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OZET

STIGMASTEROLUN BITKI EKSTRAKTLARINDAN AYRISTIRILMASI iCiN
STIGMASTEROL BASKILANMIS KATI FAZ EKSTRAKSIYON
POLIMERLERININ HAZIRLANMASI

Biirge CELEBI
Yiiksek Lisans, Biyomiihendislik Anabilim Dali
Danisman: Prof. Dr. Gézde BAYDEMIR PESINT

Ocak 2023, 55 sayfa

Stigmasterol (Stg) bitkilerde serbest alkoller seklinde ya da onlarin ¢okeltileri halinde, 6zellikle
bitkisel yaglarda dogal halde bulunan fitosterol ailesinin bir {iyesidir. Fitosterollerin insan
sagligina etkisi iizerine yapilan arastirmalarda bireylerin fitosterol alimi ile diisiik yogunluklu
lipoprotein yani kolesterol diisiiriicii etkilerinin oldugu bildirilmistir. Bulunan bir¢ok degerli
bilesende potansiyel olanlardan biri olan Stg, bugiine kadar bir¢ok bitkiden izole edilmis ve
birgok farmakolojik ve biyolojik aktivite i¢in degerlendirilmistir. Ayrica anti-inflamatuar, anti-
osteoartrit, anti-aterojenik, antioksidan ve plazma kolesterol seviyelerini diisiirme gibi saglik
tizerine olumlu etkileri ve anti kanser gibi koruyucu etkileri de bilinmektedir. Bu ¢alismada,
bitki 0rneginden dogrudan Stg tayini i¢in Stg baskili kati faz ekstraksiyon polimerlerinin
hazirlanmas1 amaclanmistir. MAA, VBA, DVB-80 ve AIBN kullanilarak molekiiler
baskilanmis polimer c¢ozeltisi hazirlanmistir, sentezlenen polimerler daha sonra taramali
elektron mikroskobu (SEM), sisme testleri ve fourier transform infrared spektroskopisi (FTIR)
ile karakterize edilmistir. Stg-MIP polimerlerinin stigmasterol molekiilii icin segiciligi,
kolesterol ve ergosterol yarigmaci molekiillerine karsi incelenmistir. Bu ¢alismada Stg-MIP
polimerlerinin tekrar kullanilabilirlikleri de incelenmistir. Stg-MIP polimerleri, ayn1 adsorbent
kullanilmak kosuluyla tekrarlanabilirlik deneyleri gergeklestirilmis ve adsorpsiyon kapasitesinde

ciddi bir diisiis gozlemlenmemistir.

Anahtar Kelimeler: Stigmasterol, molekiiler baskilama teknolojisi, es boyutlu kiireler



ABSTRACT

PREPARATION OF STIGMASTEROL IMPRINTED SOLID PHASE EXTRACTION
POLYMERS FOR SEPERATION OF STIGMASTEROL FROM PLANT EXTRACTS

Biirge CELEBI
M.Sc., Department of Bioengineering

Supervisor: Prof. Dr. Gzde BAYDEMIR PESINT
January 2023, 55 pages

Stigmasterol (Stg) is a member of the phytosterol family, which is found naturally in plants in
the form of free alcohols or in their sediments, especially vegetable oils. In studies on the effects
of phytosterols on human health, it has been reported that individuals have low-density
lipoprotein (cholesterol) lowering effects with phytosterol intake.
Stg, one of the many valuable ingredients found, has been isolated from many plants to isolate
and evaluated for many pharmacological and biological activities. It is also known to have
positive effects on health such as anti-inflammatory, anti-osteoarthritis, anti-atherogenic,
antioxidant and lowering plasma cholesterol levels, and protective effects such as anti-cancer.
In this study, it was aimed to prepare Stg-imprinted solid phase extraction polymers for direct
determination of Stg from plant extract. Molecular imprinted polymer solution was prepared
using MAA, VBA, DVB-80 and AIBN, the synthesized polymers were then characterized by
scanning electron microscopy (SEM), swelling tests and fourier transform infrared
spectroscopy (FTIR). The selectivity of Stg-MIP polymers for the Stg has been studied against
the competitor molecules of cholesterol and ergosterol. In this study, the reusability of Stg-MIP
polymers was also examined. Stg-MIP polymers were used more than once for reproducibility
experiments with the same adsorbent condition, and results showed a minimal loss in adsorption

capacity.

Keywords: Stigmasterol, molecular imprinting technology, monosize spheres
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1. INTRODUCTION

Plant sterols, also known as phytosterols, are an essential component of the membranes of all
eukaryotic organisms and play an important role in their physiology. It is known that
phytosterols have a variety of bioactive qualities that could affect human health. The most well-
known property is the serum cholesterol lowering effect. It has been suggested that consuming
a significant amount of phytosterols may reduce the absorption of cholesterol into the
bloodstream and reduce the risk of cardiovascular, plant sterols are disorders and other diseases
(Piironen et al., 2000.; Schaller, 2003)

Phytosterols are found in hard nuts, grains, seed, and vegetable oils. They are important due to
their capacity to lower blood serum levels of LDL cholesterol, lower oxidative stress and
cellular degradation, function as anti-inflammatory agents, and act as precursors for steroidal
products used in the manufacture of various pharmaceuticals. In recent years, phytosterols have
been referred to as biomedical research and bioactive compounds in pharmaceutical and
pharmaceutical societies, which are naturally occurring in a wide range of interest (Hashim et
al., 2014; Lindsey et al., 2003; Piironen et al., 2000; Schwarz et al., 2016).

Although it is possible to manufacture phytosteroids, they are difficult and expensive
technically. Additionally, current techniques for extracting these compounds from plant
extracts involve multiple stages and a variety of combinations, including crystallization, liquid-
liquid or supercritical fluid extractions, and distillation (Fernandes & Cabral, 2007). In the
analysis of natural phytosterol content of plant-based foods, it is necessary to establish fast,
low-cost and reliable extraction techniques that can replace more time-consuming and labor-
intensive standard sample extraction procedures. Molecularly imprinted polymers (MIPs) are
viewed as a desirable solution for phytosterol isolation in this context. Due to these functional
polymers can be used as reusable adsorbents for other classes of compounds in packed bed
chromatography or solid-phase tank batch extraction. Solid phase extraction materials based on
MIPs have recently advanced. MIPs are considered as the most potential artificial recognition
materials by the reason of their low cost and high robustness (Bereli et al., 2020; Kamaruzaman
etal., 2021).

Molecular imprinting is a contemporary technique for the synthesis of polymers with specific
binding sites for the template molecule. Molecular imprinted polymers have been the focus of



research as a result of their molecular recognition features and are particularly interested in
applications that require the binding and separation of specific molecular species. The chemical
and mechanical durability of these polymers has made them crucial in a variety of sectors, from
chromatography to assays, catalysis, sensor technologies, and controlled release systems. These
polymers are also partially simple to manufacture and most of the chemical components can be
imprinted. The purpose of the molecular imprinting technique is with the help of covalent or
non-covalent interactions, functional monomers are arranged around a template molecule using
the molecular imprinting technique. After that, the solids with chemical activity are produced
using the right processing method. By removing the template molecule after the process, it is
expected that an ideal material for processes such as chemical determination, catalysis and
separation will be obtained by creating hollow regions in the structure that are specific to the
template molecule. The molecular imprinting technique provides synthetically specific
recognition sites in polymers. By using template molecules in this technique, polymers can be
used for a long time without any change in their performance. In addition, they are materials
with high reusability (Ramstrém & Mosbach, 1999; Vasapollo et al., 2011).

Application of MIPs in solid phase extraction (SPE) is incomplexed and basic to apply.
Molecular imprinted polymer studies using selective solid phase extraction (SPE) media have
come to the fore recently. Studies have shown that molecularly imprinted solid extraction
procedures are the best ways to miniaturize SPE-based analytical chemistry techniques and
provide selective extraction/pre-concentration when studying complicated samples (Jayasinghe
& Moreda-Pifieiro, 2021).

The molecular imprinting technique is used as a synthetic recognition element in a variety of
applications including diagnosis, purification, separation, food, environment, and health. This
is one of its most significant benefits. Although many small molecules have been successfully
imprinted in MIPs, some difficulties in imprinting large molecules such as proteins may still
exist. Proteins have been polymerized in the past using techniques like epitope, surface (2D),
and bulk (3D) printing (Cela-Pérez et al., 2013; Marjanovic et al., 2020; Shiomi et al., 2005;
Wulff, 1995).

The binding capacity of MIPs is significantly influenced by morphology, which also affects

enrichment effectiveness and detection sensitivity. Therefore, in the field of molecular
2



imprinting, morphological design and control are essential. MIP spheres are commonly utilized
in sensor design, adsorption separation, and column filling because they are reusable and
controlled (Rosengren et al., 2013). Monomers, template molecules, cross-linker, and a small
amount of solvent are polymerized first to produce bulk polymers, and the polymers must be
milled and sieved to produce irregular polymeric particles. The chromatography column and
SPE column are then packaged with these polymeric particles. Bulk polymers have several
advantages, including ease of preparation and high polymer yield. However, it had a few
obvious shortcomings, such as low affinity binding sites after the procedure, low binding
capacity due to large and irregular particle sizes. At this stage, the preparation of MIPs was
important as it is a simple and highly repeatability monosize spherical structure. It is a simple,
one-step polymerization process with a particle size suitable for SPE (Alizadeh & Memarbashi,
2012; Halhalli & Sellergren, 2015; Lu et al., 2020).

There have been many reported studies of cholesterol recognition based on molecular imprinted
studies, but limited studies have been reported based on molecular stigmasterol (Stg) imprinting
techniques as far as we know. Hashim et al investigated covalent and non-covalent imprinting
techniques for the preparation of Stg imprinted polymers. In that study where they investigated
the polymerization technique and showed that Stg was recovered at a good rate of 99%, they
showed that the synthesized polymers could adsorb Stg 12.4 and 4 times more selectively than

ergosterol and cholesterol molecules (Hashim et al., 2014).

Marjanovic et al reported Stg recognition via Stg imprinted polymers. MIP synthesis was
carried out using toluene as a porogen solvent and Stg as a template molecule, in which
precipitation polymerization was used. Imprinted and unimprinted polymers were characterized
by SEM-EDS and FTIR. Adsorption studies were measured using UV-Vis. It has reported 0.040
mg/g Stg adsorption from synthetic medium, while the ability of MIP adsorption on Stg was
0.204 mg/g. All these studies show that MIP can be used as an adsorbent to adsorb Stg in real
sample extracts, as the adsorption capacity of MIP against Stg molecule is better compared to
NIP (Marjanovic et al., 2020).

Schwarz et al reported semi covalently imprinted polymers for Stg recognition. N,N'-
dimethylacryl-amide (N,N-DMAAM), the functional co-monomer used in hybrid semi-

covalently imprinted polymers, demonstrated specific binding capacities ranging from 5.2 to

3



5.9 mg sterol/g MIP resin. MIPs prepared by non-covalent methods have significantly different
binding properties and selectivity for phytosterol compounds compared to unprinted polymers

(Schwarz et al., 2018).

In this thesis, we present a different technique for purification Stg from a plant sample. For this
purpose, we aimed to prepared molecularly Stg-imprinted solid phase extraction polymers. The
selectivity studies were conducted against cholesterol, ergosterol and Stg was determined from

the plant sample.



2. LITERATURE REVIEW

2.1. Plant Sterols

Plant sterols are naturally occurring bioactive compounds that belong to the triterpene family.
Plant sterols are substances found in plants that are chemically similar to cholesterol, except
that an additional methyl or ethyl group is added (Moreau, Whitaker, & Hicks, 2002). Sterols
exist in different forms in eukaryotic cells and are essential lipids for organisms. Phytosterols -
land plant sterols and Cholesterols - animal sterols have very similar chemical structures (Gabay
et al., 2010). Animals contain cholesterol, while plants contain sterol derivatives such as STG,
[-sitosterol and campesterol, and the structures of both groups are very similar. These sterol

derivatives mentioned are available as a mixture of sterols (Oka, Kiriyama, & Yoshida, 1973).

Plant sterols differ from cholesterol only in the structure of their side chain, with saturated
sterols, called stanols, lacking the 5-double bond in their B-ring. Saturation of the most
abundant plant sterol, sitosterol, results in sitostanol; saturation of campesterol results in

campestanol (Figure 2.1).

Champestanol

Champesterol

Sitostanol

Figure 2.1. Chemical structures of cholesterol and some phytosterols.



The membranes of all plant cells contain phytosterols. It is especially rich in cereals and cereal
product, fruits, vegetable oils and fats (Murkovic, Piironen, Lampi, Kraushofer, & Sontag,
2004). Phytosterols, free, esterified with fatty acids or conjugated with glycosides, occur
naturally in plant and plant-based products (such as vegetables, fruits, seeds, vegetable oils,
cereals and legumes) (Piironen et al., 2000). Phytosterols are found in vegetable oils in the form
of free sterols or sterile esters of fatty acids (Verleyen et al., 2002). Furthermore, industrial
wastes of soft and hard woods are also significant sources of phytosterols, as they contain 10 to
15% phytostanol. Phytostanols are fully saturated forms of phytosterols. It does not contain the

carbon-carbon double bonds found in cholesterol and phytosterols (Moreau et al., 2002).

Phytosterols consist of 28 or 29 carbon atoms. They have points like cholesterol, which are
their structural and functional properties. The majority of phytosterols have a side chain of nine
to ten carbon atoms, while cholesterol has a side chain of eight carbon atoms. Over 200 types
of phytosterols have been found in various plant species (Lagarda, Garcia-Llatas, & Farré,
2006). Phytosterols have been shown to be highly effective in lowering serum cholesterol in
addition to the risk of heart disease in humans. Phytosterols are also known to be important in
the pharmaceutical, cosmetic, and nutritional industries. It is widely used in the food and
cosmetics industries due to its health benefits (Rudkowska, 2010). Figure 2.2 shows the effects

of phytosterols on human health.

Cholesterol- lowering
Activity

Anti-iflammatory Anti-atherosclerotic
Activity Activity

\ /
Phytosterols

— AN

Antioxidant Anti-cancer
Activity Activity

Anti-polymerization
Activity

Figure 2.2. Effects of phytosterols on human health.
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2.1.1. Stigmasterol

Stigmasterol (Stg) is an unsaturated plant sterol also referred to as Stigmasterin or Wulzen anti-
stiffness factor. Rosalind Wulzen, a physiologist at the University of California, discovered Stg
in a variety of medicinal plants. Adolf Wind Form and A. Hauth isolated it for the first time in
1906 in Calabarbohne, and it was later isolated from various medicinal plants (Kaur,
Chaudhary, Jain, & Kishore, 2011). Stg is used in a variety of chemical processes that produce
a wide range of synthetic and semi-synthetic compounds for the pharmaceutical industry. It
serves as a precursor in the synthesis of progesterone and is known to act as an intermediate in
the synthesis of some products -such as corticoids, androgens, estrogens, and vitamin D3
(Sundararaman & Dijerassi, 1977). Stg is a plant lipid that is very close to cholesterol in

chemical structure (Salehi et al., 2020).

Plants produce sterol mixtures containing sitosterol, Stg, campesterol and cholesterol. Animals
and fungi cannot do this process. Sterols help maintain the plant cell's plasma membrane fluidity
and permeability, under stress conditions (Hartmann, 1998). Stg is essential for the production
of hormones such as progesterone, estrogens, androgens and corticoids. Furthermore, lots of
studies have shown that Stg can inhibit the alpha-amylase enzyme, and its bioactivity has
pharmacological effects such as antidiabetic, hypoglycemic, antiosteoarthritic, antimutagenic,
cytotoxicity, anti-inflammatory, and antioxidant (Kaur et al., 2011; Kumar, Kumar, & Prakash,
2013; J. Wang et al., 2017). It has also been shown in several studies that it can inhibit the
growth of tumors. Therefore, this steroid derivative can also be used as a potential drug in the

treatment of various diseases (Ali et al., 2015; Kangsamaksin et al., 2017).

Stg reduced amyloid-B-peptide (AB) secretion strongly by pleiotropic mechanisms in human
neuroblastoma cells SH-SYSY. AP secretion was raised via cholesterol, P-sitosterol,
brassicasterol and campesterol (MS et al., 2018). In addition, Stg had stronger antagonist
activity against the nuclear bile acid receptor (Carter et al., 2007). In comparison to sitosterol
and campesterol, Stg was found to have the highest binding affinity for the enzyme
cyclooxygenase (COX-2) (Afroz et al., 2019).



2.1.2. Biosynthesis Of Stigmasterol

Stg is one of the significant phytosterol that is found in plant cell membranes which has not
been shown to be a membrane reinforcer (Krajewski-Bertrand, Milon, & Hartmann, 1992;
Schuler et al., 1991). It has recently been suggested that the isoprene building blocks of
phytosterols are derived biosynthetically from the mevalonate pathway.

When the mevalonate and deoxyxylulose mechanisms for producing phytosterols were
investigated in one study using callus leaf explant cultures of Croton sublyratus, It was
discovered that biosynthesis took place during the culture's linear phase, and both channels
contributed equally (De-Eknamkul & Potduang, 2003). After a series of enzyme-catalyzed
reactions that result in the formation of 2,3-oxidosqualene, Stg is produced in the mevalonate
pathway (Schaller, 2003).

2.1.3. Chemical Structure Of Stigmasterol

Stg is a member of the group of plant sterols that are chemically similar to cholesterol. When
Stg (C29H480) and cholesterol (C27H460) are compared structurally, Stg has an extra ethyl
group and a double bond in the side chain (Harborne, 1998). Stg is a stereolipid with an ethyl
group at the C24 carbon atom. It also has the skeleton of a stigmastan. It is hydrophobic and
mostly neutral. Among plant sterols, Stg is one of the most prevalent. Its primary function is to

maintain the physiology and structure of the cell.



CHs CH-

CHs

HO

Figure 2.3. Chemical structure of stigmasterol

Stg is a steroid derivative characterized by the hydroxyl group in position C-3 of the steroid
skeleton, and unsaturated bonds in position 5-6 of the B ring, and position 22-23 in the alkyl
substituent. Cholesterol and Stg are structurally very similar, only differing in their side alkyl
chain. According to the study of Lengyel et. al. (2012), similar susceptibility to oxidation is
expected for their 5, 6 and 7 ring-positions. In addition, a variety of factors other than
thermodynamics could be involved in the differential oxysterol formation from cholesterol

compared to Stg (Barriuso, Ansorena, Poyato, & Astiasaran, 2015; Lengyel et al., 2012).
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Figure 2.4. Molecular models for cholesterol, B-sitosterol and stigmasterol.

2.1.4. Clinical Significance Of Stigmasterol

Stg is a significant sterol found in plant cell plasma membranes and is associated with cell
growth (Hartmann, 1998) and activation of plasma membrane H+-ATPase (Grandmougin-
Ferjani, Schuler-Muller, & Hartmann, 1997). Stg, one of the many valuable compounds, has
been isolated from numerous plants and studied for a variety of pharmacological and biological
activities such as anti-inflammatory, anti-osteoarthritic, anti-oxidant and anti-
hypercholesterolemic.

Anti-inflammatory Activity: The anti-inflammatory properties of Stg were examined in a
study by Khan et al. on rats to treat rheumatoid arthritis (RA), which is brought on by increased
proinflammatory cytokine production. Stg treatment was found to significantly reduce the
expression of proinflammatory mediators like iNOS, IL-6, IL-1, COX-2, and TNF- and increase
the expression of anti-inflammatory cytokines like IL-10 (Ahmad Khan et al., 2020). In a
different study, the effect of Stg on oxidative stress, inflammatory cell proliferation, lung

histopathology and remodeling was examined. Significant antiasthmatic activities were present
1U



in Stg, and it had suppressive effects on important symptoms of allergen-induced asthma
(Antwi, Obiri, & Osafo, 2017).

Anti-osteoarthritic Activity: Gabay investigated the anti-osteoarthritic activity of Stg in a
study (Gabay et al., 2010). In this study, newborn mouse chondrocytes and human osteoarthritis
(OA) chondrocytes were stimulated with or without IL-1b for 18 hours before being incubated
with Stg for 48 hours. After 18 hours of IL-1beta treatment, the expression of several genes
involved in cartilage remodeling increased, and as a result of the study, Stg was found to have
an anti-osteoarthritic effect by significantly reducing this effect (Gabay et al., 2010).

Antioxidant Activity: In the study in which the neurological deficiencies of rats were analyzed,
it was observed that Stg protected the brain from I/R damage by reducing oxidative stress and
inflammation (Liang et al., 2020). In another study, the antioxidant property of Stg isolated
from Butea monosperma bark was investigated and an increase in catalase (CAT), glutathione
(GSH) and superoxide dismutase (SOD) activities, and a decrease in hepatic lipid peroxidation
(LPO) were observed (Panda et al., 2009).

Anti-hypercholesterolemic activity: Studies have shown that Stg has a significant effect on
serum cholesterol comparable to the antihypercholesterolemic activity of B-sitosterol. It has
been noted that plant sterol competes with cholesterol for intestinal absorption, reducing the
plasma levels of cholesterol. In a study, Stg inhibited the production of cholesterol by blocking
the enzyme sterol-24 reductase in human Caco-2 and HL-60 cell lines. Stg has been shown to
reduce plasma cholesterol levels, inhibit intestinal cholesterol and plant sterol absorption. It has
been revealed as a result of research that it suppresses hepatic cholesterol and classical bile acid
synthesis (Batta et al., 2006).
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2.2. Affinity Chromatography Techniques

Affinity chromatography is a type of liquid chromatography that uses biologically similar
interactions to separate and specifically analyse sample constituents. Affinity chromatography
is an effective and powerful technique for isolating and purification the several essential

biomolecules such as antigens, antibodies and enzymes (Gu, Hsu, & Syu, 2003).

Affinity chromatography technique manages reversible biospecific binding between
biomolecules and immobilized ligands. This affinity chromatography technique achieves
selective purification of enzymes. Another important application of affinity chromatography is
the efficient isolation of enzymes in purification processes. It provides that enzyme activity
losses are kept to a minimum in multi-stage purification processes. Affinity chromatography is
widely used in biomolecule preparation and separation. As a result, this separation technique is
becoming increasingly important (Hage et al., 2012).

D)
+C +D

Immobilized Product to Product adsorbed on
Ligand be purified immohbilized ligand

Product to be elted

Figure 2.5. Principle of affinity chromatography.

2.2.1. Solid Phase Extraction

Solid-phase extraction (SPE) is a widely used sample preparation technique that can be applied
directly to gas-solid-phase and liquid-solid-phase samples or indirectly to solid samples by
means of, for example, thermodesorption followed by chromatographic analysis (Plotka-
Wasylka, Mar¢, Szczepanska, & Namie$nik, 2017).

The analysis steps of the SPE method are basically based on the principle of filling small,

disposable extraction columns or discs with various holding agents and passing the liquid
12



samples through the columns and discs prepared to separate (clean) the unwanted components,
condense and further change the sample matrix structure. The primary goals of such treatments
are to remove matrix components and enrich the analyte in the sample. Otherwise, they can

slow down detection time and even cause equipment damage (Scigalski & Kosobucki, 2020).

Among the most commonly used sample preparation techniques are solid-phase micro-
extraction (SPME), matrix solid-phase dispersion (MSPD), stir bar sorptive extraction (SBSE),
and ion-exchange solid-phase extraction (IE-SPE). These solid phase extraction techniques
reduce matrix effects while increasing sensitivity and reproducibility in selective sample

preparation.
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Figure 2.6. The basic procedure of SPE method. (a) conditioning, (b) sample loading, (c)
rinsing, (d) elution.

In the literature, there are many separation and pre-concentration methods for various purposes.
Liquid-liquid extraction (solvent extraction), ion exchange, electrodeposition, and membrane

filtration are some of the examples generally used for this purpose. Matrix removal (separation),
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trace enrichment (preconcentration) and medium exchange are the major goals of SPE
(Alexander et al., 2006; Liska, 2000).

In a study by A. R. Koohpaei et al., solid phase extraction has been shown to be one of the
major applications of molecularly imprinted polymer domains for cleaning environmental and
biological samples. In terms of critical factors, solid phase extraction of a triazine herbicide
called atrazine using imprinted polymer was optimized by an experimental design approach.
Factors affecting the efficiency of molecular imprinted solid phase extraction such as pH,
concentration, flow rate, volume, elution solvent, wash solvent and sorbent mass were
investigated. Chemometry is frequently used in the optimization of analytical methods. The
central composite design is thought to help improve solid phase extraction in molecularly

imprinted polymers (Koohpaei et al., 2008).

2.2.2. Mono-sized Spherical Particles

The binding capacity of MIPs, as well as their effectiveness and detection sensitivity, are
significantly influenced by their morphology. The preparation technique and morphology have
an impact on the diameter and size of the MIP particles. Over time, MIPs' morphology changed
from irregular particles to organized spheres and hierarchical structures (Alizadeh &
Memarbashi, 2012; Halhalli & Sellergren, 2015).

There has been significant progress in the development of MIPs with various morphologies in
recent years. Several methods for producing MIPs with the desired shape, size, and particle size
distribution have been developed. MIPs with many spherical, porous, hollow, core-shell shapes,
including packed columns and chemical sensors, have been successfully prepared (Lu et al.,
2020). MIP microspheres have good dispersion and are generally spherical with particle sizes
of about ten microns. MIP spheres are widely used in column packing, adsorptive separation,
and sensor construction because they are replaceable and controllable (Giovannoli et al., 2015;
Shen & Ye, 2011; D. Wang, Hong, Yang, & Row, 2003).
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2.3. Molecularly Imprinted Technology

High selectivity and specificity receptors are created using a technique called molecularly
imprinting technology (MIT). It is an excellent method for a specific analyte that can be used
in a variety of applications. This technology is now a sustainable synthetic approach for creating
strong molecular recognition materials capable of imitating natural recognition entities like

antibodies and biological receptors (Vasapollo et al., 2011).

A functional monomer and an analyte (template) combine to generate a three-dimensional
polymer complex when cross-linking agents are present. The template is removed from the
polymer after polymerization. Certain recognition sites are obtained based on the size, shape,
and functionality of the template molecule. Intermolecular interactions between the template
molecule and the functional groups contained in the polymer matrix, such as hydrogen bonds,
dipole-dipole interactions, and ionic interactions. As a result, polymers with only the template

molecule recognition region are obtained. (Ramstrdm & Mosbach, 1999).

2.3.1. Molecularly Imprinted Polymers

There are many applications for molecular imprinted polymers (MIPs), such as biosensor
design, catalysis and chromatography. Molecular imprinting technique basically occurs in three
steps. Firstly, the monomer carrying the functional group or groups interacts covalently or

noncovalently with the template molecule to generate a pre-complex.

In the second step, the polymerization process is initiated with the help of this pre-complex, a
suitable cross-linker and polymer initiator. Finally, the imprinted polymer is washed with a
suitable solvent and/or solvent system to remove the template molecule in the structure. A
highly selective polymeric structure is obtained that recognizes the three-dimensional chemical
structure of the template molecule, namely the analyte (Orozco et al., 2013; Soysal et al., 2013;

Tang et al., 2016). Schematically this can be represented by Figure 2.7.
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Figure 2.7. Representative illustration of molecular imprinting technique.

Pre-polymerization, polymerization around pre-complex, removal of the template molecule and

formation of template-specific cavities.

Molecular imprinted polymers with specific binding sites are frequently used in many analytical
applications due to their high specificity, easy preparation, and being physically and chemically
resistant materials. Solid phase extraction (Demirkurt, Olcer, Demir, & Eroglu, 2018; Garcia et
al., 2018), chromatography (Bayram et al., 2017) catalytic and sensor (Zhang et al., 2018)
studies on the use of molecular imprinted polymers in analytical techniques seem to have been

on a rapid rise since the 2000s.

2.3.1.1. Covalent Imprinting

Before polymerization, a powerful and reversible covalent imprinting occurs between the

monomers that will be imprinted. After the polymerization process, the covalent bonds are

broken, and the mold is removed from the polymer. When the target molecule comes into
16



contact with the polymer, the covalent bond is reformed. One benefit of this method is that
functional groups are only associated with the template site. However, at this stage, only a
limited quantity of compounds can be printed. Although a covalent approach is stronger
between the ligand and the matrix, non-covalent approaches are preferred in most cases, as this

Is often costly in terms of compatibility and binding kinetics.

2.3.1.2. Non-Covalent Imprinting

Noncovalent interactions, such as H-bonding, ion pairing, and dipole-dipole interactions, are
used in non-covalent imprinting to bind the functional monomer to the template molecule. After
polymerization, the template molecule is removed from the polymer with suitable solvents.
Imprinted polymers with template molecules are bonded by non-covalent interactions. This
method was first introduced by Mosbach's group with organic polymers. Due to its simplicity,
this method is the most commonly used method for the preparation of molecular imprinted
polymers. Many commercially available functional monomers have been reported in studies
(Alexander et al., 2006; Ramstrém & Mosbach, 1999).

Template molecule
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\D Polymerization of plain monomer 2 I: Molecular Recognition
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Synthesis of
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Figure 2.8. Molecular Imprinting Approaches. A) Non-covalent, B) Covalent imprinting.
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2.3.2. Polymerization

Free radical polymerization is generally used in the preparation of MIPs, with azo initiators
being the most commonly used materials. The synthesis is typically carried out under mild
reaction conditions with a variety of functional groups and template structures. Typically,
polymerization reactions happen quite quickly. Azo-N-N'-bis-isobutyronitrile is one of the most
popular azo initiators (AIBN). AIBN can be used as a source of free radicals by photochemical
or thermal degradation occurs at 40°C, while thermal degradation occurs above this
temperature. The monomer-template complex is polymerized over the functional monomer

using a suitable cross-linker and initiator.

2.3.2.1. Template Molecule

Template molecules have a significant function and act as a target compound in analytical
reactions. Its primary function is to regulate functional groups attached to monomers. As a
result, an ideal template molecule should be inert during polymerization. If the template can
participate in radical reactions or is otherwise unstable under polymerization conditions,
alternative imprinting strategies may be required. An ideal template molecule contains no
groups that participate in or hinder polymerization, is chemically stable during the

polymerization process. It has functional groups that combine well with functional monomers.

2.3.2.2. Monomers

The functional monomer is assigned by functional groups, which can form a complex with the
template molecule via covalent or non-covalent interactions. Copolymerization with the cross-
linked monomers holds the monomers in place temporarily around the template. Because the
formation of a stable template monomer complex is required for molecular recognition, the
functional monomers are selected to interact with the template. Copolymerization with cross-
linking monomers fixes the position of the monomers in space around the template. Methacrylic
acid (MAA), acrylic acid (AA), 2- or 4-vinylpyridine (2- or 4-VP), acrylamide,
trifluoromethacrylic acid and 2-hydroxyethyl methacrylate (HEMA) are most common used

monomers in molecular imprinting technology. These are shown in Figure 2.9.
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Figure 2.9. Monomers used in molecular imprinting method and their chemical structures.

2.3.2.3. Cross-linker

Cross-linkers are provided that primarily control the morphology of the imprinted polymer
matrix, the stability of the binding moieties of the imprinted molecule or ion, and the high
mechanical stability of the polymer matrix. Cross-linkers attach the functional groups of
functional monomers to imprinted molecules, resulting in a highly cross-linked rigid polymer.
The functional monomer must be thoughtfully chosen to ensure complementary interactions

with the template and substrates.

The most commonly used cross-linkers in research are ethylene glycol dimethacrylate

(EGDMA), divinylbenzene (DVB), N,N-methylenebisacrylamide (MBAA) and
19



trimethylolpropane trimethacrylate (TRIM). The structures of various cross-linkers are shown
in Figure 2.10. The high cross-linking ratios are usually preferred in order to obtain permanently
porous (macroporous) materials and to be able to produce materials with sufficient mechanical
stability. Consequently, the amount of cross-linker used should be sufficient to keep the
recognition sites stable. There are several cross-linkers known to be compatible with molecular

imprinting. Some form complexes with the template; some act as functional monomers.
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Figure 2.10. The chemical structures of cross-linkers used in molecular imprinting method.

2.3.2.4. Solvents

The porous structure of MIP, also known as macroporous polymers, is generated by the
porogenic solvent. It also impacts the bond strength between functional monomers and
templates, as well as the polymer's characteristics and morphology, particularly in non-covalent

interaction systems.

The template molecule, the initiator, the monomer, and the cross-linker must first be soluble in
the porogenic solvents. Second, the porogenic solvents should create large pores to ensure that

the resulting polymer has good flow properties. Third, because the monomer is critical for MIP
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selectivity, relatively low polarity porogenic solvents should be used to minimize interference
during complex formation between the imprinted template and the monomer. Non polar and
aprotic solvents such as toluene and chloroform are preferred; water or protic solvents may be

used if hydrophilic forces are involved in complex formation.
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Figure 2.11. The chemical structures of non-covalent molecular imprinting initiators.

It has been shown in many studies that the polymerization of MIP at low temperatures has more
selectivity than polymers prepared at higher temperatures. Furthermore, high temperatures are
damaging to complex stability. The reproducibility of monolithic stationary phases is thereby
reduced. It can also cause large falls in column pressure. Mosbach et al., for instance, published
a research on the enantioselectivity of 1-PheNHPh-terminated polymers, one of which was
thermally polymerized at 60°C and the other photochemically polymerized at 0°C. The results
showed that better selectivity was obtained at the lower temperature than the identical thermally
polymerized polymers. The reason for this was again postulated based on the Le Chatelier
principle, which predicts that lower temperatures drive the prepolymer complex to form
complexes, thereby increasing the number and possibly the quality of the binding sites formed
(al Shannaq & Farid, 2015; Kempe & Mosbach, 1995; Yan & Kyung, 2006).
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2.4. Polymerization Synthesis Techniques

Polymerization is the formation of a macromolecule by combining small molecules called
monomers. Because this macromolecule is a polymer, monomers serve as polymer building
blocks. These polymers can be created in a variety of ways. Some of these methods include

suspension polymerization and emulsion polymerization.

2.4.1. Suspension Polymerization

Suspension polymerization is a polymerization method that belongs to encapsulation processes.
This process is used to make many commercial resins such as polystyrene, polyvinyl chloride
(PVC), and poly(methyl methacrylate). In general, what is found in a suspension
polymerization system is as follows: monomers, stabilizing agents, dispersion medium and
soluble initiator. The monomer must be highly insoluble in order to be dissolved in water.
Prepolymers or partially polymerized monomers can be used if the monomer is not adequately
dissolvable. These polymers are either water insoluble or have much lower solubility than
monomers. During the polymerization, the suspension must be sufficiently stirred and
stabilized, or the particles will agglomerate and form a large mass. The final polymeric particles
range in size from 0.1 to 5 mm in diameter (al Shannaq & Farid, 2015).
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Figure 2.12. Production of microcapsules by suspension polymerization. Emulsion

Polymerization
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2.4.2. Emulsion Polymerization

Emulsion polymerization is a crucial process for the polymerization of a wide range of
monomers. vinyl acetate, acrylates, methacrylates, acrylamide, vinyl chloride and chloroprene
are examples of monomers. It's also used to make copolymers such as acrylonitrile butadiene
styrene (ABS). Emulsion polymerization is a type of polymerization that happens most

commonly in emulsions. Water, monomers, an initiator, and a surfactant are all that is required.

The polymerization mechanism in the emulsion polymerization process is much more complex,
the products also differ from one another in terms of their properties. While the product particle
size in the slurry process is in the range from 10 um to 10 mm, the emulsion polymerization
produces significantly smaller polymeric particles with 0.05 to 5 um. The resulting product is

an artificial latex.

One of the important technical advantages of emulsion polymerization is that it is faster
compared to other polymerizations. The main difference between suspension and emulsion
polymerization is that in suspension polymerization a mechanical mixing is required whereas
in emulsion polymerization it is not needed. In summary, emulsion polymerization requires the
use of water, a monomer, an initiator, and a surfactant; suspension polymerization requires the
use of a dispersion medium, monomers, stabilizers, and initiators. Finally, the final products of
emulsion polymerization do not require any modification. However, in suspension
polymerization, the situation is the opposite. The reason for this is that the final products exist

in the liquid medium as a suspended sphere (Cunningham et al., 2014; Hood et al., 2014).
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Figure 2.13. Emulsion polymerization process.
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3. MATERIALS AND METHODS

3.1. Materials

Stigmasterol (Stg), Divinylbenzene-80 (DVB-80), 4-vinylbenzoic acid (VBA), methacrylic
acid (MAA) and 2,2-azo-bis-isobutyronitrile (AIBN) were purchased from from Sigma-Aldrich
(St. Louis, MO, USA). All chemicals, including acetonitrile, methanol, and ethanol, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The necessary solutions were made
using analytical-grade reagents, and clean water with a resistivity of 18 M-cm at room
temperature. All reagents were stored in accordance with the given instructions and waste was

disposed of in accordance with the rules.

Chemicals and samples were weighed using Shimadzu Type ATX224 Electronic Balance.
Biobase Type MX-T6-S Rotator was used to mix the prepared samples homogeneously. Model
of Millipore DIRECT-Q3 UV water device with a filter was used for the water system. Solid
phase from the sample was separated by Beckman Coulter Type Allegra X-30R Centrifuge
device. Roller Vortex (MX-T6-S, Biobase, China) was used to mix solutions. Uv-Vis
Spectrophotometer (Genesys 150, Thermo Scientific, United States) was used to determine the
adsorption capacity, selectivity and many other characteristics of the polymer. The surface
morphology and chemical properties of the synthesized polymers were evaluated with Scanning
Electron Microscopy (SEM) (FEI, Quanta 650 Field Emission SEM, USA) and Fourier
Transform Infrared Spectroscopy (FTIR) (Jasco, FT/IR-6700, USA) devices, respectively.

3.2. Preparation of Stigmasterol-MIP and NIPs

Stg-imprinted monosize solid phase extraction spheres (Stg-MIPs) and NIPs were made using
Stg as the template molecule, 4-vinylbenzoic acid (VBA) as the functional monomer,
methacrylic acid (MAA) as the monomer, divinylbenzene-80 (DVB-80) as the cross-linker,
and 2,2’-azobisisobutyronitrile (AIBN) as the initiator in a solution of acetonitrile/toluene as

the porogen (3/1, v/v).
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Table 3.1. Recipe for polymer synthesis and polymerization circumstances.

Chemicals Amount of Chemicals
Stigmasterol (0.23 mmol) 95 mg
VBA (0.46 mmol) 67.79 mg
MAA (0.68 mmol) 58 pL
DVB-80 (3.40 mmol) 484 uL
AIBN (0,25 mmol) 41.05 mg
Acetonitrile/Toluene (3/1, v/v) (9.375 mL/3,125 mL)
Polymerization Conditions:

Temperature: 60 °C, Time: 24 hours

Batch polymerization method was preferred for the preparation of Stg-MIPs and NIPs. First,
Stg (0.23 mmol) was dissolved in acetonitrile/toluene solution and then VBA functional
monomer (0.46 mmol) was dissolved in this solution to have Stg-VBA pre-complex in 1:2
molar ratio and interacted for 4 hours at 4 °C. Polymerization was carried out for 24 hours at
60 °C using MAA (0.68 mmol), DVB-80 (3.40 mmol), AIBN (0.25 mmol), and
acetonitrile/toluene (75/25 v/v, 12.5 mL) solution in addition to the Stg-VBA pre-complex.
NIPs were synthesized by the same Stg-MIPs preparation procedure without using Stg
molecules. The reaction mixture acquired a milky look at this point. Centrifugation was used
to separate the supernatants from the reaction medium, and the sedimented polymers were then
added to the solid part. The polymers, all of which were dried at 40°C overnight and weighed

on analytical balance (Mary).
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3.3. Template Removal

The polymers were washed with a methanol/acetic acid (9/1, v/v) solution to remove the
template molecule from the synthesized Stg-MIPs. The removed Stg was determined after each
elution by making absorbance measurements at 205 nm wavelength with a UV
spectrophotometer. Up till there was no more Stg, this process was done numerous times. As a
result of the template removal, specific cavities for Stg were revealed.

3.4. Characterization Studies

Swelling ratio of synthesized polymers was determined by swelling test. Scanning electron
microscopy (SEM) was used to analyze the morphological structures and particle sizes of these
materials. The characterization of the chemical structures was done by Fourier transform
infrared spectroscopy (FTIR) (Jasco, FT/IR-6700, USA) method.

3.4.1. Swelling Tests

The swelling ratio of the microspheres obtained by polymerization was determined in distilled
water using the gravimetric method. For this, dry spheres were placed in a cylindrical glass
tube. The height of the uninflated spheres was measured. Then, the tube was then filled with a
certain amount of deionized water, allowed to swell for 2 hours at room temperature, and the
weight of the swollen spheres was measured. The following equation was used to calculate the

swelling rate of the material.

Swelling ratio % = [(Ws — Wo) / Wo] x 100 (3.2)

Where, Woand Ws are the weights of spheres before and after swelling, respectively.

The polymerization efficiency is calculated by dividing the dry weight of the polymer by the
total amount of monomer used for the polymerization reaction. The polymerization yield of
Stg-MIPs and NIPs was determined as percent polymerization yield. For this purpose, the dry
weight of the synthesized polymers was weighed using a balance and the polymerization

efficiency was calculated using the following equation:

Polymerization Yield (%) = (mary/mt) X 100 (3.2)
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Here, mary represents the dry weight of the oven-dried polymer and mt represents the total mass

of monomers in the polymer mixture.

3.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

Stg-MIPs and NIPs were characterized by FTIR (Jasco, FT/IR-6700, USA). For FTIR analysis,
the synthesized Stg-MIPs and NIPs were placed in the device in powder form. N2 gas was
introduced into the sample chamber for 10 minutes to minimize interference from
environmental gases and vapours on the sample spectrum. The spectrum was measured in the

wavenumber range of 4000-400 cm™™.

3.4.3. Surface Morphology

The morphological structures and particle sizes of Stg-MIPs and NIPs were investigated using
scanning electron microscopy (SEM). Before SEM analysis, the Stg-MIPs and NIPs samples
were swollen in deionized water and then dried in a lyophilizer (Lyophilizer, BK-FD10P,
Biobase, China). The polymer samples taken after drying were fixed on the SEM sample plate
using a conductive adhesive to take SEM images. The sample surface was coated with gold
under vacuum, making the surface conductive, and SEM images of the polymers were taken at

various magnifications.
3.5. Adsorption Studies

Adsorption-desorption Kinetics are crucial in many circumstances where there are binding
interactions. Stg adsorption of Stg-MIPs prepared at different concentrations was investigated
in a batch system. For this purpose, 200 mg of the Stg-MIP and NIP polymers were weighed
and conditioned with ethanol. Afterwards, different concentrations of Stg solutions
(0.1,0.3,0.5,1,2,3,5,10 mg/mL) were prepared in ethanol. First, the initial absorbance values of
the prepared solutions were measured at 205 nm using a UV spectrophotometer. After that Stg-
MIPs and NIPs were interacted with different concentrations of Stg solutions (V=5 mL) for 2
hours. After 2 hours, final measurements were made at 205 nm to determine the amount of Stg
adsorbed. Thus, the decrease in absorbance after adsorption was measured
spectrophotometrically according to the initial absorbance value. Also temperature (4°C-40°C,

2 h) and interaction time (0-120 min.) on adsorption rate and capacity were investigated. The
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Stg concentration determined (0.5 mg/mL) after the adsorption studies was used in the different
temperatures and interaction times. Before these processes, the initial absorbance value of the
selected Stg concentration (0.5 mg/mL) at 205 nm was measured. The determined Stg
concentration (0.5 mg/mL, V=5 mL) was interacted with the polymer at 4, 25 and 40 °C for 2
hours. After 2 hours, absorbance measurements were taken. In different interaction times,
polymers were exposed to Stg solution (0.5 mg/mL, V=5 mL) for 2 hours and samples were
taken between 0 and 120 minutes and absorbance was measured. After each adsorption process
for concentration, temperature and time scanning, the polymers were washed with ethanol.

Also, polymers were incubated with methanol/acetic acid (9/1, v/v) for desorption studies.

The amount of Stg was calculated by creating a calibration curve with the adsorption amount
of the solutions of Stg prepared between 0.1-10 mg/mL. A UV spectrophotometer at 205 nm

was used and the adsorption capacity was calculated according to the following formula.

Q= [(Co-C) XV] / m (3.3)

Here, Q is the adsorption capacity (mg/g); Co and C are the concentrations of the Stg in the
initial solutions and after process for a particular amount of time, respectively (mg/mL); V is
the solution's volume (L) m is the mass of Stg used (g). For statistical calculations and quality

control, each experiment was run multiple times.
3.6. Selectivity Studies

To define specificity of Stg-MIPs, a selectivity experiment as compared to competitor
molecules was performed (Cholesterol (Chol, MW: 386.65 g/mol); Ergosterol (Erg, MW:
396.65 g/mol)). In the selectivity studies, solutions of Stg and competitor molecules
(Cholesterol and Ergosterol) were prepared in ethanol (0.5 mg/mL) and initial absorbance
measurements were made at 205 nm wavelength. Then, the solutions (V=5 mL) interacted with
polymers for 2 hours. At the end of 2 hours, final absorbances were measured. After each
adsorption process, the polymers were washed with ethanol for 30 minutes and after washing,
desorption was performed using methanol/acetic acid (9/1, v/v) solution. The absorbance of the

samples taken after each treatment was measured at 205 nm.
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The following equation was used to compute the distribution and selectivity coefficients of
cholesterol and ergosterol with regard to Stg:

Qd=[(Ci—Cy) /Cs] x VIm (3.4)

Here, Q4 stands in for the distribution coefficient; C; and Cs are the initial and final
concentrations of Stg, respectively. V is the solution's volume (mL) and m is the mass of the
polymers used (g).

To evaluate the selective adsorption property of Stg-MIPs, the imprinting factor (IF) was

calculated for Stg and competitors using the following equation:
IF = Qd stg-mip / Qd nip (3.5)
Qd stg-mip and Qd nip represent the distribution coefficients of Stg-MIPs and NIPs, respectively.

The equilibrium binding data were used to derive the selectivity coefficient for Stg binding in

the presence of competing molecules using the following equation:
k = Qq (template) / Qq (competitor) (3.6)

Comepetitors include substances such as Cholesterol and Ergosterol, and k is the selectivity
coefficient. An assessment of the impact of imprinting on selectivity can be made by comparing

the k values of the MIPs with those of the steroid molecules.
The relative selectivity coefficient k' (3.7) can be defined as:

k = Kimprinted / Kcontrol (3.7

3.7. Desorption and Reusability Studies

The desorption of Stg was carried out using a methanol/acetic acid (9/1, v/v) solution. After the
adsorption studies, the polymers were treated with the desorption solution (V=5 mL) for 2
hours. Using a UV spectrophotometer, desorbed Stg from polymers was detected at 205 nm.
After each desorption process, the polymers were washed with ethanol and prepared for their

next use.
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The desorption rate was deterined as follows according to the amount of Stg adsorbed by the
polymers and the final Stg concentration in the medium as a result of desorption:

) __amount of the desorpted stigmasterol

Desorption Ratio(% 100 (3.8)

amount of the adsorbed stigmasterol

3.8. Stigmasterol from plant extract

Stg extraction from soybean oil was performed using the method reported by Sinha et al., 2015.
First, 5 mL of ethanolic KOH (0.5 M) solution was added to 4 mL of soybean oil and mixed
for 15 minutes. The mixture was heated in a water bath at 80 °C for 30 minutes and then cooled
to room temperature. Next, 3 mL of hexane and 2 mL of distilled water were added to the
mixture and it was allowed to mix for 15 minutes. After mixing, the sample was centrifuged at
3000 rpm to observe the phase separation and collect the hexane fraction containing Stg. The
hexane was evaporated using a BUCHI brand evaporator (Rotavapor R-300, Switzerland). The
residue was dissolved in 2 mL ethanol. For adsorption, 5 mL of soybean oil is mixed with 200
mg Stg-MIP and NIP. Then, 0.1 and 3 mg/mL Stg concentrations were added to the sample and
stirred for 2 hours. After adsorption studies; the absorbances of the initial, final and desorption

solutions were measured spectrophotometrically.

4. RESULTS AND DISCUSSIONS

4.1. Characterization of Stg-MIPs and NIPs

4.1.1. Swelling Test and Polymerization Yield

Swelling experiments were used to determine the swelling ratio and polymerization yield. The
percentages of swelling and polymerization yield for Stg-MIPs and NIPs were calculated as
shown in Table 4.1. When the results were evaluated, it was observed that the swelling
percentages of Stg-MIP polymers were lower compared to NIPs. The inclusion of the Stg-VBA
pre-complex in the structure increased the hydrophobic property of the polymer, and

accordingly, it was determined that the swelling percentages of Stg-MIP polymers were lower
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compared to NIPs. In addition, the lower swelling rate and polymerization yield of MIPs than
NIPs may be due to material loss from repeated template removal processes.

Table 4. 2. Swelling ratio and polymerization yield of Stg-MIPs and NIPs.

Polymers Swelling Rate, % Polymerization Yield, %
Stg-MIPs 1135 89.7
NIPs 1463 98.2

4.1.2. SEM Studies

The surface morphology of the polymers (Stg-MIPs and NIPs) was investigated by SEM at
different magnifications (20.000X and 5.000X). SEM images of Stg-MIPs and NIPs are given
in Figure 4.1. SEM photographs were examined and the average diameter of the polymers
selected from the images was calculated as 1 um with the Image J program. It has been observed
that both polymers have a monosize structure. The small and monosize structure of the
polymers provides fast adsorption kinetics and reproducible results. Obtained experimental
results supported this prediction.
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Figure 4. 1. SEM Analysis. SEM images of A) Stg-MIPs (20.000 x), B) Stg-MIPs (5000 x), C)
NIPs (20.000 x), D) NIPs (5000 x).

4.1.3. FTIR Studies

The characterization of the chemical structures of the synthesized polymers was done by
Fourier transform infrared spectroscopy (FTIR). The spectrum obtained for Stg-MIPs and NIPs

are shown in Figure 4.2.
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Figure 4. 2. FTIR Analysis. FTIR images of A) NIPs, B) Stg-MIPs.

Figure 4.2. shows the FTIR spectra of Stg-MIP and NIP polymers. Because the structures of
Stg-MIP and NIP polymers are so similar, their spectra are as well. Despite the fact that the
structure's intense MAA and DVB-80 content screens the VBA and Stg molecules that enter it,
the presence of these molecules has been successfully demonstrated. The peaks seen around
1695.12 cm™, 1606.41 cm™, 1485.88 cm™, and 1370.18 cm™ in DVB-80 are associated with
the benzene ring structure, which is common in their structure. The C-H tensile bands in MAA
and DVB-80 content cause peaks around 795.49 cm™and 902.52 cm™. These peaks are seen in
both spectra as common bands.
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In NIP, the frequency of vibrational movements of O-H groups was around 2919.70 cm™, but
in Stg-MIP, it shifted to 2923.56 cm™ (higher frequency). This demonstrates that VBA is
embedded in the structure of Stg-MIP polymers. In addition, the frequency of aromatic and
aliphatic double bond vibrational movements shifted from 708.71 cm™ to 709.68 cm™. These

spectral changes indicate the presence of the Stg-VBA pre-complex molecule in the structure.

4.2. Adsorption Studies

Adsorption and desorption studies were performed with Stg solutions prepared at various
concentrations to determine the optimum conditions for adsorption of Stg-MIPs and NIPs. The
effects of initial Stg concentration, temperature, and interaction time on Stg-MIPs adsorption
capacity were studied. In addition, Ergosterol and Cholesterol competitor molecules which are
similar chemical structure to Stg were used to demonstrate the selectivity of Stg-MIPs. To
examine the reusability of the Stg-MIPs, ten times the adsorption and desorption experiments
were carried out using the same polymer under the same conditions. Obtained results are given

in detail in this section.

4.2.1. The Effect of Initial Stigmasterol Concentration

Stg solutions were prepared at various concentrations (0.1, 0.3, 0.5, 1, 2, 3, 5, 10 mg/mL) in
ethanol to assess the impact of starting concentrations on adsorption capacity. Then, 200 mg of
Stg-MIPs and NIPs were weighed. Stg solutions prepared at different concentrations were
added to each weighted polymer (v=5 mL) and polymers and solutions were interacted for 2
hours at 25 °C. The results of the study with Stg-MIPs and NIPs are given in Figure 4.3. Almost
all concentrations of Stg molecules were adsorbed by the imprinted polymers. Although the
maximum adsorption capacity of Stg-MIPs did not change, the concentration of Stg continued
to rise after 3 mg/mL due to binding site saturation. The maximum Stg adsorption capacity of
Stg-MIPs was determined as 73.2 mg/g. It was observed that the Stg binding capacity of NIPs
was very low compared to MIPs. The highest binding capacity for NIPs was determined as 8

mg/g.
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Figure 4. 3. Effect of the initial Stg concentration on Stg adsorption (0,1-10 mg/mL Stg in
ethanol, T: 25°C, V: 5 mL, time: 2 h).

4.2.2. Adsorption Isotherms

Adsorption isotherms are used to explain the interaction between any molecule and its
adsorbent. These isotherms show the relationship between the concentration of molecules
adsorbed on the solid phase and the concentration of molecules in the solution when the two
phases are in equilibrium. In this study, Langmuir and Freundlich adsorption isotherm models
were used to characterize the interaction of Stg-MIP and Stg molecules in solution medium.
According to the Langmuir adsorption model, monolayer adsorption takes place. Adsorption

occurs only in a few discrete, quivalent regions, and there is no lateral interaction or steric
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inhibiton between adsorbed molecules, even in adjacent regions (Foo and Hameed, 2010). The

Langmuir adsorption isotherm is expressed using the following formula:

Qe=Quax.b.Ce/ (1 +b.Co)
(4.1)

This equation can be linearized as follows:
o Qe=1/ . +(Ce / Quax
Ce/ Qe=1/(Quax . b) +(Ce/ Qua) 42)

Where, Qe represents the concentration of Stg adsorbed to the adsorbent. Qmax is the maximum
adsorption capacity of Stg (mg/g) and b is the Langmuir constant (mL/mg). Ce is the equilibrium
concentration of Stg in solution (mg/mL). It is possible to determine the Qmaxand b values by

plotting the Ce/ Qe versus Ce graph (Figure 4.4a).

In contrast to the Langmuir adsorption isotherm model, the Freundlich adsorption isotherm
model explains why the adsorption surface has a heterogeneous surface energy. Active binding

sites that are close to each other, according to this model, interact with each other.

The equation for the Freundlich adsorption isotherm is as follows:

e = (Cs la
Qe=Qs.(Cs) 43)

Here, Qf (mg/g) is the maximum Stg adsorption capacity according to the Freundlich adsorption
model. The Freundlich constant, which characterizes the system's heterogeneity, is 1/n. The

above equation can be made linear as follows by taking the logarithm of both sides.

InQe=lnQs+ 1/n. 1nC, (4.9)

Qrand 1/n can be determined by plotting InQe versus InCe (Figure 4.4 b).

36



0,16

0,14 y=0,0096x +0,0382 @
R?=0,9349 .-
0,12
0,1
[«B)
Q0,08
(<5}
O
0,06
. .
®.-®
0,04 °
0,02
0
0 2 4 6 8 10 12
Ce (mg/ml)
5,0000
y=0,7216x+2,9171
4,5000 R? = 0,0077..-+"""
........ o
4,0000 o T
35000 | e
3’0000 . ..........
e
o e 2,5000
c e
- e °
. 2,0000
1,5000
1,0000
0,5000
0,0000
-1,5000  -1,0000  -0,5000  0,0000  0,5000 1,0000 1,5000 2,0000 2,5000
InCe

Figure 4. 4. a) Langmuir adsorption isotherm model b) Freundlich adsorption isotherm

model.
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The correlation coefficient of the Langmuir isotherm model (R?= 0.93), was found to be higher
than the correlation coefficient of the Freundlich isotherm model (R?= 0.90). The high
correlation coefficient (R?) value obtained from the Langmuir isotherm shows that the system
is suitable for the Langmuir adsorption model and that the Stg molecules are placed on the
synthesized polymers in a monosized layer. It also shows that the polymer surface is
homogeneous in terms of adsorption areas and energy. Maximum adsorption amounts of
Langmuir and Freundlich adsorption models were calculated and these values were determined
as 104.16 and 18.48 mg/g, respectively. The results showed that the maximum adsorption
amount of Langmuir adsorption models was closer to the maximum adsorption amount
obtained in experimental studies (73.2 mg/g) than that of the Freundlich adsorption model. The
adsorption constants b and n of both models were found to be 0.25 and 1.38, respectively (Table
4.2).

Table 4. 3. The isotherm constants for Langmuir and Freundlich adsorption.

Experimental Langmuir Freundlich

Q. (mg/g) Quna b ; Qs N ;
(mg/g) | (mL/mg) | R* (mg/g) R

732 104.16 025 0.93 18 48 138 0.90

4.2.3. The Effect of Interaction Time on Stigmasterol Adsorption

Stg-MIPs were interacted with Stg for 2 hours. Samples were taken at different time periods
and their measurements were carried out. As seen in Figure 4.4, an increase in Stg adsorption
was observed until the 60" minute. There was minimal difference in the amount of adsorption

after 60" minutes.
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Figure 4. 5. Effect of interaction time on Stg adsorption (Initial Stg concentration: 0-120 min.,
0.5 mg/mL, T: 25°C, V: 5 mL).

Adsorption kinetic models can be used to investigate the adsorption process's control
mechanisms, such as mass transfer and chemical reactions. The experimental data show that
the Stg concentration on the adsorbent surface and the Stg concentration in the solution are
equal. Lagergren's first-order rate equation is one of the most commonly used equations for

solute absorption from a liquid solution.

dai / di=k1..(qeq-

qt/ ds (Qea-qt ) (4.5)
The pseudo-first order adsorption rate constant, or k1, is 1/min. The amount of Stg adsorbed at
equilibrium is called geq (mg/g) and the amount of Stg adsorbed at time t is called gt (mg/g).
Att =0, at the time g = 0 and t = t, the following equation is obtained as a result of applying

and integrating the boundary conditions gt = qt:

log[geq/ ( Qeq- qt )] = (k1.t) / 2.303 (46)
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The equation can be linearized in the following way:
log( geq- qt)=log ( qeq) - (k1.t) / 2.303 @)

The linearity of the log(qeq) versus t plot demonstrates the kinetic model's applicability. The

pseudo-second order equation based on the adsorption equilibrium capacity is given below:

dat / de = k2.(qeq- at)?
qt / dt (Qeq- at) 4.9)

k2 is the pseudo-second order rate constant (g.mg*.min). The equation is linearized to get the

following equation:

(‘t qt )= (1 ! kE.QEq 2) + {1 qEﬂ)- t (49)

The plot of t/qt versus t must be linear for second-order Kinetics to be applicable. The rate
constant (k) can be determined from the cutoff point, the equilibrium adsorption (deq) from the
slope.
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Figure 4. 6. The graph of a) Pseudo first order kinetic model b) Pseudo second order kinetic

model

First and second order kinetic calculations of Stg adsorption by Stg-MIPs are given in Table
4.3. When the results are compared, it is seen that the correlation coefficient (R?=0,96) of the
second-order kinetic model is higher. The findings show that this experimental system can be
explained with a second-order kinetic model. Therefore, the diffusion limits of Stg adsorption
by Stg-MIP are negligible. The kinetic behavior is controlled by the spesific binding reaction
between Stg-MIPs and Stg molecules.
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Table 4. 4. Adsorption kinetic model constants.

Initial Experimental | Pseudo first order kanetic Pseudo second order kinetic
concentration
(mg/ml) Qe | Qe R? K2 Qe R?
(mg/g) (1/dk) | (mg/g) (1/dk) | (mg/g)
-0.01 1.95 0.90 0.0005 |-36.5 0.96
732 mglg

4.2.4. The Effect of Temperature on Stigmasterol Adsorption

The effect of temperature on Stg adsorption was determined by performing adsorption
studies with Stg-MIPs at 4, 25 and 40 °C. As seen in Figure 4.5, the adsorption capacities
of Stg-MIPs decreased with increasing temperature. The highest adsorption capacity of Stg-
MIPs (93.6 mg/g) was determined at 4 °C. Secondary interactions such as electrostatic
interactions, dipole-dipole interactions, and hydrogen bonds weaken as temperature rises.
According to studies, the adsorption capacity formed by hydrophobic interactions decreases
with increasing temperature, implying that the interaction between Stg-MIPs and Stg occurs
via secondary interactions. Furthermore, physical adsorption is an exothermic process,
therefore it happens more readily at lower temperatures and becomes less effective as the
temperature rises. Physical adsorption may have contributed to the reduction in Stg

adsorption capacity.
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Figure 4. 7. Effect of temperature on Stg adsorption (Initial Stg concentration: 0.5 mg/mL, V:
5mL, time: 2 h).

4.3. Selectivity Studies

The selectivity of synthesized Stg-MIPs against Stg was investigated using Ergosterol and
Cholesterol competitor molecules. These two molecules were chosen as competitor molecules
because their chemical structures are similar to Stg. The chemical structures of Stg and

competitor molecules are shown in Figure 4.6.

stigmasterol cholesterol ergosterol

Figure 4. 8. Chemical Structure of Stg, Cholesterol and Ergosterol.
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First, Ergosterol and Cholesterol molecules were dissolved in ethanol to prepare at the specified
concentration (0.5 mg/mL). The prepared solutions interacted with 200 mg of Stg-MIPs and
NIPs for 2 h at 25 °C. Samples taken at the end of the process were measured
spectrophotometrically at 205 nm. The concentrations of absorbed molecules by Stg-MIPs were
found to be 12.69 mg/g, 8.75 mg/g and 4.64 mg/g for Stg, Chol and Erg, respectively. Also the
concentrations of absorbed molecules by NIPs were determined as 4.58 mg/g, 12.47 mg/g and
22.94 mgl/g for Stg, Chol and Erg. According to the results of the selectivity studies, the Stg
adsorption amounts of Stg-MIPs were quite high compared to competitors and NIPs (Figure
4.7). In this regard, the Qd, k and IF values of Stg-MIPs and NIPs were calculated using the
equations given in section 3.6. The results are given in Table 4.4.

25
20
15 m Stg-MIP

10

Adsorbed Compeitior Amount (mg/g)

Chol

Erg

Competitors

Figure 4. 9. Selectivity studies (Ergosterol and Cholesterol).
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Table 4. 5. Selective adsorption properties of Stg-MIPs in the presence of competitors.

QdMIP QdNIP IF EMIP kNIP kK
(mg/g) (mg/z)
Stg 12.69 458 277 1 1 1
Chol 873 12 47 0.7 145 036 395
Ero 4 .64 2294 02 273 02 13.69

4.4. Desorption and Reusability Studies

Stg-MIPs interacted with the same concentration of Stg solution 10 times in a row to determine
the reusability. The amounts of adsorbed and desorbed Stg in each cycle were recorded and the
results are shown in Figure 4.8. It was determined that the Stg adsorption capacity of the
polymers decreased from 73.2 mg/g to 70.2 mg/g at the end of the 10th cycle. The Stg-MIP
adsorption capacity was reported to be nearly 96%. There was no significant decrease in the

adsorption capacity of Stg-MIPs after 10 repetitions.
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Figure 4. 10. Reusability of Stg-MIPs (Stg concentration: 0,5 mg/mL, V: 5 mL, time: 2 h).

4.5. Stigmasterol Extraction From Plant Extract

In order to determine the Stg adsorption capacity of Stg-MIPs from soybean oil extract,
different concentrations of Stg were added into the soybean oil extract. The initial absorbance
values of these prepared concentrations were measured spectrophotometrically. Concentrations
were interacted with Stg-MIP polymers for 2 hours and absorbance measurements of the final
samples were taken after 2 hours. After the adsorption process was finished, desorption was
done for 30 minutes and the absorbance of the desorption samples was measured in a similar

way. The results are given in Table 4.5.
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Table 4. 6. Stg extraction from soybean oil extract.

Sample Added Stg amount Recovery (%0) Relative standard
(mg/mL) deviation (%)
0.1 8§2.72 1.68

Extract from
Soybean Oil

3 84.65 1.90

Eecovery (%) = (measurement of sample with added Stg- measurement of sample of soybean

o1l / concentration of Stg added at baseline) x 100

Felative standard deviation (%) = (standard deviation/mean) x 100

5. CONCLUSION

In this thesis, Stg-imprinted solid phase extraction polymer was developed for direct
determination of Stg from plant extract with a brand new method. Thus, a highly selective,
specific and effective method has been developed for the direct analysis of Stg, which is one of
the phytosterols naturally found in plant and has many positive effect on human health. The
swelling ratios of NIPs and Stg-MIPs polymers used in this study were found to be 146.3 and
113.5, respectively. Characterization studies of the synthesized polymers were carried out by
SEM, FTIR and swelling tests. The surface morphology of Stg-MIPs and NIPs has been studied
and shown that the both polymers have a monosize structure by SEM photographs. Adsorption
properties, selectivity for Stg and reusability were tested by kinetic studies. In adsorption
studies, the effects of initial Stg concentration, interaction time and temperature on Stg
adsorption were analyzed separately. According to the results of the selectivity studies, the Stg
adsorption amounts of Stg-MIPs were found to be quite high compared to competitor Ergosterol

and Cholesterol molecules and NIPs. Adsorption-desorption studies show that Stg-MIP retains
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its selective Stg adsorption capacity without significant reduction even in the tenth cycle. Also,
adsorption studies were carried out with stigmasterol extracted from soybean oil and around
80% recovery was obtained at different concentrations. In the light of all these studies, Stg
imprinted solid phase extraction polymers can be used as an alternative method for the
determination of Stg. It is seen that it has commercialization potential due to its high selectivity
and reusability.
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