 40 years ago, many published studies attributed to the development of
molecularly imprinted technology under the same simple concept of using the molecular
template to create recognition sites. Although the great number of successful applications
of these materials, several reviews have suggested that bulk MIPs have some limitations
that require more research and improvements. One of the main drawbacks of MIP is an
irregular shape of the resultant bulk MIPs particles produced after grinding and
sieving.131011 MIPs are highly stable materials and can withstand high pressure,
temperatures, organic solvents and different ranges of pH, which made them relevant for
the chromatographic applications.%*21® However, it is claimed that the physical
appearances (polydispersity) of MIPs have a significant impact on the efficiency of their
chromatographic performance.®'%1! The irregular shape of the MIP microparticles,
obtained by grinding of the bulk polymer, hinders the complete removal of the template
molecules that are located in the interior area of the particles due to the high cross-linking
nature of the MIP particles. Therefore, the difficulties of removing the template molecules

from internal binding sites contribute to the reduction of the rebinding capacity and cause
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poor site accessibility to target molecules.'! Therefore, there are many studies that have
introduced alternative synthetic processes such as those based on the surface imprinting
approaches to generate uniform polymer particles,* for example, suspension,4

precipitation,'® emulsion'® and dispersion'” polymerisations.

MIP synthesis has been developed to overcome these limitations through the new
generation of the molecularly imprinted polymers. Synthesis MIP in nano-structured can
be one of the attempts to controlling the position of the templates to be only on the surface
of the particles, offering the thorough removal of template molecules. The original
initiative to enhance the MIPs nanostructure was to optimise the uniformity of the
polymeric materials by increasing the surface area-to-volume ratio, leading to better
separation performance and to minimise the variation of the produced polymer
particles.'! However, the synthesis of MIP nanoparticles does not have the same degree
of simplicity of preparing bulk MIPs that can be prepared in any moderately equipped
lab.*® Various approaches were developed for the synthesis of molecularly imprinted
polymer nanoparticles (MIP NPs) such as core-shell approaches, precipitation

polymerisation, emulsion polymerisation, and living radical polymerisation processes.**°

The main goal of this chapter was to compare the main characteristics of the
microparticles RDP and MIP and magnetic nanoparticles (MIP NPs) and discuss their
advantages for particular separation and purification needs. In addition, to complete the
framework of this thesis, this chapter includes an optimised protocol of solid-phase
synthesis of molecularly imprinted polymer nanoparticles (MIP NPs) specific for a-

tocopherol based on the procedure recently developed by Leicester Biotechnology Group.
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5.2 Materials and methods
5.2.1 Chemicals and reagents

Ethylene glycol dimethacrylate (EGDMA), 1,1'-azobis (cyclohexane carbonitrile),
methacrylic acid (MAA), tri-methylolpropane tri-methacrylate (TRIM) and methanol
were purchased from Sigma-Aldrich, UK. a-tocopherol was purchased from Santa Cruz
Biotechnology (UK). Acetonitrile, iron (11, 111) oxide, ethyl acetate, heptane, n-hexane, dry
toluene, 3-(trimethyloxysilyl) propyl methacrylate and acetic acid were obtained from
Fisher Scientific (UK). Dimethylformamide was obtained from Acros Organics (UK). All
solvents were of HPLC-quality grade and used without any purification. N, N-
diethyldithiocarbamic acid benzyl ester (iniferter) was synthesised in the lab by a member
of the group. Glass beads (diameter, 70 - 100 um) (Potters, Spheriglass A-Glass cat. no.
2429, CP 00), Blagden Chemicals, UK. Phosphate buffered saline (PBS), N, N’-
diisopropylethylamine (DIPEA), (3-glycidyloxypropyl) trimetoxysilane) (GOPTS), N-
ethyldiisopropylamine (EIPA), Sodium hydroxide (NaOH) and sulfuric acid (H2SOa) were
purchased from Sigma-Aldrich, UK

5.2.2 Equipment and analysis techniques

The quantification of the a-tocopherol in the different experiments was performed
using the Gas Chromatography-Mass-spectrometry (GC/MS) set-up (Perkin Elmer,
TurboMass, UK) using a 30 m x 250 pm, 0.25 mm I.D., ZB-5 capillary column
(Phenomenex, UK). Helium gas was used to carry the sample at a flow-rate of 1 mL min-
1 at 200 °C. After injection of 10 uL of the sample at 200 °C, the temperature of the GC

oven was raised by 10 °C min-* to 350 °C and held for 3 min.

Surface Area Analyser and Porosimeter (Quantachrome, UK) was used for the
measurement of the surface area of bulk microparticles (MIP and RDP). The size of the
nanoparticles was analysed using a Zetasizer Nano (Nano-S) from Malvern Instruments
Ltd (Malvern, UK) in a glass cuvette at 25 °C.

UHPLC/DAD/MS was used for analysing the samples of a-tocopherol in the
experiment of incubation with MIP NPs. It consists of UHPLC (Waters Acquity UPLC),
UV detector (DAD) (Waters PDA e\ detector), MA (Waters Xevo G2XS QTof), (+ESI)
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ionisation and C18 column, 1.7um, 2.1 mm x 50 mm (Waters UPLC BEH) with solvent

system 100% acetonitrile for 2 min run and 1 uL injection of the sample.
5.2.3 Synthesis of the microparticles of bulk polymer (RDPs and MIP)

The bulk polymers RDP and MIP were prepared using the same monomeric
composition that was mentioned in the second chapter for synthesis of the RDP. The
synthesis of the polymer has started with the molecular modelling that has been presented
in the second chapter as well. Then, synthesis of MIP involved adding a-tocopherol as a

template in the polymerisation mixture, while it was not included in the synthesis RDP.
5.2.4 Preparation of the bulk MIP

The bulk MIP was prepared based on the optimised formulation that was mentioned
in the second chapter with some modification associated with the presence of the template

in the case of MIPs as follows:

MIP was prepared using the free radical polymerisation to produce the polymers in
a bulk form. The used ratio of monomer: cross-linker by mass was 1:9, then the addition
of the template was 5% of the monomer mixture, which was included in the amount of the
cross-linker as follows: the polymer was prepared by weighing all the components of
polymerisation mixture. Firstly, 1 g of MAA (10%) and 0.5 gm of a-tocopherol with 8.5
g of EGDMA (90%) were dissolved in an equal weight of dimethylformamide (10 g), then,
0.1 g of the initiator 1,1' azobis (cyclohexane carbonitrile) was added. All the components
were dissolved using an ultrasonic bath for 5 min. Then, the monomeric mixture was
deoxygenated by purging it with the nitrogen for 10 min. The vial with the monomeric
mixture was tightly closed with cap, additionally secured using parafilm and thermo-
polymerised at 80 °C for 24 h. After 24 hours, the polymer was removed from the vial and
ground using electrical mortar. The resulting particles were sieved and the polymer
fraction with a size between 63 to 125 um was collected. The prepared polymer fraction
was washed for 36 hours using Soxhlet extraction with methanol: acetic acid (9:1 v/v).
The MIP was further washed with methanol in order to remove the remaining acetic acid.
Then, the polymer was dried in the oven at 70 °C. To test the complete wash of MIP and
removal of a-tocopherol from imprinted cavities, the polymer was packed in SPE

cartridges and eluted with the solvent (ethanol containing 5% acetic acid). No o-
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tocopherol was detected in the elution sample that was analysed using the UV-Vis

spectrophotometer. All experiments were repeated three times.
5.2.5 Characterisation of the MIP particles
Surface area

As it was done with RDP, the surface area of MIP was measured using the multi-
point Brunauer, Emmett and Teller (BET) method using the Surface Area and Pore
Volume Analyser (Quantachrome, UK).2% The total pore volume and average pore

diameter were evaluated using the 45-point isotherm curve.
5.2.6 Recognition of MIP towards a-tocopherol

Three different amounts of MIP (50, 100, 500 mg) were incubated in 2 mL of 2 mg
mL? of a-tocopherol in heptane for 4 hours. Then, a-tocopherol analytes were filtered and
dried under nitrogen, then, dissolved in hexane before measuring the unbounded o-
tocopherol. Then, the concentration of a-tocopherol was measured by using UV
spectroscopy and compared to the calibration curve of a-tocopherol in hexane to measure

to the concentration of adsorbed a-tocopherol was calculate as follows:

[bound a-tocopherol] = [Initial concentration of a-tocopherol]- [unbound o-
tocopherol] Adsorption % = ([bound o-tocopherol]/ [Initial concentration of a-

tocopherol])x100
5.2.7 Comparison between the microparticles MIP and RDP

This comparison between the performance of the two polymers was made by
comparing the loading capacity and the recovery from each of them. The loading capacity
was measured by weighing 100 mg from each of RDP and MIP and transferring them to
3 different vials for each polymer including 1 mL of three different concentrations: 1, 2, 3
mg mLL. After 4 hours, the polymers were filtered. The filtrates were dried under nitrogen
and dissolved in hexane to quantify the unbounded o-tocopherol using GC/MS, then, the

loading capacity was calculated as follows:
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Loading capacity= [bound template (mg)]/weight of the polymer (g)

After filtering from the incubation solution, recovery of a-tocopherol was quantified
by filtering the solution and placing the polymer into 3mL of methanol containing 5%
acetic acid. The eluted solution was then filtered and evaporated to the dryness. The
obtained residues were solvated in hexane and analysed using GC/MS. The recovery of

the eluted a-tocopherol was calculated as follows:
Recovery % = ([eluted analyte]/ [ bound template])x100
5.2.8 Application of the optimised SPE protocol to sunflower oil solution to MIP

The same solvent system of the SPE process to extract the minor components from
vegetable oils which was described in the second chapters was applied here to examine
the difference in the performance of MIP and RDP towards 20% sunflower oil in heptane.
100 mg of MIP and RDP were incubated in 2 vials, each of them contained 1 mL of 20%
of sunflower oil in heptane. Then, each millilitre was filtered through the polymer and
filtrates were collected, evaporated and dissolved in hexane to be analysed with GC/MS.

The experiment was repeated three times.
5.2.9 Exploration the Selectivity and capacity of MIP NPs
Synthesis of MIP NPs

The synthesis of MIP NPs was performed based on the protocol developed by
Leicester Biotechnology Group.?* The protocol consisted of three parts: (1) the preparation
of the glass beads (GB) as a solid phase with an immobilised template (a-tocopherol); (2)
the synthesis of molecularly imprinted polymer nanoparticles (MIP NPs); (3) the

purification and characterisation of the MIP NPs.

5.2.9.1 Functionalisation of the glass beads (GB)

Starting with the glass beads with diameters between 70 to 100 um (Potters,
Spheriglass A glass) that were activated and modified to have an epoxy group on their
surface as a preamble to immobilise the template on them. 500 g of glass beads (75-100
pm) were placed in a flask with an aqueous of sodium hydroxide solution (4 M) and boiled
for 15 mins. Solution was kept 2 cm above the solids. Then, the glass beads were washed

with deionised water 3 times. After washing the glass beads, they were incubated in a
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solution of 50% H2SO4 for (60 min). Subsequently, the glass beads were washed again 3
times with deionised water. Further, PBS was used for washing and neutralisation, and
then the beads were washed three times with deionised water to remove the potential salt
residues. pH of the beads solution was tested to ensure that the base has been completely
removed (pH 6 —7). Next, rinsed the glass beads with acetone (twice with 200 mL) and
dried it at 80 °C for 3 h.

5.2.9.2 Silanisation of the glass beads

The template in this polymerisation was a-tocopherol. The functional group as is
shown in Figure (5.1. a) is the hydroxy! group linked to the unsaturated ring, therefore, a-
tocopherol was classified as a template bearing —OH group which could be covalently
coupled to the solid phase. In this case the glass beads were activated and modified to have
epoxy groups on their surface. It is known that the epoxy groups under basic catalysis are
attacked by hydroxide or alkoxide to the least sterically hindered epoxide carbon in an Sn2
displacement (Figure 5.1, b).

(@)

H,0

(b)

Figure 5.1: The chemical structure of a-tocopherol (a), the mechanism for breaking

the epoxy ring under basic conditions (b).

The addition of the epoxy group to the glass beads was executed by placing the 500
g of activated glass beads from the previous step in a flask containing 3% (v/v) (6 mL)
solution of (3-glycidyloxypropyl-trimetoxysilane) (GOPTS) (Figure 5.2) in dry toluene
with 400 mg of EIPA as a catalyst. Then, the glass beads were heated at 70°C for 10 hours.
Afterword, the glass beads were washed with acetone 6 times and then, dried at 70°C in a

sieve for 30 min.
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Figure 5.2: Chemical structure of GOPTS used in the immobilisation.
5.2.9.3 Immobilisation of a-tocopherol on the surface of the glass beads

38 g of modified glass beads with epoxy groups were weighed and added to 30 mL
of 2 mg mL*? of a-tocopherol in acetonitrile. Then, the base catalyst DIPEA (N-
ethyldiisopropylamin) was added by weight (60 mg) to make 1 M. The mixture was
incubated in the shaker overnight at 40°C for 150 rpm. The immobilisation was stopped
the next day by blocking the rest of epoxy groups by adding 1 M of 2-amino methanol (by
weight 18.5 mg). After one hour, the glass beads were filtered and washed using 1 L of
acetonitrile at room temperature. The glass beads on the sintered glass filter were dried

using vacuum pump, and then stored at 4 °C until use.
5.2.9.4 Salinisation the iron oxide nanoparticles

Iron particles were added to the polymer mixture to give the magnetic properties to
the nanoparticles which simplified the separation process using the magnet. The iron
particles were salinised to be more capable to participate in the polymerisation process.
The salinisation of the iron nanoparticles was performed by placing 1 g of iron oxide
particles in 45 mL of dry toluene and adding 5 mL of 3-(trimethyloxysilyl)propyl
methacrylate in a glass bottle. This mixture was sonicated for 10 min (stopped sonication
every 2 mins and washed the glass bottle from outside with cold water to avoid increase
the temperature to prevent the polymerisation of the double bond. Next, the mixture was
left on the shaker overnight. The iron NPs were washed 10 times using fresh toluene on
the next following day. The particles were flushed with nitrogen for 20 min to evaporate

toluene and stored at room temperature.
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5.2.9.5 Solid-phase synthesis of MIP NPs in organic solvent

To prepare the polymerisation mixture 0.50 g of PETMP (chain transfer agent), 0.75
g of iniferter, 3.44 g of MAA (0.40 mmol), 0.40 g of EGDMA and 0.40 g of TRIM (0.10
mmol) were weighed in a glass bottle. 5 g of acetonitrile was added to this mixture, and
all of these components were mixed by shaking the bottle vigorously. Subsequently, 100
mg of the silanised iron particles from step 5.2.9.4 were added to the mixture and sonicated
for 3 min. This mixture was deoxygenated by purging with a stream of N2 (Figure 5.3, a).
Afterwards, 38 g of a-tocopherol-derivatised glass beads were weighed in a 200-ml flat-
bottomed glass container and deoxygenated with a continuous stream of N2. Next, the
polymerisation mixture was added to the solid phase (Figure 5.3, b). Then, the flat glass
container containing solid phase and monomeric mixture was placed between two UV-
lamps (Philips HB/171/A, each with 4 x 15 W tubes, one above and one below) for 90 s
(Fig. 5.3, c).

Figure 5.3: The steps of solid phase synthesis (deoxygenate the polymerisation
mixture by purging with a stream of N2 (a), addition of the polymerisation mixture to the
solid phase (b), UV polymerisation (c), cooled washing (d), hot washing (e) and colour

of glass beads after last hot wash (f).
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5.2.9.6 The elution of MIP NPs

To collect the MIP NPs the content of the flat glass container after UV
polymerisation was transferred into a 10 mL SPE cartridge blocked with polyethylene frit
(Figure 5.3, d). Then, the SPE cartridge was cooled in an ice bath at 0°C for 10 min. To
remove the un-react monomers and low-affinity MIP NPs, cold acetonitrile at 4 °C was
used for washing out the SPE content for 10 times. Next, the SPE cartridge was placed
into a water bath at 60 °C. To monitor and maintain the temperature at 60 °C, a
thermometer was placed inside the cartridge (Figure 5.3, ). To collect the nanoparticles,
the SPE content was washed with pre-warmed acetonitrile at 60 °C until the glass beads
turned white in colour (Figure 5.3, f). The acetonitrile from each wash was collected to
finish up with 100 mL of acetonitrile that enclosed the high affinity nanoparticles. The
solution was left at the room temperature to cool down and then, stored them in the fridge
at 4°C.

In order to determine the yield of the MIP NPs, the solution of nanoparticles was
reduced to 20 mL using magnet to collect the nanoparticles and remove the solvent. The
yield and total MIP NPs concentration in the stock solution was calculated by transferring
1 mL of nanoparticles solution to the pre-weighed small vial. The vial weight was also
measured after the complete evaporation of solvent and yield of MIP NPs was calculated

by subtracting original weight of the vial.
5.2.10 Physical characterisation of magnetic nanoparticles (MIP NPs)
5.2.10.1 Dynamic Light Scattering (DLS) size analysis

The characterisations of MIP NPs which have been done in the current study were
analysis of the nanoparticles by DLS to determine the average hydrodynamic diameter (dn)
and the PDI of the MIP NPs. To evaluate the size of the synthesised MIP nanoparticles,
Nano-S Zetasizer Particle Size Analyser (Malvern Instruments, UK) was used to measure
the particle size as an average of the hydrodynamic diameter and the polydispersity index
(PDI). These measurements were used as an indicator of the success of the synthesis.?
DLS measures are based on the interaction between a laser source and the particles to be
measured. The particles were in constant movements (Brownian motion) which was based
on their size. The Brownian motion change by exposing the particles to laser light that in

turn scattered by the nanoparticles. The result of this interaction is fluctuations in the
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intensity of the scattered light. The DLS apparatus measures the timing of the fluctuations
to define the rate of Brownian motion that was related to the diffusion coefficient (D). dn

(hydrodynamic diameter) can be calculated using the Stokes-Einstein equation:

dh= KT / 3rnD

k = Boltzmann’s constant, 1 = viscosity, T = absolute temperature.
Equation 5.1: Stokes-Einstein equation.

DLS measurements were done at 25 °C in a glass cuvette (1 cm path length) for MIP
NPs in acetonitrile. 1 mL of MIP NPs in acetonitrile was placed in a vial and sonicated for
2 min to remove any aggregations and the measurements under similar conditions were
taken again. Then, the same measurements were repeated for MIP NPs with a dilution of
10 and 20 times. Further, the MIP NPs were transferred to the glass cuvette and analysed

in the DLS. Six readings were averaged to obtain the measurements.
5.2.10.2 Investigating the sorption property of MIP NPs

In order to investigate the possibility of the produced MIP nanoparticles to rebind -
tocopherol molecules, known amounts of these particles were incubated overnight in the
different concentrations of a-tocopherol solution. 0.5 mL of MIP NPs solution containing
1.3 mg of nanoparticles was placed in four different concentrations of a standard solution
of a-tocopherol in acetonitrile (40, 60, 80, 100 pug mL?). Subsequently, the incubated
solutions were separated from MIP NPs using a magnet. Then, acetonitrile with 5% acetic
acid was added and sonicated to disturb the intermolecular binding between a-tocopherol
and surface of the nanoparticles. After 30 mins, the eluting solution was collected using a
magnet. This solution was evaporated and then, the residues were reconstituted in
acetonitrile and analysed using UHPLC/MS/DRD. Each concentration was repeated two

times and each measurement was repeated five times to take the average.

A calibration curve was made based on the range of a-tocopherol concentrations that
were used in the incubation. The concentrations of a-tocopherol before and after
incubation with MIP NPs were calculated using the calibration curve equation.

Consequently, calculating the percentage of adsorbed a-tocopherol.
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5.3 Results and discussion

Vegetable oils are a rich source for valuable physiological-active compounds that
have many benefits in the health and pharmaceutical industry. However, there are several
obstacles make this type of research challenging.?>?® Most of the physiologically-active
compounds which are considered as minor components of oil (about 2%) belong to the
polar fraction of vegetable oils. Besides the health importance of this fraction, it has been
considered as an indicator of the quality of the oil measured by the international
regulations. Therefore, there is a demand for improving a reliable method to separate and
analyse the minor components from vegetable oils. a-tocopherol is one of the minor
components in vegetable oils that has been drawing researchers’ attention. Several studies
have been reported that analysed a-tocopherol directly from oil solution without
processing the oil through the chemical reactions such as saponification that reduced the
yield of separated a-tocopherol. For example, using SPE based on a silica cartridge, it was
possible to extract 225 mg kg™ from olive 0il.?? Similarly, another report by Lechner, et
al., highlights that a-tocopherol was extracted directly from the olive oil solution using a
silica cartridge which yielded 200 mg kg.2® However, these studies were conducted using
relatively large amount of solvents or performing multistep pre-treatment of the oil sample

before the SPE using silica gel sorbents.

As has been shown in Chapters 2 and 3 of this thesis, a-tocopherol was extracted
from vegetable oils using an optimised SPE protocol and a developed resin together with
several minor components. For example, from olive oil a-tocopherol was extracted at level
265 mg kg™t and this amount was maximised to 1.03 g kgt by spiking the oil sample with
(27x10°) mg kg*. In the previous work in this thesis, GC/MS was applied to analyse the
samples, identify the extracted compounds and measure their quantities. Nevertheless, it
became more challenging to use GC/MS to analyse the samples after extracting using MIP
NPs. This directed the research to explore a more sensitive technique that was capable of
detecting much smaller amounts of a-tocopherol in the several experiments in this work.
Fortunately, UHPLC/DAD/MA was available, and kindly the analysis of this part was
conducted by Michael Lee within the Department of Chemistry.
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5.3.1 Synthesis of microparticles MIP

As mentioned above, MIP was synthesised using the optimised method in the second
chapter with one modification. 5% of a-tocopherol was added as a template which
correspond the percentage of template optimised and the commonly used by imprinting
community. Therefore, it was expected that the resulted polymer will have the specificity
towards a-tocopherol. Moreover, it was assumed that the quantity of a-tocopherol
extracted will be equal to 0.5 mg (the added amount of the template) or less, in contrast to
RDP that extracted a-tocopherol with other minor compounds with no restrictions to the

added amount of the template.
5.3.1.1 Characterisation of the MIP

MIPs are synthesised by copolymerisation of functional monomers and cross-linkers
in the presence of template molecules. The synthesis of the polymer underwent to grinding
and sieving, and then, Soxhlet was applied with methanol: acetic acid (9:1) for 36 hours
to wash the template molecule out of the polymer. After removal of the template
molecules, cavities with specific recognition to a-tocopherol were formed in the highly
cross-linked polymer matrix. Therefore, the bulk polymer differed from the RDP in terms

of the addition of the template (a-tocopherol) in the polymer mixture.

To ensure that the template was completely washed out from the MIP, 30 mg of the
polymer particles were placed in methanol with 5% acetic acid for 4 hours. Then, filtered
the eluting solution, evaporated and dissolved the residue in hexane to analysis with UV-
Vis spectrophotometer. No a-tocopherol was detected as evidence for complete washing

out of the template from the polymer particles.
5.3.1.2 Rebinding of a-tocopherol towards the MIP

The rebinding of a-tocopherol towards the MIP was assessed by calculating the
percentage of adsorbed a-tocopherol on the polymer particles from the standard solution
in heptane. In the beginning, 100 mg of MIP was packed in a 1 mL SPE cartridge to be
used as RDP in the current research. However, under the same SPE conditions mentioned
in the third chapter, MIP did not show sufficient binding of a-tocopherol as it was
assessed using GC/MS. This could be because that 100 mg of MIP was insufficient to

extract a-tocopherol that in the range of GC/MS detection range. Therefore, to keep the
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research focused on the main goal, which is comparing the performance of RDP to MIP
under the same optimum conditions that showed the best performance of RDP, this test
was performed using different conditions. The comparison between the performance of
RDP and MIP towards separating a.-tocopherol from its standard solution of heptane was
made based on the published method in Lashini et al. as follows:?* the different amounts
of MIP particles were incubated in 1 mL of a-tocopherol in heptane (the optimised loading
solvent) as displayed in Table 5.1. After 4 hours, the polymer particles were filtered and
the filtrate was evaporated to dryness. The unbounded a-tocopherol was dissolved in
hexane and measure with GC/MS. The calibration curve of a-tocopherol in hexane was

plotted to calculate the percentage of adsorption.

Table 5.1: The percentage of adsorbed a-tocopherol on MIP particles.

Concentration | Amount of | Concentration of unbound | Adsorption %
(mg mL™?) MIP (mg) a-tocopherol (mg ml™)

2 500 n.d* 100

2 100 0.8+0.1 60

2 50 0.95 +£0.07 52.5

* n.d not detected

The percentages of adsorption indicated that MIP is capable to adsorb a-tocopherol
as no a-tocopherol was detected after incubation with 500 mg of MIP. Further analysis
was made to compare the performance of MIP to RDP in terms of the loading capacity

and the specificity.
5.3.2 MIP vs. RDP
5.3.2.1 Physical characteristic of polymers

The measurements of the surface areas and total pore size of microparticles of MIP
and RDP are to investigate whether the different adsorption showed by the polymer
particles of a-tocopherol molecules were due to differences in the physical characteristics
of the polymers’ particles such the surface area and pore size, or because of the presence
of template- specific cavities in MIP, which are not present in RDP. This procedure was
performed by a defined amount of MIP or RDP (0.03-0.05 g), which was degassed at 100
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°C for 2 hours before analysis to remove the adsorbed gases and moisture. Then, the
polymer surface areas from multi-point N2 adsorption isotherms were determine using the
multi-point Brunauer, Emmett and Teller (BET) method by Surface Area and Pore Volume

Analyser (Quantachrome, UK).

Table 5.2: The physical characteristics (surface area and pore size) of MIP and

RDP particles.

polymer Surface area (m? g?) Pore size (cm®g™)
RDP 276 0.349
MIP 215 0.0487

Table 5.2 showed that MIPs and RDPs have different surface areas and different total
pore volumes. However, the differences between the physical characteristics were still in
the expected range and the differences were less than to be the cause of the difference in
adsorption performance. This could be explained as the differences in the observed
performance between MIPs and RDPs were due to the difference in the quantity of the
specific binding sites. Golker et al. investigated the influence of the morphology of the
polymer on its chromatographic properties.?® It was concluded that there is no apparent
relationship between morphology (surface areas, pore volumes) and template recognition.
Additionally, it was found that a porous polymer structure was not necessary for effective
chromatographic performance. Another study by Mahony et al. has confirmed the same
findings, when the performance of the quercetin MIP was described having
chromatographic behaviour that was independent of differences in surface area between
the MIPs and the control polymers NIPs that were synthesised with the same compositions

and under the same conditions with the absence of the template molecule.?
5.3.2.2 Loading capacity

The loading capacity of a certain polymer is defined as the amount of the template
that is retained on 1 g of the polymer under given conditions?’. It was possible to
demonstrate the difference between the performance of the microparticles of the two bulk
polymers - RDP and MIP by calculating the loading capacity of a-tocopherol on RDP and

MIP. The experiment was executed by incubating 100 mg of polymers separately with
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three different concentrations of a-tocopherol in heptane 1, 2, 3 mg mL™ for 4 hours. It
was possible to measure the difference between the performance of the two polymers only
in the case of 3 mg mL" since in the case of 1 and 2 mg mL™ of a-tocopherol solution
RDP adsorbed o-tocopherol completely thus only the last concentration (3 mg mL™t) was
presented in Table 5.3. The experiments were conducted three times and the calculations
were presented with the standard deviations. The presented results are based on three

repetitions.

After 4 hours, the solution was filtered from the polymers and analysed by GC/MS
to measure the difference between the concentration of a-tocopherol before and after
incubation and calculate the concentration using the integration of peaks and calibration
curves. The peaks corresponding to a-tocopherol before and after incubation in each

polymer are shown in Figures 5.4.

Table 5.3: The loading capacity of MIP and RDP calculated from the recovery

percentage of a-tocopherol.

Polymer | Unbound a-tocopherol | Bound a-tocopherol | Adsorption | Loading
concentration concentration (%) capacity
(mg mL*) (mg mL*) (mg g™)
RDP 0.7+04 2.29+0.46 7% 22.9
MIP 2.1+0.08 0.84 £ 0.07 28% 8.4

Table 5.3 shows the results of this experiment. It was found that both polymers have
shown an affinity towards a-tocopherol. Nevertheless, there was a remarkable difference
in the percentage of the adsorption which resulted in a considerable difference in the
loading capacity between the two polymers, which could be illustrated based on the
difference of the mechanism of adsorption of each polymer. In the case of RDP, the
polymer performance relied on the abundance of functional groups on the surface of the
polymer partials with formed hydrogen bonds with o-tocopherol and separated it from the
solution. On the other hand, it appears that MIP had only a limited number of the cavities
with specific recognition towards o-tocopherol which resulted in lower binding in
comparison with RDP. Therefore, the amount of adsorbed a-tocopherol was restricted to

the available cavities on the polymers surface.
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Figure 5.4: GC/MS chromatograms with the integration of the peaks.

a-tocopherol before incubation (a), after incubation with RDP (b) and after

incubation with MIP particles (c).
5.3.2.3 Recovery of a-tocopherol

After the incubation in the previous experiment, the polymers were eluted using
optimised eluting solutions (methanol with 5% acetic acid). The polymer particles were
placed in the eluting solvent for 4 hours. Then the eluent solution was removed and
evaporated. The residue was dissolved in hexane to be analysed with GC/MS. The
concentrations were calculated using the integration of the peaks and then the
concentration and finally the percentage of recovery was calculated using the calibration
curves (Table 5.4). The experiment was repeated three times and then the standard

deviation was calculated.
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Table 5.4: The percentage of recovery =+ standard deviation from RDP and MIP.

Polymer Recovery (%)

RDP 20.7+1.2

MIP 08zx0.1

It is important to point out the difference in the percentage of recovery that
demonstrated a superior performance of RDP over MIP under applied conditions. Elution
using methanol acidified with 5% acetic acid resulted in the higher recovery of the
adsorbed a-tocopherol using RDP microparticles than MIP. MIP required more
optimisation for the eluting solvent to increase the percentage of recovery. MIP has been
approved in an enormous number of studies as selective adsorbent with high specificity to
a wide range of compounds in various types of the sample matrixes as presented in the
previous chapters. However, due to the cost implications MIPs are still limited to the
analytical applications conducted on small scales only. On the other hand, RDP seems to
be a promising sorbent because it is suitable to re-use, reducing of the cost of extraction
process. In addition, it could be used on large scales with considerable efficiency in the
applications that require harvesting a compound or a group of compounds possessing

similar moieties.
5.3.2.4 SPE from 20% sunflower using bulk MIP and RDP

The same protocol of measuring the rebinding of a-tocopherol from heptane solution
was used to compare the performance of RDP and MIP towards 20% of sunflower solution
in heptane. 100 mg of MIP and RDP were placed overnight separately with 1 mL of 20%
of sunflower solution in heptane. Then, the polymer particles were separated and the
residues of oil samples were evaporated to dryness and reconstituted in 1 mL of hexane
before being analysed with GC/MS.
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Table 5.5: Concentration (mg mL™?) of the non-adsorption minor components to

MIP and RDP after incubating overnight with 20% sunflower oil in heptane.

Minor components

Concentration of
non-adsorption on
RDP

Concentration of
non-adsorption on
MIP

Palmitic acid 0.147+0.2 0.404 £0.03
Oleic and linoleic 0.206 + 0.1 0.734+0.2
acids

o-tocopherol 0.184 +0.03 0.400 +0.02
Campesterol 0.358 + 0.02 0472+£0.1
Stigmasterol 0.179+0.01 0.170 +0.0.04
B-sitosterol 0.189 +0.03 0.408 + 0.2

As mentioned in the previous subtitle (5.3.2.3 recovery of a-tocopherol), 5% of
acetic acid with methanol was not the best eluting solvent for MIP microparticles.
Therefore, the difference of the performance of RDP and MIP towards the sunflower oil
solution was measured through checking the difference of the concentration of the minor
compounds after incubation with the two microparticles (figure 5.5). The concentrations
of non-adsorption minor compounds were calculated using calibration curves of these
compound, which were presented in the second chapter. The concentrations were

presented in Table 5.5 as the average of triplicate with standard deviation.

These results indicated to the fact that the functional monomers located on the
surface of the polymer were responsible about the binding to the minor components from
the oil solution. The difference between performances of the two polymers existed due to
the difference between the shape of the surface area of RDP’s and MIP’s. MIP has cavities
that remained after removing oa-tocopherol molecules in comparison with RDP that is
covered with the functional groups which were desirable for the interactions with other

minor components.
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Figure 5.5: Statistical analysis of the concentrations of non-adsorption of the minor
components to MIP and RDP particles after the incubation with 20% sunflower oil in

heptane.

RDP has shown a higher loading capacity compared to bulk MIP, this could be due
to the incomplete removal of the template from the MIP microparticles which resulted in
a lower capacity. Other reason to consider that the rebinding of template by MIPs is limited
by the number of binding sites generated during imprinting, typically created by up to 5%
of template molecules used in the polymer preparation. Therefore, the resultant RDP
microparticles are capable to perform the extraction depending on optionally larger
concentration of the functional groups available on their surface without any limit to the
amount of the template used in the synthesis steps. It is important to point out the
selectivity of RDPs is expected to be much lower than observed in MIPs. However, RDPs
are suitable for all types of pre-concentration, cleaning or separation tasks which benefit

from group specificity and relatively low cost.

To complete the story of this thesis, it was necessary to explore the latest
enhancement protocol to synthesis the molecularly imprinted polymer nanoparticles (MIP

NPs) with recognition to a-tocopherol that could be applicable in the analysis field.
5.3.3 Synthesis of MIP NPs

Recently, the extraction using MIPs in combination with magnetic particles (the
core-shell technique) has considerably simplified sample handling and pre-treatment
procedures.®>4% This approach of imprinting has been based on the formation of a

spherical core nanostructure presented as magnetic nanoparticles (FesO4) followed by the
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synthesis of MIP on these pre-formed nanostructures. The imprinting sites have situated

either on the surface of the cores or on the shells of nanoparticles.*1°

The synthesis protocol as reported in Canfarotta et al. and Poma et al. has been
started with the activation of the glass beads with diameters between 70 to 100 um by
boiling with an aqueous 4 M of sodium hydroxide solution to allow the number of silanol
groups (Si-OH) be formed on the surface to increasing the reactivity.?%? Subsequently,
the activated glass beads were silanised with an epoxy silane 3-
glycidoxypropyltrimethoxysilane (GOPTS) to link the glass beads to surfaces containing
hydroxide groups (Figure 5.6). The remaining epoxy group subsequently reacted with 2-

amino methanol.

Consequently, the template (a-tocopherol) was covalently attached (immobilised) to
the modified solid phase (glass beads). The reaction of the epoxide with a hydroxyl group
of a-tocopherol forms an ether bond linking between a-tocopherol and the modified glass
beads as shown in Figure 5.7. The aim of the post-polymerisation modification of the glass
beads and the functionalisation process was to add an outer layer on the glass beads in
order to manipulate their properties such as solubility or surface reactivity without

affecting the binding sites of the polymerisation reactants.

The next stage was the formation of the polymer nanoparticles. The immobilised
template on the surface of the solid phase participated to the shape of the cavities that have
been formed during the polymerisation as follows: the polymerisation mixture including
the functional monomers (MAA), cross-linkers (TRIM and EGDMA), silanised iron
particles, iniferter and chain transfer agents were added to the glass beads that strongly
attached to o-tocopherol (template). The polymers particles were formed by photo-

polymerisation (Figure 5.8).
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Followed the above mentioned of polymerisation, the process in organic solvents has
been recommended due to the advantage of imprinting of small molecules (MW<500 Da)
in the organic solvents over the aqueous polymerisation.?* Since the molecular weight of
o-tocopherol is 430 Da, acetonitrile was used as the solvent of the polymerisation. In
addition, the use of methacrylic acid (MAA) as functional monomers has been commonly
involved with the UV-triggered polymerisation in organic chemistry that successfully and
non-covalently reacted with hydroxyl groups on a-tocopherol. With regards to the cross-
linkers, it has been recommended to combine two of them: trimethylolpropane
trimethacrylate (TRIM) and ethylene glycol dimethacrylate (EGDMA), which resulted in
increasing the recognition properties compared to using only one.® A radical initiator was
recommended to be replaced by iniferter (benzyl diethyldithiocarbamate) due to the living
nature of the process. The iniferter-based polymerisation yielded to a better control over
the particle size, as the polymer chains grew at a more constant rate compared to non-
controlled radical polymerizations (without iniferter). In addition, the presence of a small
amount of chain transfer agent (e.g., alkyl thiols) also contributed to controlling the

polymerization process.?!

After the polymerisation of the low affinity nanoparticles, the unreacted monomers
should have been separated from the MIP NPs before collecting them. The covalent bonds
(ether bond) between a-tocopherol and the epoxide groups that were formed in the
template immobilisation step are strong enough not to be affected by washing with cold
acetonitrile (4 °C) to remove unreacted monomers and low-affinity polymers, then, using
hot acetonitrile (60 °C) to extracted only the high-affinity MIP NPs from the solid phase
by breaking the non-covalent interaction between the formed polymer and the template to
obtain MIP NPs as demonstrated by Figure 5.9.
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It was expected that because of the nature of the protocol, the binding sites will be
generated in very small numbers (typically just one) per each nanoparticle. Thus, the yield
of MIP NPs was lower than in other molecularly imprinted polymerisation approaches.
The magnetic MIP NPs (Figure 5.10) were concentrated down to 20 mL using a magnet
as demonstrated by Figure 5.11. The weight of the magnet MIP NPs was measured as 2
mL by evaporating the solvent under N2 then, calculated of the total yield of the magnetic
MIP NPs.

Figure 5.10: The image of the eluted MIP NPs obtained in one synthesis cycle.

Figure 5.11: The method of separating magnetic MIP NPs from solution using the

magnet.

Physical characteristics of MIP NPs have been done in the current study by analysis
of the nanoparticles by DLS to determine the average hydrodynamic diameter (dn) and the
PDI of the MIP NPs. PDI was used as an indicator to the heterogeneity of the particle sizes
in the sample. Moreover, the PDI in the monodisperse sample tended to 0 value, and it

Is acceptable between the range from 0 to 0.7.
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The results of these measurements were presented in Table 5.6 that showed the size
distribution of the nanoparticles in different concentrations. As shown in Table 5.6, there
were no significant differences in the average hydrodynamic diameter of the nanoparticles
even with dilution. In addition, PDI measurements showed values between 0.21 and 0.24

which were within the acceptable range.

Table 5.6: The physical characterisations of MIP NPs.

Characteristics 5x concentrated 10x diluted 20x diluted

dn (nm) 214+ 2 186 £1 209 +12
PDI 0.24+ 0.008 0.21+0.01 0.22+0.04
MIP NPs (mg mL?) 26 i

Analysing the size distribution by intensity graphs as presented in Figure 5.12
showed that the size distribution was quite homogenous. Regarding the correlation curves
(Figure 5.12), the extracted information from them was related to the concentration of the
nanoparticles. The correlation coefficient had a value between 0.5 to 1.0 if measured
shortly after the sonication. Moreover, the MIP NPs at the highest dilution (1:20) tended
to aggregate as shown in the correlation curves (Figure 5.12, c), the correlation coefficient
at high delay times arise from the baseline giving small fluctuations movements. This
phenomenon occurred due to increasing the Brownian movements of the particles. All the

physical measurements indicated the successful synthesis of MIP NPs.
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5.3.4 The affinity properties of MIP NPs

To analyse a-tocopherol binding and follow the change in its concentration in the
next part of this research, it was important to find sensitive analytical method compatible
with low concentrations of analysed samples and very small changes which happen after
its binding with the nanoparticles. From the literature review, it was found that o-
tocopherol has been analysed with several sensitive techniques. According to Schwarts et
al. the usual analysis of a-tocopherol was performed using GC/MS, GC/FID and NP-
HPLC.3® However, these techniques required pre-treatment of the sample before
conducting the analysis which differed depending on the nature of the sample. The
researcher added that in the case of vegetable oils, it was possible to analyse a-tocopherol
from the low concentration of the vegetable oil directly because a-tocopherol is presented

mainly in the unconjugated form in these oils.

Other suggestion has been presented by several studies that recommended the
reverse phase (RP) HPLC for analysis of a-tocopherol, which is effective more than
normal phase (NP).2:3> By comparing the results of RP-HPLC and NP-HPLC, it was
noticed that RP did not distinguish between y and -tocopherol which were not available
in the vegetable oils or available at a very low levels according to literature.* This
contributed to minimising the error of the quantification process. In addition, RP-HPLC
has the advantage of short equilibrium and analysis time and high reproducibility of the
retention time. On the other hand, NP-HPLC presented better separation for all isomers of

a-tocopherol, but during longer time and with more variable retention time.

The examination of the affinity of the synthesised nanoparticles towards o-
tocopherol was performed by incubation the same amount of MIP NPs solution in three
different concentrations of the standard solution of o-tocopherol in acetonitrile as

demonstrated in figure 5.13.
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Figure 5.13: The steps of the optimised protocol of separation of a-tocopherol by
incubation with MIP NPs.

The analysis of a-tocopherol samples before and after incubation and after elution
was conducted using HPLC/ DAD / MS to measure the linked and eluted amount of a-

tocopherol from the nanoparticles.
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Before measuring a-tocopherol in the affinity experiment, it was necessary to plot a
calibration curve for a-tocopherol under the same conditions and using the same
technique. Figure 5.14 shows calibration curve of the range of a-tocopherol that including

the concentrations have been incubated with MIP NPs.
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Figure 5.14: The calibraion curve a-tocopherol using UHPLC/DAD/MS.

The experiment of incubation has been repeated twice for each concentration and
each sample was tested five times to present the average of them and the standard deviation
of the duplicates as shown in Table 5.7. The results of this experiment calculated using the
integration of the peak of o-tocopherol before and after incubation. In addition, it was
possible to use the calibration curve to calculate the bound a-tocopherol to MIP NPs from

the difference between the integrated peak values.

Table 5.7: The concentration and percentage of a-tocopherol bound by the MIP

NPs from different concentration of standard solution.

a-tocopherol, Unbound % unbound % bound
(mg mL1) a-tocopherol (ug mL™?) a-tocopherol a-tocopherol
40 32+1 78.7 21.3
60 43+0.5 71.6 28.3
80 57+0.9 71.3 28.7
100 71+0.2 70 30
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The next step was the elution of the adsorbed a-tocopherol which was performed by
washing the separated nanoparticles on the magnet by cold acetonitrile, then, placing these
particles in acetonitrile containing 5% acetic acid for 20 min before separation and
evaporating the solvents and reconstituted in acetonitrile to be analysed using
UHPLC/DAD/MS. In the case of 40 and 60 pug mL* nothing was detected in the eluted
samples; however, a-tocopherol concentration was measurable in 80 and 100 pg mL?
(Table 5.8).

Table 5.8: The concentration and percentage of eluted a-tocopherol from the MIP

NPs from different concentration of standard solution.

a-tocopherol Eluted a-tocopherol | % eluted
(mg mL?) (ng mL?) a-tocopherol
40 nd -

60 nd -

80 0.95 4%
100 1.75 6%

n.d (not detected)

5.4 Conclusion

Molecular imprinting technology has been attractive field to investigate owing to the
specificity offered by this technology towards valuable compounds in various fields.
However, different aspects of this research could be improved. Currently, the promising
material is the nanoparticles that could be obtained by different methods of polymerisation.
In the current research, different methods were followed to develop materials that have
selectivity to the group of compounds and higher capacity. In this chapter, a comparison
has been presented between the molecularly imprinted polymers (MIP) and the optimised
RDP by applying the SPE protocol which was optimised in previous chapter (2) in this
thesis. MIP has shown affinity towards a-tocopherol, however, RDP extracted not only o.-
tocopherol but also other compounds in higher concentration under the mild conditions of
SPE. It seems that RDP has a distinguish features that make them suitable for the pre-

concentration or fractionation of larger amount like in industrial sector.
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On the other hand, this chapter describes the synthesis of magnetic MIP NPs
performed accordingly to the recently developed method of solid phase synthesis of MIP
NPs. The produced MIP NPs demonstrated affinity and specificity towards a-tocopherol
which allowed to separate it specifically from the complex mixture of other compounds
purified using RDP developed in the frame of this project. However, due to the limited
time of this studentship no further investigation of the synthesis and application of
magnetic MIP NPs was made. In general, magnetic MIP NPs still need more development
before being considered for purification application. It is possible to state that in existing
state of development the magnetic MIP NPs, similarly to MIP microparticles, are more
appropriate for the analytical purposes. The feasibility study which has been done in this

research will open various investigations to be conducted in the future.
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Conclusions and future work

6.1 Conclusions

An effective protocol for the extraction and purification of seven minor compounds
(free fatty acids, o-tocopherol and three free phytosterols) from the six vegetable oils
(sunflower oil, soy bean oil, sesame oil, wheat germ oil, palm oil and olive oil) using
heptane without any pre-treatment for the oil samples was developed. It was shown that it
was possible to harvest those physiologically-active components in their free forms as it
was confirmed using GC/MS, despite the variability of the content of the minor
components in each of these oils. The optimised SPE protocol was performed using the
rationally designed polymer (RDP) which was capable of recognising o-tocopherol and

other minor components in vegetable oils.

The quantitative results of this study were comparable with published data that used
various methods and techniques to extract these minor components from the vegetable
oils. Application of the developed polymer was advantageous over traditional methods of
extraction which included the possibility of a two-fold reduction in the volume of solvent
required and ability to extract the physiologically active free forms of the compounds
without saponification. The protocol of the extraction of a group of components involved
only 5 times dilution of the vegetable oils with heptane which was twice improved by
comparison with the 10-fold dilution applied in the industrial protocol, representing a
reduction of waste and a saving in resources and time. It is important to highlight that the
optimised protocols and proposed strategy could be used as blueprints for the development
of extraction procedures for different groups of compounds from other natural oil-
containing biomasses. Analysis of the matrix presence before and after purification using
developed SPE protocol and RDP, suggested that the 98.6%-pure a-tocopherol has been
extracted. Moreover, a direct correlation was found between the quantitative results of this
study and results published from different studies that employed various methods and
techniques commonly used to extract these minor components from the same vegetable

oils.

The optimised solid-phase extraction protocol was compared with the performance
of several commercial adsorbents, particularly in relation to the retention properties and

recovery of the minor components explored in this study. The comparison was performed
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between six commercially available resins and RDP using optimised SPE protocol. It has
shown the distinguished efficiency of RDP to extract the group of minor components from
20% sunflower oil in heptane with the minimum of organic solvents. Despite the
possibility to extract some of the minor component using the other sorbents, they were not

as effective as developed RDP.

Subsequently, in the purpose of presenting the similarity and difference between the
traditional molecularly imprinted polymer (MIP) and the optimised RDP, the SPE protocol
was also applied to MIP that was synthesised using similar components and under similar
conditions as RDP. Even though developed MIP has shown affinity and specificity
towards o-tocopherol, RDP extracted not only a-tocopherol but also other compounds in
higher concentration under the mild conditions of SPE. The developed RDP has a superior
capacity towards a-tocopherol and other minor oil compounds including palmitic acid,
oleic acid, linoleic acid, campesterol, stigmasterol and -sitosterol, which make it capable
to pre-concentrate or fractionate of the larger quantities of the compounds making it
suitable for industrial application. 1140mg kg* of palmitic acid, 7181 mg kg™ of oleic and
linoleic acids, 298 mg kg a-tocopherol 489 mg kg* of campesterol, 307 mg kg™ of
stigmasterol and 1903 mg kg of B-sitosterol have been extracted from wheat germ oil, 4
mg kg of palmitic acid, 88 mg kg™ of oleic and linoleic acids, 233 mg kg a-tocopherol
251 mg kg of campesterol, 517 mg kg of stigmasterol and 1398 mg kg™ of B-sitosterol
have been extracted from soy bean oil, 942 mg kg of palmitic acid, 16425 mg kg of oleic
and linoleic acids, 277 mg kg™ a-tocopherol 58 mg kg of campesterol, 146 mg kg of
stigmasterol and 741 mg kg of B-sitosterol have been extracted from sunflower oil, 366
mg kg of palmitic acid, 2407 mg kg of oleic and linoleic acids, 3122 mg kg sesamin
317 mg kg of campesterol, 220 mg kg of stigmasterol and 2741 mg kg™ of B-sitosterol
have been extracted from sesame oil, 15600 mg kg* of palmitic acid, 34496 mg kg of
oleic and linoleic acids, 148 mg kg a-tocopherol 74 mg kg™ of campesterol, 125 mg kg-
! of stigmasterol and 299 mg kg of B-sitosterol have been extracted from palm oil and
1190 mg kg of palmitic acid, 1325 mg kg™ of oleic and linoleic acids, 256 mg kg™ o-
tocopherol 75 mg kg of campesterol, 8 mg kg of stigmasterol and 760 mg kg of B-

sitosterol have been extracted from olive oil.

206



The optimised SPE protocol in this study, in comparison to six commercially
available resins, has shown significant efficiency to extract the group of minor components

from 20% sunflower oil in heptane with minimum of organic solvents.

Moreover, to complete the framework of molecular imprinting theme of this project,
the synthesis of magnetic MIP NPs using the recently developed method was performed.
The MIP NPs have shown affinity towards a-tocopherol which could be used to selectively

extract it from the complex mixture eluted using developed SPE protocol.
6.2 Future work

The work in this project has opened a wide field for future work on the synthesis of
the customised polymers with group selectivity towards natural physiologically-active
compounds present in vegetable oils which could have great applications in different
fields.

To broaden the potential interest of commercial and industrial partners for this

technology, it would be interesting to cover the following research topics in the future:

Application of the optimised extraction approach to explore the possibility to extract

the tocopherols, fatty acids or phytosterols from the extraction of other parts from biomass.

Development of a fractionation protocol based on magnetic MIP NPs which could
be applied to extract any particular compound from the complex mixture eluted using
optimised RDP-based SPE protocol.

It was demonstrated already in this thesis that MIP NPs have shown an affinity
towards a-tocopherol, further investigation is needed to develop the extraction of a-

tocopherol from other parts of biomass such as extraction of leaves, seeds ... etc.

The application of protocol optimised in this study resulted in extraction of a
significant amount from sesamin from sesame oil, which has a great biologically activity.
This could be a target for a new research as the literature has no studies related to sesamin

purification using MIPs.
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The published papers:

1- Alghamdi E.; Whitcombe M.; Piletsky S.; Piletska E. Solid phase extraction of a-
tocopherol and other physiologically active components from sunflower oil using
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2) Alghamdi E.; Piletsky S.; Piletska E. Application of the bespoke solid-phase
extraction protocol for extraction of physiologically-active compounds from vegetable
oils. Talanta 2018, 189, 157-165.
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Appendix 2

The calibration curves of the minor components: (a) palmitic acid, (b) oleic acid, (c)

linoleic acid, (d) a-tocopherol, (e) campesterol, (f) stigmasterol, (g) B-sitosterol, (h)

sesamin
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Appendix 3

Surface area and total pore volume evaluated by BET theory
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