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Thesis Summary 
 

In the food and nutraceutical industries, increasing emphasis is being placed on value-added 

products. This high worldwide demand for health-beneficial natural compounds can be met by 

intensifying the focus on using phytochemicals for enriching food. Epidemiological studies have 

shown that phytochemicals, including polyphenols and phytosterols, derived from vegetables and 

fruits are substantial sources of bioactive compounds that are beneficial to human health. The 

polyphenols phytoalexin (E)-resveratrol has attracted considerable interest because of its 

remarkable pharmacological activity in the prevention of various human illnesses such as cancer 

and cardiovascular disease. Several studies have shown that phytosterols such as stigmasterol are 

useful in the prevention of some cancers, including ovarian, prostate, breast and colon cancers, in 

addition to serving as a precursor in the manufacture of synthetic progesterone. However, the 

determination of polyphenols and phytosterols from plants has proven to be an extremely 

challenging analytical task, hindered by the complexity of the numerous chemicals in natural 

extracts that necessitates tedious separation methodologies. 

In this thesis, a new method for the separation and enrichment of health-beneficial polyphenols 

and phytosterols using green chemical techniques adaptable to analysis and isolation is described. 

This method utilises new molecularly imprinted polymers (MIPs) in a solid-phase extraction 

(SPE) format, known as MISPE, for the selective extraction of valuable (E)-resveratrol and 

stigmasterol from grape pressings, which are an abundant waste product in the wine industry 

currently used for tartrate and alcohol extraction or compost.  

MIPs are synthetic materials designed to have selectivity for specific molecular targets and are 

synthesized from self-assembled pre-polymerization complexes of functional monomers around a 

molecular template by either thermal- or photo-polymerisation, followed by a post-synthetic 

template removal. The resulting polymer possesses recognition sites complementary to the size, 

shape or/and functionality of the chemical or biological template (imprint) molecule.  

A selectivity evaluation of the recognition sites in MIPs is normally performed in batch-binding 

and dynamic binding experiments using the templates and template analogues with a 

non-imprinted polymer as control, on the basis of the quantitative information derived from 



 

xiii 
 

liquid chromatography supernatants or eluates. This evaluation process is frequently limited by 

the requirement for sufficiently large quantities of the template analogues, which must be 

chemically synthesised if they are not commercially available. MIPs have many advantages 

including predetermined selectivity, reusability, low cost of preparation, and stability in highly 

acidic and basic conditions.  

The MIPs for the selective capture of (E)-resveratrol was synthesised using the non-covalent 

imprinting technologies and the MIP for stigmasterol proved to be most effective prepared using 

covalent imprinting. For both systems, comprehensive dynamic binding evaluations in aqueous 

media were performed using non-target imprinted polymers (NIPs). The optimised 

(E)-resveratrol-templated MIP in the SPE format enabled the capture of the target compound with 

99% recoveries and high enrichment factor (IF) from red wine (IF = 32), fresh grape pressing 

residue extract (IF = 43), aged grape pressing residue extract (IF = 18), and extracts of grape 

skins (IF = 72) and grape seeds (IF = 26). The stigmasterol-templated MIP achieved 

96% recovery and 12-fold enrichment of the target compound from grape seed extract. 

Finally a new method to enrich the health-beneficial resveratrol, procyanidin and epicatechin as 

well as stigmasterol and campesteryl glycoside from one single grape pressing feedstock with 

two MIPs and green chemistry methods was elaborated. Furthermore, a systematic separation 

methodology for the identification and quantification of polyphenols (twenty compounds) and 

phytosterols (eight compounds) was developed using reversed-phase high performance liquid 

chromatography (RP-HPLC) in combination with electrospray ionisation ion trap tandem mass 

spectrometry (ESI-MS/MS) using environmentally benign mobile phases.  

This rapid and high-resolution method can be used for binding site characterisation, selectivity 

optimisation and monitoring of the performance of MIPs intended for solid-phase extraction of 

bioactive molecules and nutraceuticals from diverse complex mixtures. These investigations 

demonstrated the application of MISPE for the selective enrichment of health-beneficial 

compounds from wines and grape byproducts, providing a new, efficient, cost-effective and 

sustainable approach for utilisation of natural resources. 
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Chapter 1 
Introduction, background and research 
objectives 

 

Abstract 

The increasing public awareness and concern about the safety of various food 

products, drugs and cosmetics are the key factor that has prompted the 

industry and scientific community to look for phytochemicals as ‘green 

alternatives’ to some synthetic chemicals that are commonly used in such 

products. In this chapter, the pros and cons of several strategies for extracting 

phytochemicals, including liquid-liquid extraction, ultrasound-assisted 

extraction, microwave-assisted extraction, supercritical fluid and solid-phase 

extraction are discussed. A relatively new solid-phase extraction (SPE) 

method is introduced involving molecularly imprinted polymers (MIPs). 

Taking advantage of principles of molecular recognition, molecularly 

imprinted solid-phase extraction (MISPE) allows the selective extraction of 

target compounds from complex feed-stocks through size and shape 

complementarities as well as spatially defined non-covalent and/or covalent 

interactions. MISPE modes and the use of analytical techniques commonly 

used in conjunction with MIP-based extraction of polyphenols and sterols, 

including liquid chromatography and gas chromatography, are reviewed and 

the potential of reversed-phase high-performance liquid chromatography 

(RP-HPLC) in combination with tandem electrospray ionisation mass 

spectrometry (ESI-MS/MS) for the analysis is discussed. This chapter further 

describes the chemistry and biochemistry of polyphenols and phytosterols, 

their classification, their occurrence in plants and grapes, their biological 

activities and implications on human health. The chapter concludes with a 

statement of project aims and an overview of the thesis.  
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1.1 Introduction 

The increasing public awareness and concern about the safety of various food products, drugs 

and cosmetics are the key factor that has prompted the industry and scientific community to 

look for ‘green alternatives’ to synthetic chemicals that are commonly used in such products. 

Epidemiological studies have shown that phytochemicals, including polyphenols and 

phytosterols, derived from native or cultivated plants such as vegetables and fruits are natural 

sources of bioactive compounds, which are beneficial for human health (1-3). Hence, there is 

much interest in the use of phytochemicals as nutraceuticals in the food, pharmaceutical, and 

cosmetic industries. In the agro-industry, valorisation of vegetable and fruit waste has 

received a great deal of attention since it is an effective and commercially viable means of 

extracting valuable phytochemicals. However, there is considerable diversity in the 

composition and concentration of phytochemicals in vegetables and fruits as well as in 

processed products or byproducts. Finding a suitable platform for the extraction of 

phytochemicals is imperative because such compounds can be used in food products to 

provide health and medical benefits. Therefore, this research is aimed at searching for 

economical, environmentally benign extraction and separation techniques to isolate beneficial 

bioactive compounds from their complex matrices.  

1.2 Extraction techniques for phenolic/phytosterol analysis 

The samples containing polyphenols and/or phytosterols must be collected and prepared 

according to suitable protocols. Samples are often dried, frozen or lyophilised before 

extraction to avoid the degradation of polyphenols because high moisture or water content 

aids enzymatic decomposition activities. Sample pretreatment can also be done by filtration 

and centrifugation. In many cases, such drying, or heating as well as exposing samples to light 

and oxygen during preparation and transportation may affect their phenolic composition. 

There are many ways of extracting polyphenols from biological samples as described below. 

1.2.1 Liquid-liquid extraction  

Various extraction methods are available for different types of samples. Solvent extractions 

are the most frequently employed techniques for the analysis of plant-originated-food 

samples. The conventional liquid-liquid extraction (LLE) methods normally involve 
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multi-stage extraction procedures and are very time consuming (4, 5). The substantial amount 

of solvent used in LLE not only increases operating costs but also causes additional 

environmental problems. Minuti et al. (6) performed a continuous liquid-liquid extraction 

using 100 mL of ethyl acetate to isolate 22 phenolic compounds including trans-resveratrol 

from 100 mL of red wine. The method achieved a satisfactory recovery for trans-resveratrol, 

however the procedure was solvent intense, tedious and took 16 hours. 

1.2.2 Ultrasound, microwave and supercritical fluid extraction  

Significant technological advances have resulted in the development of newer extraction 

techniques suitable for phytochemical analysis, including ultrasound-assisted extraction 

(UAE) (7, 8), microwave-assisted extraction (MAE) (9, 10) and supercritical fluid extraction 

(SFE) (11, 12).  

UAE methods have the advantages of significantly reducing the extraction times and 

enhancing extraction yield of polyphenolics compared to the traditional methods (5). The 

ultrasound waves (energy generated by sound wave of 20 kHz – 1 MHz) generate gas bubbles 

in liquid media that produce substantial increase in temperature and pressure, when the 

bubbles suddenly burst (13). The resulting plant membrane disruption is attributed to 

intracellular cavitation and micro-mechanical shocks that disrupt cellular structural and 

functional components up to the point of cell lysis. Depending on wave intensity, exposure 

time, membrane characteristics and medium type, ultrasonics can induce mechanical, thermal 

and biochemical effects. It has a large range of applications in food analysis, however, the 

ultrasound tends to increase the temperature of the ultrasonic water bath and sample, which 

may cause pigment degradation in the phenolic extract. Without the use of a temperature 

control device, a temperature increase from 23 °C to 65 °C was observed during 90 min of 

ultrasonication (14). To prevent degradation, the temperature of an ultrasonic water bath must 

be controlled at room temperature or lower which is an energy intensive process. 

MAE can dramatically reduce the extraction time and lower solvent consumption due to the 

high temperature generated. With this method, an additional optimisation for polyphenol 

analysis usually requires monitoring the microwave temperature and power, and assessment 

the suitability of the extraction solvent to comply with the microwave device (15). This 

extraction method was reported to cause the degradation of some thermally unstable 

polyphenol compounds (16).  
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SFE applications for plant-derived products have remained scarce due to the lipophilic nature 

of the supercritical carbon dioxide (CO2). Many active substances in plants such as 

polyphenols, alkaloids and glycosidic compounds are poorly soluble in CO2 and hence not 

extractable (17). To circumvent this problem, some polar supercritical fluids such as Freon-22 

(chlorodifluoromethane) and nitrous oxide (N2O) have been used. They however are 

detrimental chemicals to ozone depletion or can cause explosions, respectively (18). 

Likewise, supercritical water and superheated water have certain advantages such as a higher 

extraction ability for polar compounds, but the application is not suitable for thermally labile 

phenolic substances (18). In addition, this SFE technique is often limited for routine analysis 

because it requires specially designed instrumentation and is comparatively costly. 

1.2.3 Solid-phase extraction  

There is a large number of published studies describing the role of solid-phase extraction 

(SPE) to pre-concentrate and enrich target analytes and eliminate interfering components   

(19-21). The principle of SPE is similar to that of LLE and involves a partitioning of solutes 

between two phases. Instead of partitioning two immiscible liquid phases, in SPE the sample 

compounds are partitioned between a liquid phase and a solid sorbent phase. This technique is 

preferable compared to the LLE due to its simplicity, versatility, low consumption of organic 

solvent and fewer laboratory glassware was used. The general procedure of SPE involves 

loading a liquid sample onto a solid sorbent bed, washing to eliminate the matrix 

interferences, and finally eluting the target analyte.  

The applicability of SPE is mainly determined by the sorbent employed, either silica-based or 

organic resin-based, with suitable physical and chemical properties, which is contained within 

an extraction cartridge. The main drawbacks of the conventional sorbents (e.g., C18, 

ion-exchange and size exclusion phases) are a lack of selectivity, which often leads to 

co-extraction of matrix components with the target analytes. As a consequence, fractionation 

is often required (22). Sun et al. (23) reported the application of SPE with silica C18 sorbent 

for the isolation of procyanidin, anthocyanidin and phenolic acids from wines. The entire 

fractionation and separation protocol demanded a high volume of environmentally 

challenging chemicals and was a laborious process.  
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1.2.4 Extraction with molecularly imprinted polymers  

Molecularly imprinted polymers (MIP) are elegant means to extract target molecules from 

complex samples fulfilling the selectivity requirement together with the need for high-speed 

of analysis. The MIP imprinting technology produces synthetic functional polymers with 

predetermined molecular recognition sites for a target or class of target molecules through the 

use of a molecular template. The most widely used technique to prepare a MIPs is the 

monolith bulk polymerisation. Although there have been other synthetic protocols such as 

emulsion (24) and precipitation polymerisation (25), the simplicity, robustness, limited 

organic chemistry requirements and the fact that no specialised equipment is needed (26) are 

the main factors making the monolith bulk format still preferable. 

MIPs have many outstanding advantages including predetermined selectivity, low cost of 

preparation, low chemical usage, chemical and thermal stability as well as reusability. The 

benefits of MIPs have been directed toward a plethora of applications including catalysis   

(27, 28), drug design and delivery (29), as sensors (30) and most commonly as separation 

materials for chromatography and solid-phase extraction (31-34). A MIP for class-selective 

extraction was developed for the detection of several target analogues of phenolic acids (35), 

anti-epidermal growth factor inhibitors (36) and anti-inflammatory drugs (37).  

1.2.4.1 Classification of molecularly imprinted polymers 

Molecular imprinting is typically classified into the non-covalent imprinting (the 

self-assembly approach) and covalent imprinting/semi-covalent imprinting (the 

pre-organisation approach) according to the interactions between functional monomer and 

target molecules in the pre-polymerisation mixture and during the rebinding process. In both 

MIP preparations, a non-imprinted polymer (NIP) is usually also synthesised using the same 

method as the MIP however without the template molecule. The NIP functions as a control in 

order to evaluate the selectivity of the MIP.  

1.2.4.1.1 Non-covalent imprinting 

The non-covalent imprinting approach, introduced by Arshady and Mosbach (38), is based on 

the formation of relatively weak non-covalent interactions (i.e., hydrogen bonding, 

hydrophobic interactions and Van der Waals forces) between the template molecule and 

selected monomers before polymerisation (Figure 1.1). During the imprinting process, the 
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functional monomers are self-assembled and arrange themselves around the template by 

non-covalent interactions. Subsequently the functional monomers are “frozen” into position 

by polymerisation with a high degree of cross-linking in the presence of a porogenic solvent. 

After template removal by solvent extraction, the generated binding sites ideally afford a 

complimentary spatial arrangement of the functional groups within the individual 

nano-cavities resulting in high selectivity and affinity for the template and closely related 

compounds. This imprinting approach is the most widespread method for the preparation of 

MIP due to straightforward, one-step synthesis procedures, the broad range of imprintable 

compounds (due to the chemical diversity of monomers able to interact with various templates 

that are commercially available) and reversible template re-binding based on non-covalent 

interactions (39).  

 

Figure 1.1: The synthesis of molecularly imprinted polymers (MIPs) using the non-covalent 

imprinting approach. 

1.2.4.1.2 Covalent/semi-covalent imprinting 

The covalent imprinting approach was first suggested by Wulff et al. (40, 41). This approach 

involves the formation of reversible covalent bonds between the template and a monomer via 

chemical synthesis before polymerisation to form a cleavable monomer-template composite. 

After the template is removed from the polymer by chemical cleavage, the covalent bonds of 

the polymer-template composite are re-formed upon rebinding of the target analyte 

(Figure 1.2). This imprinting approach results in a high stability of template-monomer 

interaction, which minimises the occurrence of non-specific binding sites. Due to the 

Molecular 
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Template removal 

by solvent 

extraction
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difficulty of designing an appropriate cleavable monomer-template composite, this imprinting 

style is relatively restrictive.  

An intermediate option is the semi-covalent approach (42). Semi-covalent imprinting is a 

hybrid method of covalent and non-covalent imprinting. The template is also covalently 

bound to a functional monomer prior to the polymerisation process, but the template 

rebinding by the formed MIP is based on the non-covalent interactions. The polymers 

prepared with the semi-covalent style have been claimed to improve homogeneity of the 

binding sites (43, 44). Whitcombe et al. (45) introduced the semi-covalent approach with 

“sacrificial spacer” methodology to imprint cholesterol. They synthesised a 

4-vinylphenyl carbonate ester as the covalently-template bound monomer, which was cleaved 

after the polymerisation was completed, resulting in a recognition site that could interact with 

the target molecule (cholesterol) through hydrogen bonding interactions. 

 

Figure 1.2: The synthesis of molecularly imprinted polymers (MIPs) using the 

covalent/semi-covalent imprinting approach. 

1.2.5 Molecularly imprinted solid-phase extraction  

The method using a molecularly imprinted polymer (MIP) for solid-phase extraction (SPE), 

so called MISPE, was first pioneered by Sellergren et al. (46) who successfully extracted the 

antimicrobial drug pentamidine from urine samples. Since then, the development of MISPE 

has exponentially expanded in affinity separation studies due to the high separation factors 
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obtained. The key benefits of MISPE include the rapid recovery of target analytes in high 

purity with a high enrichment factor and reduced consumption of organic solvents. This 

technique can revolutionise the conventional SPE technique by providing higher selectivity 

and reusable MIP materials. MISPE have been applied to polyphenols and sterols from 

complex biological samples and this technique was demonstrated in a number of 

proof-of-concept studies using different imprint molecules as exemplified in Table 1.1 and 

Table 1.2. 

Table 1.1: MISPE applications for the detection of polyphenols in various complex samples.  

Template 
MIP 

synthesis 
Sample Target analyte 

MISPE 

mode 

Analytical 

system 
   Ref. 

(E)-Resveratrol Non-covalent Peanut press 

waste 

(E)-Resveratrol Off-line HPLC-UV    (47) 

(E)-Resveratrol Non-covalent Polygonum 

cuspidatum 

(E)-Resveratrol Off-line HPLC-UV    (48) 

(E)-Resveratrol Core-shell 

microspheres 

Polygonum 

sachalinense 

(E)-Resveratrol Off-line HPLC-UV    (49) 

(E)-Resveratrol Non-covalent Polygonum 

cuspidatum 

(E)-Resveratrol, emodin On-line HPLC-UV    (50) 

Caffeine Non-covalent Beverages Caffeine Off-line HPLC-UV    (51) 

Caffeine Non-covalent Green tea Caffeine, catechin/ 

epicatechin derivatives 

Off-line HPLC-UV    (52) 

(+)-Catechin Non-covalent Green tea (+)-Catechin Off-line HPLC-UV    (53) 

Catechin and 

caffeine 

Non-covalent Green tea Catechin and caffeine Off-line HPLC-UV    (54) 

Kaempferol Non-covalent 

(microspheres) 

Chinese 

medicine 

Kaempherol Off-line HPLC-UV    (55) 

Protocatechuic 

acid 

Non-covalent Plant material p-hydroxybenzoic acid 

derivatives 

Off-line HPLC-UV    (35) 

Quercetin Non-covalent Red wine Quercetin Off-line HPLC-UV    (56) 

Quercetin Non-covalent Plant material Anti-EGFR inhibitors Off-line HPLC-UV    (57) 

Quercetin Non-covalent Gingko leaves Quercetin, kaempferol Off-line HPLC-UV    (58) 

Quercetin Non-covalent Rat plasma Quercetin Off-line HPLC-UV    (59) 

Quercetin Non-covalent Tea, cocoa, 

grape residue 

Catechin Off-line HPLC-UV    (60) 

Quercetin Non-covalent Yellow onion Quercetin Off-line HPLC-UV    (61) 
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Table 1.2: MISPE applications for the determination of sterols in a range of complex 

matrices.  

Template 
MIP 

synthesis 
Sample 

Target 

analyte 

MISPE 

mode 

Analytical 

system 
Ref. 

17β-estradiol Non-covalent Milk powder 17β-estradiol Off-line HPLC-UV (34) 

Cholesterol Non-covalent Cheese Cholesterol Off-line HPLC-UV (62) 

Cholesterol Non-covalent Biological samples Cholesterol Off-line GC-FID (33) 

Cholesterol Non-covalent Gastrointestinal fluid Cholesterol On-line HPLC-UV (63) 

β-sitosterol Magnetic 

bead 

Mushroom, human 
blood serum, 

watermelon 

β-sitosterol Off-line GC-MS (64) 

β-sitosterol Non-covalent Plant material β-sitosterol Off-line HPLC-UV (65) 

 

1.2.5.1 MISPE modes 

The MISPE method can be performed using the on-line, in-line or off-line mode. 

1.2.5.1.1 On-line MISPE mode 

A typical on-line mode involves the automation of the use of the MIP, which is packed into a 

small pre-column and placed in the loop of a six-port injection valve of LC system (66). 

During the extraction process, sample loading, washing and elution of target compounds was 

carried out initially in the MIP pre-column, with the eluted compounds subsequently analysed 

using an analytical column. Bjarnason et al. (67) reported the first application of an on-line 

MISPE procedure coupled to HPLC for the selective extraction of triazine herbicides in 

complex water samples. The lack of compatibility between the mobile phases used for solvent 

extraction to remove the target analytes from the MIP pre-column and that for the separation 

on an analytical column, made this approach less favourable.  

1.2.5.1.2 In-line MISPE mode 

The in-line MISPE style involves a direct attachment of the MISPE column to a 

chromatographic system. This approach was first described by Sellergren et al. (46) for the 

determination of pentamidine in urine. After loading a diluted urine sample (100 mL) onto the 

MISPE column, a wash procedure with a buffer solution (100 mL) was applied. Since a large 

volume of aqueous sample was loaded onto the MIP, a high degree of matrix interference was 
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observed, caused by hydrophobic interactions. In order to remove the non-specifically bound 

material, a large volume of washing solvent had to be applied prior to the elution steps.  

1.2.5.1.3 Off-line MISPE mode 

Most published studies of MISPE have used an off-line mode due to its simple procedure 

which is similar to the conventional off-line SPE method (34). The main advantages of this 

format is that the convenience of operation and the high recovery of the target analytes (68). 

For that reason, the present work only focussed on the off-line MISPE mode. 

An off-line MISPE protocol typically involves packing a small amount of MIP (15-1000 mg) 

held in place by two frits into polypropylene cartridges. The method contains four basic steps, 

namely column conditioning, sample loading, wash and elution as illustrated in Figure 1.3.  

 

Figure 1.3: Steps of MISPE target compound enrichment. 

The conditioning step is performed by passing a small volume of solvent through the SPE 

cartridge, so that the MIP sorbent bed can make effective surface contact with the target 

analyte present in the sample. Ideally, the conditioning solvents used should be the same as 

those used in the subsequent analytical chromatography. After the sample has been loaded, 

the analyte of interest is specifically retained by the porous polymer. Other interfering 

compounds could however also non-specifically adsorb onto the polymer. In order to achieve 

a selective extraction, a wash step with mixtures of organic solvents with a weak 

concentration of an acid is therefore introduced prior to the elution step. This wash stage must 

Elimination of 

interferences

Enrichment of target 

compound(s)

Sample loading onto 

MIP-SPE 

Wash Elution

Column conditioning 
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be optimised in terms of pH, volume or composition of the washing solvent to exploit the 

MIP’s ability to be highly selective in recognising the target molecule. This procedure should 

remove the interfering substances by suppressing the non-specific interactions between the 

MIP sorbent and the non-target molecules. In the elution step, a solvent with appropriate 

eluting properties is employed to release the target compound from the MIP binding sites. The 

importance hereby is the choice of eluent composition according to the interaction between 

target molecule and the binding sites within the porous polymer network. After completion of 

the MISPE protocol, the elution extract is analysed usually by chromatographic or 

spectroscopic techniques. The selectivity of the MIP to capture the target compound is 

evaluated against its control, the non-imprinted polymer (NIP). The MIP can be reused after 

some uncomplicated re-conditioning steps. 

1.3 Chromatographic separation techniques for phytochemical 
analysis 

The choice of the chromatographic separation technique plays a central role in determining 

phytochemicals either in the crude extract, partially crude extract prior to MISPE or after 

MISPE treatment. High performance liquid chromatography (HPLC), gas chromatography 

(GC), column chromatography (CC), thin layer chromatography (TLC), capillary 

electrophoresis (CE) and capillary electrochromatography (CEC) with various modes of 

detection including UV-Vis, mass spectrometry (MS), flame ionisation, evaporative light 

scattering and infrared are the most common analytical methods involved in natural product 

analysis. 

1.3.1 High performance liquid chromatography  

High performance liquid chromatography (HPLC) has become more popular for the analysis 

of phytochemicals (69) because there are no restrictions on sample volatility and 

derivatisation requirements in comparison to the GC technique. HPLC provides a high 

resolution and a rapid and reproducible separation. This technique has a wide range of 

chromatographic modes such as reversed-phase (70), normal-phase (71), aqueous normal 

phase (72-74), hydrophilic interaction chromatography (75), hydrophobic interaction (70), ion 

exchange (76), size exclusion (77) and affinity chromatography (78). The present work was 

directed at the separation of polyphenols and phytosterols, and was based on the 
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reversed-phase chromatographic mode. This technique is capable to handle compounds of a 

diverse polarity and varying molecular mass. 

1.3.1.1 Reversed-phase HPLC 

Reversed-phase HPLC (RP-HPLC) is a preferred technique for the analysis of phytochemicals 

due to several factors (i) a good resolution can be achieved under different chromatographic 

conditions; (ii) the chromatographic selectivity can be controlled through the changes in 

mobile phase properties; (iii) generally resulted in high recoveries and productivity; (iv) good 

reproducibility and repetitive separations over a long period of time due to the column 

stability and compatibility with various conditions of mobile phases (79) and (v) ease of use 

and robust instrumentation. 

RP-HPLC separates the compounds on the basis of hydrophobicity. The separation depends 

on the hydrophobic interaction of the analyte with the immobilised ligands attached to the 

stationary phase. In general, an analyte with a larger hydrophobic surface area (with numerous 

C-H, C-C, S-S or other non-polar groups) displays a longer retention time because it increases 

the molecule’s non-polar surface, which is non-interacting with water. In contrast, the 

presence of polar groups, such as OH, NH2, COO
-
 or NH3

+
, reduce retention as they are well 

solvated in water. The most commonly used ligands are n-octadecyl (C18), octyl (C8), 

n-butyl (C4), phenyl (C6H5) and amino (NH2), each are imparting specific chromatographic 

characteristic to the column. The binding of the target analyte to the stationary phase is 

proportional to the contact surface area around the non-polar segment of the analyte molecule 

upon association with the non-polar surface of the immobilised n-alkyl ligand in the aqueous 

mobile phase conditions during the course of the analysis.  

Several detectors are available for detection of analytes after chromatographic separation. The 

most commonly used is ultraviolet detection which relies upon the presence of an ultraviolet 

light absorbing chromophore (the functional group in the molecule responsible for the light 

absorption) in the analyte (80). It is applicable to a large number of compounds, as it can be 

rather sensitive, has a wide linear range and is relatively unaffected by temperature  

fluctuations and compatible with gradient elution. The diode array detector (DAD) allows the 

detection of the light absorbance at a number of wavelengths simultaneously and also allows 

the production of the absorbance spectra of the eluted components (81). Other common 
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detectors for HPLC systems include refraction index, fluorescence, electrochemical, 

radioactivity, evaporative light scattering and mass spectrometry (MS). 

1.3.2  Liquid chromatography electrospray ionisation ion trap MS/MS 

Mass spectrometry is an analytical technique that can provide information on the molecular 

mass, structure, and concentration of the target molecules after their desolvation and 

ionisation. The molecules of interest are first introduced into the ionisation source of the mass 

spectrometer, where they are first ionised to acquire positive or negative charges. The ions 

then travel through the mass analyser and arrive at different times at the detector according to 

their mass-to-charge (m/z) ratio. After the ions make contact with the detector, signals are 

generated and recorded by a computer system. The computer displays the signals graphically 

as a mass spectrum, showing the relative abundance of the signals separated according to their 

m/z ratio. 

Tandem mass spectrometry is a powerful technique to identify low levels of target compounds 

in the presence of a high sample matrix background. In addition, this technique is very useful 

in the reliable identification of trace compounds and co-eluting peaks in complex matrices 

(82, 83). In the case of unknown compounds present in the samples, tentative compound 

identification is usually performed by matching the precursor ion and the obtained product 

ion(s) with the theoretical molecular mass, fragmentation pathways and characteristic 

fragmentation behaviour using bioinformatics analysis tools and MS/MS data repositories as 

well as literature data.  

1.3.2.1 Electrospray ionisation ion trap mass spectrometry 

The possibility of generating gas-phase ions of macromolecules by spraying a solution from 

the tip of an electrically charged capillary was first reported by Dole and co-workers (84). 

Based on the ideas of Dole, Fenn (85) developed electrospray as a soft ionisation technique 

for mass spectrometry. Electrospray ionisation mass spectrometry has emerged as an 

important technique in natural product analysis. It provides a sensitive, robust and reliable 

tool for studying non-volatile and thermally labile biomolecules that are not amenable to 

analysis by other conventional techniques. Coupling ESI-MS with the HPLC has made this 

technique capable of analysing small and large molecules of various polarities in complex 

biological samples.  
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The electrospray ionisation generates ions by a potential different between a capillary and the 

inlet to the mass spectrometer. The electric field produces charged droplets in the form of a 

fine mist. Through the application of a drying gas or heat, the solvent evaporates and the size 

of the droplets decreases, eventually resulting in the production of desolvated ions (86). 

A characteristic of ESI is the formation of highly charged ions without fragmentation. This 

process reduces the m/z values to a range that can be easily measured by many different types 

of mass analysers. The true molecular mass of an ion can be calculated since more than one 

charge state is usually observed. Charge state and molecular mass can also be determined 

when the isotope forms of the molecular ion are resolved.  

The ion trap mass analyser operates by trapping ions in a three-dimensional electric field. Ions 

created in external sources are focused into the ion trap using electrostatic lenses (88). 

An electrostatic ion gate pulses open and closed in order to inject ions into the ion trap. The 

pulsing of the ion gate makes this technique different from a quadrapole, where the ions 

continually enter the mass analyser. In ion traps, ions can be held for long time periods, giving 

an easy opportunity to fragment the ions. The ion trap is typically filled with helium. A small 

radio frequency field can be applied to the trap to cause the ions to move faster. As a result, 

the so-called precursor ions collide with the helium background gas causing fragmentation. 

After adding this collisional energy, the resultant product ions are scanned out of the ion trap 

in the normal way to determine their m/z. This process is called collision-induced dissociation 

(CID). In the ion trap analysis, multiple stage of ion dissociation (MS
n
) can be performed to 

obtain detailed structural information from ions (89). For instance, an MS
3
 experiment can be 

used to create structurally important fragment ions of a particular dissociation product from 

the ions produced in an MS
2
 experiment. 

1.4 The grape and wine industries in Australia 

Australia is the seventh largest producer of wine in the world and this industry contributes to 

significant revenue to the country. According to the Australian Bureau of Statistics (87), the 

total production of grapes (based on fresh weight) was determined to be approximately 

1.6 million tonnes across all Australian regions in 2010-2011. Winemaking produced about 

120,000 tonnes of grape press residues of which 75% is transported to a company that extracts 

tartaric acid and distils residual alcohol out of the marc, and the remaining residue is then 

used for compost. South Australia contributed to the highest amount of grape production with 



Chapter 1 

Introduction, background and research objectives 
 

16 
 

740,475 thousand tonnes, followed by New South Wales with 439,752 thousand tonnes and 

Victoria about 303,270 thousand tonnes. In 2011, 1.12 billion litres of wine were produced in 

Australia and more than 65% of that wine was exported internationally. In the last 10 years 

despite a high volume of export, the average price of the exported wine halved, due to large 

amounts of wine being shipped in bulk and bottled overseas.  

In order to regain a high proportion of high quality bottled wines in wine exports, continual 

extensive research to improve wine quality over competitors is an important goal in the 

Australian wine industry. Therefore, several bodies, including the Australian Grape and Wine 

Research and Development Corporation, The Australian Wine Research Institute, the 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) and universities, 

play a significant role to develop further research into wines not only having outstanding 

sensory characteristics but also being rich in health-beneficial compounds. The present 

research was undertaken to develop faster and greener methods to analyse health-beneficial 

compounds in wines and to develop new ways to extract polyphenolic components from grape 

waste-products using environmentally sustainable approaches. 

1.5 Introduction to phytochemicals 

Phytochemicals are widely distributed in plants, vegetables and fruits. These compounds 

encompass polyphenols, phytosterols, carotenoids, alkaloids, nitrogen containing compounds 

and organosulphur compounds (88). Due to the physiological functions of polyphenols and 

phytosterols in human well-being, including antioxidant activity and cancer prevention, this 

work focused only on these two types of bioactives. 

1.5.1 Polyphenols 

Polyphenols or phenolic compounds can be defined chemically as compounds having at least 

one aromatic ring with one or more hydroxyl-substituents, including their functional 

derivatives such as esters, methyl-esters, ethers and glycosides (89). To date, more than 

8,000 types of polyphenols have been discovered in plants (90, 91). These compounds fall 

into various chemical classes and have a large number of structural variations, ranging from 

simple moieties consisting of a single aromatic ring to highly complex polymeric substances. 

The significant variations may occur due to the genetic factors, environmental conditions, 

growth and maturation stage of the plants.  
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Polyphenols play an important role in plant physiology and interactions with biotic and 

abiotic environments. Polyphenols are crucial for plant development, in particular for their 

nutrient uptake, protein synthesis, enzyme activity and photosynthesis (92). They also provide 

structural integrity and scaffolding support to plants and are also produced for their protection 

from infection by pathogens or from other stress factors. 

In the human diet, polyphenols contribute to major visual and organoleptic characteristics of 

plant-derived foods and beverages, in particular colour and taste. For instance, chemical 

reactions of polyphenols are important in wine production because they are responsible for the 

colour and mouth-feel of wine. 

1.5.1.1 Classification of polyphenols in grapes 

Grapevines belong to the botanical family Vitaceae and the genus Vitis. Vitis vinifera is the 

main species cultivated for wine production. Grapes contain a significant amount of 

polyphenols. In general, polyphenolic compounds in grapes can be divided into two main 

groups, namely the non-flavonoids and flavonoids.  

1.5.1.1.1 Non-flavonoids 

The primary non-flavonoids in grapes are hydroxybenzoic and hydroxycinnamic acids and 

their derivatives, coumarins and stilbenes. They are stored primarily in the vacuoles of grape 

cells, and are easily extracted through crushing and fermenting. These compounds exist 

mainly as conjugates and are often bound to alcohols, sugars, polysaccharides or organic acids 

through an ester bond. Grapes and wines contain benzoic acid and cinnamic acid in the order 

of 100-200 mg/L (93). When wines are aged in new oak barrels, other compounds of the same 

family are absorbed into wine from the oak, namely guaiacol and syringol.  

i) Stilbenes 

Stilbenes are phenolics with a C6-C2-C6 skeleton structure. The phytoalexin stilbenes are 

compounds produced by plants in response to attack by fungal, bacterial and viral pathogens, 

other stilbenes are elicited also by UV light. The stilbenes constitute an important class of 

non-flavonoid polyphenols which are found in the free, sugar-conjugated (glucoside) and 

oligomer forms. According to Soleas et al. (94), more than 30 types of stilbenes and stilbene 

glucosides have been found in the plant kingdom. Resveratrol-3-O-glucoside (also known as 
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piceid/polydatin) is the most abundant stilbene glucoside in plants (95, 96). Resveratrol was 

found in at least 72 types of plant species (97). The occurrence of resveratrol in grapevines 

was first detected by Langcake and Pryce (98). In that study, the leaf tissue was found to 

synthesise resveratrol in response to fungal infection or UV-light exposure. Creasy et al. (99) 

found that resveratrol can only be identified in the skins and seeds of the grapes, but not in the 

flesh. The concentrations of resveratrol in the grape skins and seeds are influenced by several 

factors including climate, ripening conditions and amount of fungal (e.g. Botrytis cinerea) 

infection. In addition, grape variety also affects resveratrol amounts with higher concentration 

reported in red grape compared to white grape cultivars (100). 

Resveratrol occurs in free and analogue forms with two geometric isomers namely trans-(E) 

and cis-(Z) form. The (E)-form can undergo isomerisation to the (Z)-configuration when 

exposed to UV-irradiation. Resveratrol analogues including viniferin, pteostilbene, 

piceatannol and its glucosides have been identified in red wine (95, 101). Viniferin 

(an example of resveratrol oligomer) is present in epsilon-(ε) and delta-(δ) forms with 

(E)- and (Z)-molecular configurations. (E)-viniferin is a dimeric derivative of (E)-resveratrol. 

This compound is produced by the addition of a meta-hydroxyl-group and a neighbouring aryl 

CH of one resveratrol unit across the double bond of the second resveratrol (102). Viniferin is 

present naturally in Vitis vinifera grapes (103) and has been synthesised in the laboratory 

using a horseradish peroxidase reaction (104). Some examples of stilbenes and their 

derivatives which are present in the skins and seeds of the red grapes are shown in Figure 1.4. 

 

Figure 1.4: Examples of stilbenes in the skins and seeds of the red grape. 
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Health benefits of (E)-resveratrol in grapes  

The notion that (E)-resveratrol (trans-3,4′,5-trihydroxystilbene) has benefits to improve 

human health has provoked ample research and efforts to extract it from a variety of plant 

sources. This section addresses the main therapeutic properties of (E)-resveratrol. 

a) Antioxidant activity 

The antioxidant activity of (E)-resveratrol is related to the number and location of hydroxyl 

(-OH) groups in the molecular structure that are able to scavenge free radicals (105). Stivala 

et al. (106) proposed that the 4′-OH group was responsible for undergoing free radical 

oxidation reactions. Caruso et al. (102) described the correlation of free radical scavenging 

ability of the hydroxyl-groups within (E)-resveratrol through a proton (H
+
) transfer 

mechanism. The reaction took place predominantly at the 4′-OH group at the para-position in 

the B-ring rather than the 3,5-OH groups at the meta-positions in the A-ring. These findings 

were also supported by Cao et al. (107), who found that the 4′-OH group is the preferred 

reaction site for contributing to the free radical scavenging activity, based on a computational 

theoretical study of the resveratrol molecule. 

The function of resveratrol as an antioxidant significantly prevents or delays oxidation 

stress-induced damage. This compound has been shown to inhibit oxidative-induced apoptosis 

in a variety of human cell lines, including retinal pigment epithelium cells (108) which 

minimises the prevalence of blindness in the elderly. 

b) Cardiovascular protection  

The cardiovascular function of (E)-resveratrol has been acknowledged since the findings of 

the phenomenon called the “French Paradox”, that linked moderate consumption of red wine 

to a lower incidence of cardiovascular disease amongst the French population (109). 

Resveratrol plays a significant role in cardiovascular protective effects, which is attributed to 

its ability to reduce platelet aggregation both in vitro and in vivo (110). The cardioprotective 

property of resveratrol involves the prevention of low-density lipoprotein (LDL) oxidation. 

This oxidation can cause fatty streaks to be deposited in coronary arteries, which could 

ultimately lead to the development of atherosclerosis (111). 
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c) Anti-inflammatory and anti-tumour effect 

Inflammatory processes are mediated by the production of prostaglandin (PG). Resveratrol 

has been associated with the inhibition of prostaglandins in human peripheral blood 

leukocytes (112). This compound has been observed to inhibit the enzymatic activity of 

cyclooxygenase-2 (COX-2; the enzyme that catalyses PG synthesis) by inhibiting the 

expression of this enzyme via signal transduction pathways (113). 

Resveratrol appears to show an anti-tumour effect by inducing apoptosis through modulation 

of various signalling pathways. Banerjee et al. (114) found that resveratrol reduced the 

incidence of carcinogen-induced mammary tumour through down-regulation of COX-2 and 

matrix metalloprotease-9 (MMP-9) expressions. 

d) Estrogenic activity 

Since (E)-resveratrol has structural similarity with estrogenic agents, several studies were 

performed to investigate the estrogenic potential of this compound. The results showed that 

(E)-resveratrol is a very potent antagonist to the binding of the sexual hormone estradiol to its 

receptors. These findings provide some beneficial effects in areas such as breast cancer (115). 

Basly and co-workers (116) investigated the biological activity of the two isomers of 

resveratrol on breast cancer cells. The study found that the (E)-resveratrol is a much stronger 

mixed estrogen receptor agonist than (Z)-resveratrol. 

ii) Hydroxybenzoic acid and derivatives 

Gallic acid is present in the flesh of white and red grapes. The latter was reported to contain 

higher amounts of gallic acid (117). The basic structures of hydroxybenzoic acids and 

derivatives are shown in Figure 1.5. 

 

 

 

 

 

 

Hydroxybenzoic acids and derivatives R1 R2 

Gallic acid OH OH 

Protocatechuic acid OH H 

Syringic acid OCH3 OCH3 

Vanillic acid OCH3 H 

Figure 1.5: Basic structures of hydroxybenzoic acids and derivatives. 
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iii) Hydroxycinnamic acid and derivatives 

Hydroxycinnamic acids are the most notable subclass of non-flavonoids. p-Coumaric, ferulic 

and caffeic acids and their derivatives are some examples of hydroxycinnamic acids which are 

present in grapes (Figure 1.6). Hydroxycinnamic acids are also found esterified to sugars, 

organic acids and choline, and combine with anthocyanin monoglucosides to form acylated 

anthocyanins. In grapes and wines, cinnamic acids are mainly esterified in particular with 

tartaric acid. They are highly oxidisable in grape juice and responsible of browning of 

unprotected white must.  

 

 

 

 

 

1.5.1.1.2 Flavonoids 

The structure of flavonoids is comprised of fifteen carbon atoms (C6-C3-C6) consisting of two 

aromatic A- and B-rings. These two aromatic rings are joined together by three carbons that 

are usually formed into an oxygenated heterocyclic entity. The main subclasses of flavonoids 

found in grapes are the flavonols, flavones, anthocyanins, flavanonols, flavanones and 

flavanols (Figure 1.7). The various classes of flavonoids differ in the level of oxidation and 

pattern of substitution of the C-rings. The preferred glycosylation site is the C3 position with 

the most common sugars attached to flavonoids being glucose, glucuronide, galactose, 

rhamnose and xylose. Many flavonoids have antioxidant activity as their conjugated 

π-electron systems, allow the donation of electrons or hydrogen atoms from the 

hydroxyl-group moieties to a free radical (118). However, the antioxidant efficacy depends on 

the structural features of flavonoids, including the number and position of the hydroxyl-group 

moieties on the phenolic rings, and delocalization of the unpaired electron within the 

molecular system. 

Hydroxycinnamic acids R1 R2 

p-Coumaric acid H H 

Ferulic acid OCH3 H 

Sinapinic acid OCH3 OCH3 

Caffeic acid H OH 

Figure 1.6: Basic structures of hydroxycinnamic acids.  
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Figure 1.7: Basic structures of major flavonoids. 

i) Flavanols 

Flavanols are ubiquitous in various types of fruits and beverages, for instance grapes, red 

wine and tea (119-121). Their purpose is to act as an insect feeding deterrent and bactericide 

(122). Flavanol compounds have two chiral centres at the C2 and C3 positions of the C-ring. 

A predominant flavanol is (±)-catechin and its stereoisomer (±)-epicatechin. Based on the 

biosynthetic pathway of the flavonoids, (+)-catechin and (-)-epicatechin are predominantly 

synthesised in plant whilst (-)-catechin and (+)-epicatechin are very seldom present in nature 

(123). (+)-Catechin has a C3 hydroxyl-group positioned in a plane opposite the B-ring, 

whereas (-)-epicatechin has both C3 hydroxyl-groups positioned in the plane of the B-ring 

(Figure 1.8). The concentrations of catechin/epicatechin in white wine were reported in a 

range of 5-10 mg/L whilst 76-115 mg/L were determined in red wine (124). 
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(+)-Catechin (-)-Epicatechin 

Figure 1.8: The molecular structures of flavanols. 

ii) Tannins 

In general, tannins refer to a fraction of phenolic compounds whose fundamental 

characteristic is the capacity to precipitate proteins, in particular salivary proteins, which 

gives them an astringent character that can be easily recognized (125). Structurally, tannins 

possess 12-16 phenolic groups and 5-7 aromatic rings per 1000 units of relative molecular 

mass (126). This feature, together with their high molecular weight, clearly makes the tannins 

different in structure and properties from the low weight molecular phenolic acids and 

monomeric flavanols. Tannins are categorised into two groups, namely hydrolysable tannins 

and condensed tannins. 

a) Hydrolysable tannins 

Hydrolysable tannins have a simpler structure in comparison to condensed tannins. They exist 

as esters and can be degraded or hydrolysed. They contain a central core of polyhydric 

alcohol, which are esterified either partially or completely by phenolic acids. The phenolic 

acids are either gallic acid in gallotannins or other phenolic acid derived from the oxidation of 

galloyl residues in ellagitanins. After hydrolysis by acids, bases or certain enzymes, 

gallotannins yield glucose and gallic acid. 

b) Condensed tannins 

Proanthocyanidins, also known as condensed tannins, are very important compounds in 

winemaking. These compounds are more complex than hydrolysable tannins. They are 

polymers composed of subunits analogues of the flavanols based on catechin and epicatechin 

that are linked via interflavan bonds between C4 and C8 and less commonly between C4 and 

C6 linkages (both are called B-type procyanidin) as shown in Figure 1.9. The procyanidin can 

also be linked by an additional ether-bond between C2-O-C7 or C2-O-C5 linkage, called A-type 
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procyanidin. According to Santos-Buelga (125), procyanidin values from different varieties 

and vintages of red wines in a range of 0 to 500 mg/L. 

 

 

 

A B 

Figure 1.9: Procyanidin B-type in (A) C4-C8 and (B) C4-C6 linkages. 

Tannins are located in the seeds and skins of the grapes (127). These compounds play a 

prominent role in the composition and quality of wine contributing to astringency, colour and 

aging potential of red wine (128). Seed tannins are comprised of galloylated subunits. The 

polymers of seed tannins are present in an average length from 5 to 20 subunits. These types 

of tannins give a wine structure and body. When over-extracted to give higher concentrations, 

they however can impart excessive astringency to wine. Skin tannins contain epigallocatechin 

subunits (129, 130) with an average polymer length of 20 to more than 40 subunits (131). 

Skin tannins provide wine structure and stabilise its colour. They react with proteins in grapes 

(maturing), wine (aging) and in a human mouth eliciting a feeling of astringency (122). 

c) Flavonols 

Flavonols are found in wines and grape juices. They are localized in the grape skins. The 

flavonols have an important role in UV protection as their synthesis is up-regulated with high 

UV loads (132). Some common flavonol aglycones present in grapes are quercetin, myricetin, 

kaempferol, syringetin and laricitrin. They usually exist as flavonol glucoside forms which are 

typically bound to various sugars, including glucosides, glucuronides and galactosides (133). 

Conjugation mostly occurs at the C3 position (Figure 1.10) but substitution can also take 

place at the 5, 7, 3′, 4′ and 5′ positions. 
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During white wine production, only small amounts of flavonol glucosides are extracted during 

the pressing of white grapes. In contrast, larger amounts of these compounds are obtained 

during the maceration and fermentation of red grapes (134). In wine, the majority of flavonols 

exist in the aglycone forms as their glycosidic bonds are hydrolysed by enzymes or acidic 

conditions during fermentation. The overall concentration of flavonols was reported in the 

range of 100 mg/L in red wine (135). Previous studies have shown that the flavonol profiles 

served as a biomarker to differentiate table grape cultivars (136). In a similar context, 

Andrade and co-workers (137) observed that the profile characterisation of flavonols helped 

to identify different types of red wines. With regards to the bioactivity of flavonols, the recent 

research has shown that quercetin possesses positive effects in the treatment of pancreatic 

cancer (138). 

 

 

(A)  Quercetin (B) Quercetin-3-O-rutinoside 

Figure 1.10: Examples of important flavonol in (A) aglycone and (B) glycoside forms.  

d) Flavanones and flavones 

Naringenin is one of the examples of flavanones, which are predominantly found in citrus 

fruits such as oranges (139). This compound has been reported to be present in wine and 

associated with potential antioxidant capability (140). Flavonones possess similar structure as 

flavone flavonoids, except the flavonone structures lack a double bond at the position of 

C2-C3 in the C-ring. Flavone distribution appears to be limited to certain plant families, with 

the main flavones in the diet being apigenin and luteolin. Apigenin has been found in Italian 

red wine at a concentration of 0.2-3.1 mg/L (141). This compound is thought to prevent 

cancer as demonstrated by Shukla and co-workers (142). The molecular structures of 

naringenin and apigenin are shown in Figure 1.11. 
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A B 

Figure 1.11: Molecular structures of (A) naringenin (flavanone), and (B) apigenin (flavone). 

e) Flavanonols 

Flavanonols have a saturated C-ring like flavanones, but these compounds are usually either 

hydroxylated or glycosylated at the C3 position. Compounds from this subgroup are also 

known as 3-hydroxyflavanones or 2,3-dihydroflavonols. Taxifolin (dihydroquercetin) and 

astilbin (dihydroquercetin-3-O-rhamnoside) are the examples of flavanonols (Figure 1.12). 

Astilbin is a bioactive and is thought to provide anti-microbial, antibacterial and 

cardiopreventive effects in humans (143). Astilbin was determined in Malbec (a grape variety 

planted predominantly in Argentina) wines with a concentration between 9.1 mg/L and 

16.3 mg/L (144), which was consistent with the value obtained from previous findings of 

Vitrac and co-workers (145). 

  

 

A B 

Figure 1.12: Examples of flavanonols in wines (A) taxifolin and (B) (-)-astilbin. 

f) Anthocyanins 

Anthocyanidins, principally as their conjugated derivatives, known as anthocyanins, are plant 

pigments, responsible for the red, blue or violet colour of edible fruits like red grapes, plums 

and berries. The level of colour usually increases during fruit maturation. Anthocyanins 

mainly occur in the skins of the red grapes. They are not found in white grapes due to a 
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mutation of the gene that encodes colour formation later in the evolution of Vitis. Rosé wine 

made from red grapes contains less anthocyanin due to the removal of the skins before 

fermenting the wine. The concentration of anthocyanins ranges around 1 mg/g fresh weight in 

berries and between 100 mg/L (Pinot noir) to 500 mg/L (Shiraz) in red wine (133). During 

storage and ageing of red wine, anthocyanins can react with procyanidins to produce complex 

pigments (146). Free anthocyanins disappear with bottle ageing. This is evident by the colour 

change in a wine from the original sharp bright blue-red tone to red-orange, giving the wine a 

deeper hue (147). 

Anthocyanins occur naturally as glycosides and the positive charge on the anthocyanin 

molecule makes this compound different from other flavonoids (Figure 1.13). Several studies 

have investigated the relationship between the type of glycosylation of anthocyanins and 

characteristics of the grape variety. Although the glycosylation pattern in grapes are complex, 

it has been shown that glycosylation for Vitis vinifera cultivars appears exclusively at the 

C3 position (148). In a similar area of study, Cheynier et al. (149) investigated that the Pinot 

noir grapes contain only anthocyanin-3-glucosides. However, this is not the case for non-Vitis 

or hybrid grapes where glycosylations commonly take place at the C3 and C5 positions (150). 

Therefore, Castia et al. (151) concluded that the anthocyanin profile was useful for 

chemotaxonomic studies to differentiate the red grape cultivars.  

 

 

(A)  Cyanidin (B) Malvidin-3-O-glucoside 

Figure 1.13: (A) Free anthocyanidin and (B) anthocyanidin glucoside. 
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1.5.1.2 The need to develop a new method for polyphenol analysis 

Resveratrol can be synthesised in the laboratory via the Heck reaction (152). The use of 

synthetic food additives in the food industry is often severely restricted. So, there is more 

interest in using natural resveratrol extracted from plant material like Polygonum weed or 

from grapes and grape byproducts. 

Many chromatographic methods have been developed to identify individual compounds from 

plant extracts however the need for fast and high volume extraction of health-beneficial 

natural compounds from agricultural byproducts requires new methods. This study develops 

advanced “green” analytical techniques for the rapid and high-resolution analysis and capture 

of known health-beneficial substances in complex matrices of wine and grape byproducts 

using MISPE followed by capillary HPLC in combination with tandem electrospray ionisation 

MS. In contrast to previous MISPE separations of polyphenols from natural substances, this 

method allows the separation and capture of a target compound and the determination of its 

purity as well as the analysis of non-targeted substances. Moreover, this new approach allows 

the concomitant analysis of many health-beneficial substances. In another application area, 

the new methodology devised by this study can be used for monitoring of the performance of 

MIP based SPE tools for bioactive molecules from a diverse array of complex samples. The 

identification of polyphenol compounds before and after MISPE treatment afforded by 

microLC generates information on the selectivity of the MIP. The newly developed method 

will be designed according to the principles of Green Chemistry, aiming at an improved 

resource utilisation using environmentally benign methodologies. 

1.5.2 Phytosterols 

Plants are renewable sources of biologically active compounds. Vegetables and fruits contain 

substantial amounts of terpenoids particularly phytosterols (plant sterols). Phytosterols play 

significant roles in several areas including pharmaceuticals (production of therapeutic 

steroids), nutrition (anticancer properties) and cosmetics (ingredients for creams and 

lipsticks). 
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1.5.2.1 Classification of phytosterols 

Sterols are biosynthetically derived from squalene and belong to the group of triterpenes that 

includes more than 4000 different compounds (153). In general, these compounds consist of 

an A-, B-, C- and D-ring structure systems (tetracyclic cyclopenta(α)phenanthrene), a 

hydrocarbon chain at C17 and an oxygen functional (usually a hydroxyl) group in the 

β-position at C3. Phytosterols (plant sterols) have a structural resemblance to cholesterol 

(animal sterol) and ergosterol (fungi sterol). 

Phytosterols have a double bond between C5-C6, but they are different from each other in the 

location of a double bond at C22-C23 and the stereochemical orientation of the alkyl-group at 

C24. They can represent themselves as free alcohols, esters with fatty acids, glycosides and 

acylated glycosides (154), but in edible oils they mainly exist as free and esterified forms. 

Saturated plant sterols are referred to as ‘phytostanols’, do not have a double bond at the 

position of C5-C6 in the B-ring. The examples of phytosterols in free, conjugated and 

saturated forms are illustrated in Figure 1.14. In plants, more than 200 types of phytosterols 

have been discovered, whereby the most abundant sterols are β-sitosterol, stigmasterol and 

campesterol (153, 155). Other relevant phytosterols found in plants in minor amounts are 

brassicasterol, sitostanol and campestanol (154). 

1.5.2.2 Phytosterols in grape seeds 

There is now a worldwide interest in the recovery and exploitation of bioactives from natural 

plant resources. Plant seeds contain many nutraceutical components, and one of 

underexploited seed is the grape seed. The majority of grape seeds are part of the waste 

generated during wine processing activities. The seeds from grape marc are usually utilised to 

gain grape seed oils or nutritional supplements containing polyphenols. However, less 

attention has been paid to the composition of phytosterols in those seed-based-products. 

Reports on the analysis of phytosterols in the grape seeds either in the extract or oil form is 

scarce, although these phytosterols are claimed to have important benefits such as reducing 

human cholesterol levels (156). The sterol content in grape seed oil was reported by Crews 

and co-workers (157) to consist of β-sitosterol, stigmasterol and campesterol. In that research, 

no brassicasterol was found. Brassicasterol has the most abundant occurrence in rapeseed oil. 

The phytosterol profile can also be used to detect product authenticity since they can be 

considered as a ‘fingerprint’ for the lipid composition of a product (158). 
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Figure 1.14: Major classification of phytosterols. 

1.5.2.3 Bioactivity of phytosterols 

The growing interest in the medical applications of phytosterols ensures that it is very 

important to obtain accurate quantitative data on their occurrence in foods. Phytosterols are 

known to possess various bioactive properties that play an important role for human health 

(159) such as anti-inflammatory, antibacterial, antifungal, antioxidant and anti-tumour 

activities (160, 161). Recent investigation demonstrated that the involvement of sterols in 

plants innate immunity against bacterial infections by regulating nutrient efflux into the 

apoplast (162). 
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Phytosterols have been acknowledged for many years for reducing blood cholesterol levels as 

well as other beneficial health effects (163). The cholesterol lowering effects of phytosterols 

was reported from the studies on rabbits and chickens in the 1950s (164, 165). Some years 

later, the first medical research of the beneficial effects of phytosterols was published (166). 

The estimated dietary intakes of phytosterols amongst different human populations were 

reported from 160 mg/day to 400 mg/day (155). Ingestion of these compounds in the human 

diet resulted in the reduction of plasma total cholesterol between 0.5% to 2.6% (167). 

Phytosterols also have been shown as an interesting approach in preventing coronary heart 

disease when combining them with statins (a drug that decreases the cholesterol metabolism) 

(168). 

1.5.2.3.1 Stigmasterol 

Amongst the phytosterols present in grape seed, stigmasterol is the main focus for this 

research. Several studies have shown that stigmasterol is useful in the prevention of certain 

chronic diseases including ovarian, prostate, breast and colon cancers (169). This compound 

is used as a precursor in the manufacture of synthetic progesterone (170). Stigmasterol is also 

the precursor of vitamin D3 (171). 

1.5.2.4 The need to develop a new method for sterol analysis 

The use of MIP materials in the analysis of sterols has several challenges still unsolved 

especially in isolating the sterol target analytes from complex mixtures. The studies that have 

been done were often complicated and time-consuming procedures that used copious amount 

of environmentally problematic chemicals (33). In addition, the published MISPE method 

(51) was not able to collect other compounds or assess the efficiency of the binding of the 

target of interest in one step. Thus, the present study provides a novel design of stigmasterol 

imprinted polymers in the SPE format in conjunction with the latest modern LC techniques 

for the quantification and characterisation of the target compound and its analogues from 

grape seed extracts. 
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1.6 Aims of the project 

A significant upsurge of interest in phytochemicals from vegetables, fruits and their 

byproducts as safe dietary components that have a considerable impact on human health led to 

this research with the aim to find an efficient way to extract and analyse two of the most 

important of these bioactive components. The herein described research provides new 

approaches to polyphenol and phytosterol analysis derived from grape complex samples. 

Specifically, the objectives of the research are:  

 Systematic development and optimisation of new chromatographic methods for 

polyphenol analysis using RP-HPLC as the main tool for (E)-resveratrol quantification 

in combination with ESI ion trap tandem mass spectrometry for polyphenolic 

characterisation according to the principles of Green Chemistry. 

 Development of an effective protocol to monitor the performance of a MIP in an 

off-line SPE format to selectively enrich (E)-resveratrol and structurally related 

compounds from red wine samples. 

 Evaluation of the efficacies of the MIP’s imprinting effect to discriminate 

(E)-resveratrol in relation to (Z)-resveratrol at different stages of grape processing. 

 Optimisation of binding sites characteristics of a novel MIP prepared by the covalent 

technique to capture stigmasterol from a mixture of sterol solutions. 

 Development of efficient liquid chromatographic methods based on ethanol-water 

mixtures to simultaneously separate different types of sterols by RP-HPLC and 

LC-ESI ion trap MS/MS. 

 Application of MISPE for the extraction and separation of (E)-resveratrol and other 

polyphenols from the extracts of grape skins and seeds. 

 Novel application of stigmasterol MIP in the SPE format for the analysis of 

stigmasterol from grape seed residues. 
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1.7 Thesis overview 

This thesis has been divided into seven chapters. Chapter 1 begins by describing the 

mechanism of extraction and separation techniques involved with the analysis of 

phytochemicals derived from grape matrices. This chapter also addresses the classification, 

occurrence, functionality and bioactivity of polyphenols and phytosterols. Chapter 2 provides 

key findings related to the systematic development of new chromatographic conditions with a 

Green Chemistry approach for the analysis of polyphenols using analytical RP-HPLC and 

LC-MS/MS. This chapter presents a generic procedure to use MISPE for polyphenol analysis 

using different types of grape samples. Chapter 3 describes the application of MIP in the SPE 

format for the extraction, quantification and characterisation of (E)-resveratrol and 

structurally related polyphenols from red wine. Chapter 4 adds the analysis of (E)-resveratrol 

and its analogues from grape pressing residues at different stages of grape waste storage. 

Chapter 5 evaluates the optimisation of binding sites characteristics of a novel MIP prepared 

by the covalent approach to selectively enrich stigmasterol. Chapter 6 presents a 

comprehensive evaluation of MISPE protocols for determining polyphenols and phytosterols 

from grape derived complex wastes. Chapter 7 draws the conclusions and points to future 

research directions. 
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Chapter 2 
Chromatographic optimisation and method 

development for the analysis of polyphenols  
  

Abstract 

This chapter presents a new method to separate a set of important standard 

polyphenols under the application of benign chemicals and tools according to 

the principles of Green Chemistry, as it employed a mixture of ethanol-water 

and a low concentration of formic acid at ambient temperature for the 

reversed-phase high performance liquid chromatographic (RP-HPLC) analysis. 

A down-scale of the analytical procedure to a capillary liquid chromatography 

method and hyphenation with electrospray ionisation ion trap mass 

spectrometry (LC-ESI ion trap MS/MS) was performed with minimal solvent 

usage and waste. LC-ESI ion trap MS/MS was shown to be effective in the 

negative ionisation mode for the peak identity confirmation of the polyphenols. 

The tandem mass spectrometric identification was demonstrated for 

(E)-resveratrol as an example. The application of a newly developed 

molecularly imprinted polymer (MIP) in solid-phase extraction (SPE) format 

was optimised in terms of cartridge conditioning, sample loading, wash and 

elution conditions with suitable benign solvents for the selective enrichment of 

(E)-resveratrol. The comparison of MIP and control non-imprinted polymer 

(NIP) demonstrated that the MIP contained effective imprinting sites for 

(E)-resveratrol. 
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2.1 Introduction 

The importance of polyphenols for human health and well-being has driven the establishment 

of comprehensive databases on polyphenol composition in foods and in turn a demand for 

analytical methodologies for their identification and quantification. Due to the structural 

diversity and a multitude of occurrences of these compounds in food sources or medicinal 

plants, the efficient and selective extraction of specific target molecules from complex 

biological matrices represents a challenge to the analytical community. 

Reversed-phase high performance liquid chromatography (RP-HPLC) with diode array 

detection (DAD) is the technique most often used to analyse polyphenols (1). In regards to 

achieving an optimal chromatographic separation, the column selection, column temperature, 

mobile phase composition, mobile phase additive concentration and elution program (either 

gradient or isocratic mode) is important and often guided by separation efficiencies alone, and 

not by considerations of new standards of environmental safety.  

The main objective of this study was to optimise the chromatographic parameters for the 

development of a new green separation methodology in RP-HPLC, in conjunction with 

electrospray ionisation tandem mass spectrometric (ESI-MS/MS) for the separation of 

polyphenols of health-beneficial significance. The established separation method will then be 

applied to monitor the performance of new molecularly imprinted polymers (MIPs) 

incorporated in a solid-phase extraction (SPE) format for the enrichment of (E)-resveratrol 

derived from wine (Chapter 3) and grape wastes (Chapter 4 and 6). 

2.2 Materials and Methods 

2.2.1 Reagents 

Gallic acid, caffeic acid, p-coumaric acid, ferulic acid, chlorogenic acid, (±)-catechin, rutin, 

morin and quercetin were purchased from Sigma-Aldrich (Sydney, Australia). (E)-Resveratrol 

(99.8% purity) was purchased from AK Scientific (Union City, California, USA). HPLC 

grade of acetonitrile (ACN), methanol (MeOH), ethanol (EtOH), iso-propanol (IPA) and 

dimethylsulphoxide (DMSO) were purchased from Merck (Melbourne, Australia). Reagent 

grade formic acid (FA) and glacial acetic acid (AcOH) were purchased from Ajax Finechem 
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(Melbourne, Australia). Trifluoroacetic acid (TFA) and heptafluorobutyric acid (HFBA) were 

obtained from Sigma Aldrich (Sydney, Australia). Water was purified by a water purification 

system (Pall Corp., Melbourne, Australia) to a resistivity of 18.2 MΩ.cm.  

2.2.2 Standards 

A mixture of ten polyphenol standards containing gallic acid, caffeic acid, p-coumaric acid, 

ferulic acid, (±)-catechin, chlorogenic acid, rutin, morin, quercetin and (E)-resveratrol were 

prepared at a concentration of 0.01 mM or 0.10 mM (for each polyphenol component) using 

stock solutions. Stock solutions of (±)-catechin and (E)-resveratrol were both prepared in 

ACN at a concentration of 5.0 mM. Gallic acid, p-coumaric acid, chlorogenic acid, ferulic 

acid, rutin, morin and quercetin standard stock solutions were all prepared in DMSO at a 

concentration of 10.0 mM. The caffeic acid stock solution was prepared by dissolving the 

standard in a mixture of ACN/DMSO (2:1, v/v) at a concentration of 2.5 mM.  

An eight-point calibration curve for (E)-resveratrol was prepared by serial dilution of the 

(E)-resveratrol stock solution with EtOH covering a concentration range of 2.4 × 10
-4

 to 

5.0 × 10
-1 

mM. The standard calibration curve of (E)-resveratrol was established by plotting 

the chromatographic peak area versus concentration. The peak area was linearly proportional 

to a concentration (y = mx + b). In this equation, y is the peak area obtained from the HPLC 

chromatogram, x is the concentration of an (E)-resveratrol standard (mM), m is a response 

factor between the peak area and b is the intersection near to the origin (~0.0). The equation 

for the resulting calibration curve was y = 15693x with a correlation factor (R
2
) of 0.9. The 

limit of detection (LOD) (multiplying the standard deviation (SD) by 3) and the limit of 

quantitation (LOQ) (10 times the SD) for (E)-resveratrol were determined to be 3.9 × 10
-5 

mM 

and 1.3 × 10
-4 

mM, respectively.  

2.2.3 Instrumentation 

2.2.3.1 RP-HPLC analysis 

RP-HPLC analysis was performed using an Agilent HPLC 1100 series (Agilent Technologies, 

Waldbronn, Germany) equipped with ChemStation software (B.02.01 SR1), a degasser, a 

binary gradient pump, an auto-sampler with a 900 µL sample loop, a thermostated column 
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compartment and a 80 Hz full spectra ultra-fast UV-DAD. Separation was performed with a 

double end-capped Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 5 µm particle size) 

(Agilent Technologies, Melbourne, Australia) at 20 °C. The UV-DAD was set to 200-600 nm 

at a spectral acquisition rate of 2 nm scans per step with simultaneous monitoring at 280 nm, 

320 nm and 370 nm. Compounds in the sample were identified based on their respective 

reference standards by comparison of the retention times and UV/Vis spectra. The mobile 

phase consisted of eluent A was 10 mM AcOH, FA, TFA or HFBA in water, respectively. 

The eluent B was 10 mM AcOH, FA, TFA or HFBA in ACN, MeOH, EtOH/H2O (4:1, v/v) or 

IPA/H2O (4:1, v/v). The phenolic compounds were analysed using a linear gradient of eluent 

B: 0-2 min: 10% (v/v), 2-52 min: 10-70% (v/v), 52-53 min: 10% (v/v). The total run time was 

53 min and the injection volume was 5 µL at a flow rate of 0.5 mL/min. All mobile phases 

were filtered through polypropylene membrane filters (0.2 µm pore size, 47 mm diameter) 

purchased from Pall Corp. (Melbourne, Australia) and were degassed in an ultrasonic bath 

(Elmasonic, Singen, Germany) for 30 minutes.  

2.2.3.2 LC-ESI ion trap MS/MS analysis 

Identification of polyphenols in the sample mixture was carried out on an Agilent 1100 

capillary LC system (Agilent Technologies, Palo Alto, CA, USA) coupled to an ion trap MS 

system (Agilent 1100 Series LC/MSD-SL). The RP-HPLC separation was performed at 20 °C 

using a Zorbax XDB capillary C18 column (0.3 mm × 150 mm, 3.5 µm particle size) from 

Agilent Technologies (Melbourne, Australia). The gradient elution conditions employed in 

this system were the same as in the earlier RP-HPLC analysis (Section 2.2.3.1). The column 

was equilibrated with 10% (v/v) B for 10 min prior to an injection. The injection volume was 

0.1 μL at a flow rate of 2 µL/min. The mass detection was performed in the full scan mode in 

the m/z range from 100 to 1200 using the negative ionisation mode. The capillary voltage was 

set to 3.5 kV. Nitrogen was used as the nebulising gas at a pressure of 10 psi. The drying gas 

flow rate was set to 5 L/min at 300 °C. The target mass, compound stability and trap drive 

level were set to m/z 600, 80% and 100%, respectively. The ion accumulation time was 

automatically adjusted via the Ion Charge Control (ICC) feature of the instrument. The ICC 

target was 30,000 units and the maximal accumulation time was 300 ms. For MS/MS 

analysis, helium was used as the gas for collision induced dissociation (CID). The instrument 

was operated using the “smart fragmentation” mode which allowed the fragmentation 
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amplitude to be varied from 30-200% of the default 1.0 V. The instrument automatically 

changed from MS to MS/MS when the intensity of particular ion surpassed the threshold of 

5,000 units. Active exclusion was carried out after two spectra for 1 min. The number of 

precursor ion selection was set to 2. All data acquisition and processing were conducted with 

an Agilent ChemStation (version 4.2) and MSD Trap Control software. 

2.2.4 Molecularly imprinted polymer preparation 

The resveratrol imprinted polymers (MIPs) and the control non-imprinted polymers (NIPs) 

were synthesised by Dr. Lachlan Schwarz (Centre for Green Chemistry, Monash University, 

Melbourne Australia) using the non-covalent approach (2, 3). During the imprinting process, 

an (E)-resveratrol (template, 1 M), 4-vinylpyridine (4-VP, 3 M) as functional monomer, 

ethylene glycol dimethacrylate (EGDMA, 15 M) as crosslinker and 

2,2′-azobis(2-methylpropionitrile) (AIBN, 0.3 M) as free radical initiator were dissolved in a 

porogen mixture of ACN/EtOH (5:1, v/v) in a thick-walled glass tube. The resulting mixture 

was sealed and purged with nitrogen gas for 2 min and then sonicated for 20 min. The glass 

tube was then placed in a 50 °C water bath for 18 h, followed by a thermal annealing 

treatment at 60 °C for 24 h. The resultant bulk polymer was crushed, ground into powder and 

sieved to produce a particle size distribution of 63-90 µm. The resultant MIP material was 

washed several times with MeOH/AcOH (9:1, v/v) until the wash fraction was free from the 

template, as confirmed by RP-HPLC with detection at 210 nm. The remaining MIP material 

was dried in a vacuum oven at 40 °C overnight. The NIP was prepared under the same 

experimental conditions as the MIP, in the absence of the template. 

2.2.5 Molecularly imprinted solid-phase extraction protocol 

Approximately 1.0 gram of the MIP (particle size 

63-90 µm) and NIP (particle size 63-90 µm) were slurry 

packed into polypropylene SPE cartridges (2.0 cm in 

diameter and 8.7 cm in length) using 30 mL of EtOH. 

These MISPE and NISPE cartridges were subsequently 

capped at the top and bottom with fritted polypropylene 

disks (20 µm pore size) and the setup can be seen in 

NISPEMISPE

Figure 2.1: Molecularly imprinted 

polymers in the solid-phase 

extraction (MISPE) and control 

NISPE cartridges. 
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Figure 2.1. Vacuum was not used in this MIPSE protocol in order to give a better contact and 

equilibrium time between the target analyte and imprinted binding sites. Both cartridges were 

then conditioned by rinsing (in sequence) with EtOH/AcOH (9:1, v/v, 15 mL), EtOH (15 mL) 

and EtOH/H2O (15:85, v/v, 15 mL). The flow rate of each cartridge was adjusted to about 

2 drops per second and eluted by the force of gravity. MISPE and NISPE cartridges were 

loaded with (E)-resveratrol standard solution in EtOH/H2O (15:85, v/v) at a concentration of 

0.1 mM (5 mL). Each column was subsequently washed with EtOH/H2O (4:1, v/v) containing 

1% (v/v) AcOH (4 × 5 mL) to remove components bound to the MIP or NIP through either 

weak or non-specific interactions. The bound material was eluted from the respective 

cartridges using EtOH/AcOH (9:1, v/v) (10 × 5 mL), and aliquots (1 mL) of each elution 

fraction were combined, evaporated to dryness using a Genevac EZ-2 vacuum evaporator 

(Pacific Laboratory Products, Melbourne, Australia) and re-constituted in the mobile phase 

eluent B (1 mL) which corresponded to a 10-fold concentration. The MISPE and NISPE 

cartridges were then reconditioned with H2O (15 mL), followed by EtOH (15 mL) and finally 

with EtOH/H2O (15:85, v/v, 15 mL) for repeated use. In the case of a complex biological 

sample, a wash step with 0.1 mM NaOH in water was added to render the MIP re-usable. 

2.3 Results and Discussion 

2.3.1 Chromatographic optimisation and method development  

The optimisation and method development for the analysis of polyphenols were evaluated 

based on several experimental variables, which are considered to be the most important 

prerequisites to grant a good separation. To the best of my knowledge, this is the first time an 

entire experimental process was designed for polyphenolic compounds with environmentally 

benign solvents in accordance to the principles of Green Chemistry (Figure 2.2). 

2.3.1.1 Selection of a reversed-phase column  

A number of publications on RP-HPLC techniques for polyphenols analysis reported the use 

of a single endcapped silica packing material with a particle size range from 3 to 10 µm in 

stainless steel columns (4, 5). Usually these columns have a typical length of 15 cm or 25 cm 

and a standard internal diameter of 4.6 mm (6, 7). In this work, the reversed-phase C18 double 
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end-capped column (4.6 mm × 150 mm, 5 µm particle size) was chosen because this type of 

column has a capability to reduce secondary interaction effects of silanols hence minimised 

peak tailing. Additionally, this column is stable at acidic, basic and/or neutral conditions over 

a pH range of 2-9.  

  

 

2.3.1.2 Effect of mobile phase and mobile phase additive  

Since the mobile phase composition has a profound effect upon the spacing (selectivity) of 

chromatographic peaks, the most effort in the development of the analytical method focused 

on this criterion. In a series of preliminary experiments, a gradient elution mode was found 

preferable. Therefore, two types of mobile phases were applied for this mode. Eluent A 

(aqueous phase) consisted of water and mobile phase additives including acetic acid (AcOH), 

formic acid (FA), trifluoroacetic acid (TFA) or heptafluorobutyric acid (HFBA). These 

mobile phase additives were also employed in eluent B (organic phase) which used ACN, 

MeOH, EtOH or IPA as organic solvents. In order to enhance miscibility of eluent A and 

eluent B in the mixing chamber, EtOH or IPA was mixed with water at a ratio of 4 to 

Chromatographic 

parameters via RP-HPLC

Multi purpose fast column

Ambient column temperature

Environmentally benign mobile 

phases optimal composition

Low concentration of benign 

mobile phase additive

Benign elution mode

Down-scale method via 

LC-MS/MS

Capillary column to 

enhance sensitivity

Small injection 

volume

Low flow rate

Suitability for MS/MS

Minimal solvents and waste

MISPE enrichment 

protocol

Small sample volume 

for loading 

Benign washing solvent

Benign elution solvent

Chromatographic optimisation

and method development

Figure 2.2: Chromatographic optimisation and method development for the analysis of 

polyphenols in accordance to the principle of Green Chemistry. 
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1 volume/volume. The polyphenol separations were evaluated by the peak shape and peak 

width obtained from RP-HPLC. For this purpose, a polyphenolic test mixture composed of 

ten standards including gallic acid, (±)-catechin, chlorogenic acid, caffeic acid, ferulic acid, 

p-coumaric acid, rutin, (E)-resveratrol, morin and quercetin was employed. The peaks were 

monitored simultaneously at 280 nm, 320 nm and 370 nm with a DAD detector. 

Different types of mobile phase additives (AcOH, FA, TFA or HFBA) were used in a range of 

5 mM - 25 mM to investigate their effect on the separation performance of polyphenolic 

compounds in the reversed-phase HPLC system. The low concentrations of mobile phase 

additives were applied to maintain a certain pH in the mobile phase and to assist the ionisation 

of polyphenols. The concentration of mobile phase additive was expressed in mM instead of 

the percentage (%, v/v) value in order to enable direct comparisons of the effectiveness of the 

four acid modifiers. Initially, 10 mM was chosen to separate simultaneously the ten 

polyphenols from the test mixture. Further investigations on the effect of mobile phase 

additives at different concentrations will be described later in Section 2.3.1.3. 

Various mobile phases and different types of mobile phase 

additives were used to investigate the peak efficiency of caffeic 

acid based on the measurement of the peak width at half height 

(w1/2). The w1/2 is the distance measurement between each side of 

peak at half height (8) and is generally employed to assess the 

quality of the chromatographic operating conditions (Figure 2.3). 

A smaller value of w1/2 indicates a better peak shape. The w1/2 was 

measured on the peak of caffeic acid (d) due to its consistent 

symmetric peak shape under all conditions.  

Figure 2.4 shows the combination of mobile phases and mobile phase additives used in this 

study. The results showed that IPA/H2O (4:1, v/v) with HFBA is the best match based on the 

smallest value of w1/2 (0.26) obtained. However, the usage of IPA as a mobile phase led to a 

high back-pressure in RP-HPLC systems because of its high viscosity (2.86 centipoise) whilst 

HFBA is a relatively expensive and toxic fluorinated acid. The second best option based on 

the w1/2 measurements was the combination of ACN with FA (w1/2 = 0.30) or ACN with 

AcOH (w1/2 = 0.30). Despite the popularity of ACN as an organic mobile phase modifier in 

reversed-phase chromatography, this solvent has several disadvantages including being toxic, 

costly and susceptible to supply shortage. The mixture of EtOH/H2O (4:1, v/v) with FA or 

t1 t2
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Figure 2.3: Peak width          

at half height. 
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EtOH/H2O (4:1, v/v) with TFA gave similar results with regard to the w1/2 (w1/2 = 0.32), 

respectively. TFA is well suited for reversed-phase HPLC applications as it improves peak 

shape and resolution but it has negative effects on MS detection. Its high surface tension 

prevents efficient spray-formation, which consequently suppresses the ionisation and reduces 

the MS signal (9, 10). Based on these considerations, a combination of EtOH/H2O (4:1, v/v) 

with FA was chosen as they were compatible with MS/MS and their use was in accordance 

with the principles of Green Chemistry.  

The elution behaviours of eight polyphenols in different types of mobile phases with 10 mM 

FA can be seen in Figure 2.5. Early eluting peaks were observed (following the increasing 

elution order) with (A) IPA/H2O (4:1, v/v) < (B) ACN < (C) EtOH/H2O (4:1, v/v) < (D) 

methanol. (E)-Resveratrol (h) was found to co-elute with morin (i) when ACN was employed 

whilst when using MeOH, (E)-resveratrol (h) overlapped with rutin (g). Separation of 

polyphenols in ACN resulted in peak fronting for rutin (g) whilst in IPA/H2O (4:1, v/v) ferulic 

acid (e) was found unresolved. When MeOH was employed as a mobile phase, long analysis 

times and late eluting peaks were observed. From these investigations, EtOH/H2O (4:1, v/v) 

and 10 mM FA was selected as a successful environmentally benign combination of mobile 

phase and mobile phase additive for the further optimisation of polyphenol separation 

protocols.  

 

Figure 2.4: Influence of different types of mobile phases as eluent B (acetonitrile, methanol, 

EtOH/H2O (4:1, v/v) or iso-propanol/H2O (4:1, v/v)) with HFBA, acetic acid, formic acid or 

TFA (10 mM concentration each) as mobile phase additives on peak width at half height, w1/2 

of caffeic acid. LC gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 

10% (v/v) B; flow rate: 0.5 mL/min; 5 µL injection. Measurements were determined in 

duplicate (n = 2). Error bars indicate the standard error expressed by the formula 

Error= √  ⁄ , where σ is the standard deviation and n is the number of measurements. 

0.23

0.28

0.33

0.38

0.43

0.48

Acetonitrile Methanol EtOH/water Iso-propanol/water 

HFBA

Acetic acid

Formic acid

TFA

W
id

th
 a

t 
h

a
lf

 h
ei

g
h

t 
(w

1
/2

)

Mobile phase composition

(4:1, v/v) (4:1, v/v)



Chapter 2 

Chromatographic optimisation and method development for the analysis of polyphenols 

53 
 

 

 

 

 

 

Figure 2.5: Effect of four types of mobile phases including (A) iso-propanol/water (4:1, v/v); 

(B) acetonitrile; (C) ethanol/water (4:1, v/v) or (D) methanol with 10 mM formic acid on 

RP-HPLC retention behaviour of a mixture of eight polyphenol standards consisted of 

(c) chlorogenic acid, (d) caffeic acid, (e) ferulic acid, (f) p-coumaric acid, (g) rutin, 

(h) (E)-resveratrol, (i) morin and (j) quercetin at a concentration of 0.01 mM for each 

component by RP-HPLC. The chromatograms were obtained after RP-HPLC separation on a 

Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 5 µm particle size) at 20 °C. 

LC conditions: eluent A: 10 mM of formic acid in water, eluent B: IPA/H2O (4:1, v/v), ACN, 

EtOH/H2O (4:1, v/v) or MeOH with 10 mM of formic acid in; gradient: 0-2 min to 

10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 0.5 mL/min; 

5 µL injection. All the chromatograms were monitored at the wavelength of 320 nm using a 

DAD detector. 
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2.3.1.3 Impact of concentrations of the mobile phase additive and 
column temperatures 

Based on the experiments in Section 2.3.1.2, formic acid (FA) was selected as the most 

suitable mobile phase additive for the method development of polyphenols separations. 

Instead of 10 mM in the preliminary work, five concentrations of FA (5 mM, 10 mM, 15 mM, 

20 mM and 25 mM) in eluent B consisting of EtOH/H2O (4:1, v/v) were employed at different 

temperatures to assess separation performance of the chromatographic system for a 

polyphenol mixture. The measurement was based on the w1/2 of caffeic acid (d). The common 

trend for all formic acid concentrations showed an increase of the w1/2 as the temperature was 

elevated to 50 °C - 60 °C (Figure 2.6).  

 

Figure 2.6: Effect of different concentrations of mobile phase additive on a Zorbax Eclipse 

XDB C18 column (4.6 mm × 150 mm, 5 µm particle size) at various column temperatures 

(10 °C, 20 °C, 30 °C, 40 °C, 50 °C and 60 °C) towards peak width at half height, w1/2 of 

caffeic acid. LC conditions: eluent A: 10 mM of formic acid in water, eluent B: 5 mM to 

25 mM of formic acid in EtOH/H2O (4:1, v/v), gradient: 0-2 min to 10% (v/v) B, 2-52 min to 

70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 0.5 mL/min; 5 µL injection. Measurements 

were determined in duplicate (n = 2). Error bars indicate the standard error. 

 

The lowest values of the w1/2 were observed at a concentration of 10 mM FA at 10 °C, 20 °C 

and 40 °C (w1/2 = 0.32, respectively). The highest values of w1/2 were monitored for 

temperatures above 40 °C with 25 mM FA. In chromatographic separations, the peak 

efficiency often improves as the temperature increases due to the lower mobile phase 

viscosity (11). However, in the current case, an increase in the w1/2-values for caffeic acid was 

observed for temperatures above 40 °C for all mobile phase additive concentrations. One 

possible reason for this increase in peak width at elevated temperatures might be associated 

with the decomposition of caffeic acid and a co-elution of this compound with its degradation 

product(s). Recent investigations have shown that caffeic acid is subject to decomposition in 
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organic solvents (e.g. MeOH and EtOH) at temperatures from 25 °C to 65 °C (12). Another 

possible reason for the increase in peak width may be the occurrence of 

trans/cis-isomerisation. In a previous study, Borges et al. (13) reported that caffeic acid 

predominantly occurs in nature in a trans-configuration which can be converted to the 

cis-form when exposed to sunlight or ultraviolet light. Therefore, 10 mM FA proved to be a 

suitable concentration for the mobile phase additive at column operation temperatures of 

≤ 40 °C.  

The effect of different temperatures from 10 °C to 60 °C on retention was also investigated. 

Figure 2.7 only shows the chromatograms from 20 °C, 40 °C and 60 °C. As the temperature 

was increased by 10 °C in each separation (gradient unchanged), the polyphenol separations 

shifted toward lower retention times. The higher temperature resulted in faster compound 

elution but led to peak splitting, in particular for chlorogenic acid (c) and rutin (g). According 

to the column specification datasheet from the supplier, the maximum operating temperature 

is 60 °C. However to maintain a long column lifetime, the best operating temperature was 

suggested to be ≤ 40 °C. A high temperature was not considered beneficial for this work as it 

might deteriorate the non-polar bonded stationary phase of the column and might contribute to 

the degradation of polyphenolic compounds during the analysis. Hence, the optimal column 

temperature was demonstrated to be 20 °C (ambient temperature) whereby a baseline 

separation of polyphenols was observed. Moreover, this is the most energy-saving thus green 

temperature for a RP-HPLC separation. 

2.3.1.4 Gradient mode 

A simple linear gradient consisting of eluent A with 10 mM aqueous FA and eluent B 

consisting of 10 mM FA in EtOH/H2O (4:1, v/v) was chosen for this work instead of a 

multi-stage gradient. The linear gradient was preferred due to greater reproducibility cycle by 

cycle and because of the nature of complex biological samples that contain a variable and/or 

unknown composition of substances of interest with a wide retention range. For a polyphenol 

sample, the linear gradient can perform better separations due to the continual increase of the 

elution strength throughout the gradient period, whilst a segmented gradient has the 

disadvantage of inconvenient complexity (14). In this work, a gradient program for eluent B: 

0-2 min: 10% (v/v), 2-52 min: 10%-70% (v/v), 52-53 min: 10% (v/v) was employed. The 

linear gradient elution started with a very hydrophilic solvent (90% (v/v) aqueous) in order to 
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improve the separation of the earliest eluting very polar polyphenols (for example gallic acid). 

Then the solvent strength was increased gradually in order to separate flavonoid glycosides 

(e.g., rutin) and eventually the aglycones (e.g., quercetin). In this study, most polyphenols 

were eluted from the C18 reversed-phase column by 60% (v/v) eluent B. However, the 

gradient was extended to 70% (v/v) eluent B to ensure a complete elution of all substances 

from the column.  

  

 

 

Figure 2.7: Impact of temperatures at (A) 20 °C, (B) 40 °C and (C) 60 °C on a mixture of 

eight polyphenol standards consisted of (c) chlorogenic acid, (d) caffeic acid, (e) ferulic acid, 

(f) p-coumaric acid, (g) rutin, (h) (E)-resveratrol, (i) morin and (j) quercetin (concentration of 

0.01 mM for each component), measured by RP-HPLC. The chromatograms were obtained 

after RP-HPLC separation on a Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 5 µm 

particle size). LC conditions: eluent A: 10 mM of formic acid in water, eluent B: 10 mM of 

formic acid in EtOH/H2O (4:1, v/v); gradient: 0-2 min to 10% (v/v) B, 2-52 min to 

70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 0.5 mL/min; 5 µL injection. All the 

chromatograms were monitored at the wavelength of 320 nm using a DAD detector. 
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2.3.1.5 Concomitant detection of several polyphenol compounds 

The experiments in this chapter (Section 2.3.1.1 - 2.3.1.4) demonstrated a successful 

separation method for ten polyphenols including the non-flavonoids and flavonoids 

(commonly found in grapes or other fruits), developed using a chromatographic optimisation 

methodology with environmentally benign chemicals. The various wavelengths used for the 

detection of the polyphenols are shown in Table 2.1. Component a and b were observed to 

give a higher absorbance at 280 nm. Component c, d, e, f and h were shown to be best 

detected at the wavelength of 320 nm whilst component g, i and j were better identified at the 

wavelength of 370 nm. In this work, the optimisation method for the separation of 

polyphenols was performed at the wavelength of 320 nm which corresponds to the maximum 

absorbance of (E)-resveratrol due to the polarised aromatic π-π electron interactions in the 

molecular structure (15). It is noteworthy to mention that eight components (c, d, e, f, g, h, i 

and j) could be identified at 320 nm using the herein developed RP-HPLC method. 

(E)-resveratrol (h) was well resolved under the linear gradient elution conditions with a 

retention time (tR) of 32.7 min (Figure 2.8).  

Table 2.1: Polyphenol standards detected at various wavelengths with a DAD detector. 

Component Compound name λ (nm) 

a Gallic acid 280 

b Catechin 280 

c Chlorogenic acid 320 

d Caffeic acid 320 

e Ferulic acid 320 

f p-Coumaric acid 320 

g Rutin 370 

h (E)-Resveratrol 320 

i Morin 370 

j Quercetin 370 
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Figure 2.8: RP-HPLC chromatograms of a mixture of ten polyphenol standards monitored at 

the wavelength of (A) 280 nm, (B) 320 nm and (C) 370 nm consisting of (a) gallic acid, 

(b) (±)-catechin, (c) chlorogenic acid, (d) caffeic acid, (e) ferulic acid (f) p-coumaric acid, 

(g) rutin, (h) (E)-resveratrol, (i) morin and (j) quercetin at a concentration of 0.1 mM for each 

component, obtained with a Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 5 µm 

particle size) at 20 °C. LC conditions: eluent A: 10 mM of formic acid in water, eluent B: 

10 mM of formic acid in EtOH/H2O (4:1, v/v); gradient: 0-2 min to 10% (v/v) B, 2-52 min to 

70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 0.5 mL/min; 5 µL injection.  
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2.3.2 Down-scaled method for LC-ESI ion trap MS/MS  

2.3.2.1 MicroLC 

The chromatographic conditions for LC-ESI ion trap MS/MS were established by applying a 

‘down-scaled’ microLC method. By scaling down the chromatographic column dimensions 

using the same column chemistries, less solvent is needed to generate equivalent 

chromatographic separation compared to analytical LC. This approach can save time in 

method development and materials, as well as complying with the Green Chemistry 

principles. When the method was transferred from the analytical scale to micro-scale 

versions, the chromatographic conditions required some adjustments, especially for the 

injection volume and flow rate, to achieve equivalent separation conditions. Details about the 

column dimensions for an analytical LC and a microLC are shown in Table 2.2. 

Table 2.2: Column dimensions of an analytical LC and microLC. 

Column dimension Analytical LC MicroLC 

Stationary phase RP-C18 RP-C18 

Length (mm) 150 150 

Pore size (Å) 80 80 

Surface area (m2/g) 180 180 

Internal diameter (mm) 4.6 0.3 

Particle size (µm) 5.0 3.5 

2.3.2.1.1 Adjusting the injection volume 

The injection volumes were adapted to the column’s internal diameter. Previously, 5 µL was 

chosen as the optimum volume for sample injection in the analytical RP-HPLC system, 

whereby the sample volume was kept as small as possible to avoid loss of resolution due to 

volume overloading. In order to determine an appropriate injection volume in microLC, 

Equation 2.1 was used (16). Although the calculated injection volume using that equation 

was determined to be Vinjection = 0.02 μL, the minimum injection volume for this instrument 

was 0.1 μL. Thus, Vinjection = 0.1 μL was used for sample injection. The down-scale approach 

from an analytical RP-HPLC to a microLC method resulted in a reduction of the sample 

injection volume by a factor of 50.   
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where V is the volume of injection (µL) and r is the internal column radius (mm) of the 

analytical or micro column. 

2.3.2.1.2 Adjusting the flow rate 

In the RP-HPLC method used previously, the flow rate of 0.5 mL/min provided the best 

resolution and most reproducible results for a 150 mm long analytical column. When 

down-scaling the method from an analytical LC to a microLC with the same column length, 

the flow rate must be adjusted to maintain comparable linear velocity through a capillary 

column with smaller internal diameter. The flow rate is defined as the volume of mobile phase 

which travels over a certain period of time (8). Based on the formula as described in 

Equation 2.2 (16), the flow rates was determined to be 2 μL/min. In this case, the flow rate in 

the microLC method was decreased by a factor of 250 compared to that of the RP-HPLC 

method. 
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]                              ,  

where F is the flow rate (mL/min), r is the column internal diameter or column radius (mm) 

of the analytical or micro column and CL is the column length ratio. 

2.3.2.2 LC-MS/MS ionisation mode 

The identification and characterisation of polyphenols was performed using LC-ESI ion trap 

MS/MS either in the positive or in the negative ionisation mode. The ten polyphenols were 

better identified using the negative ionisation mode (Figure 2.9-A) with more structurally 

informative results compared to the positive ionisation mode. The polyphenols are weakly 

acidic compounds, suggesting that their dissociation is easier than their protonation. This was 

clearly shown when the positive ionisation mode (Figure 2.9-B) was used, whereby caffeic 
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acid (4) was not fully ionised, p-coumaric acid (6) was not resolved properly, rutin (7) showed 

severe peak tailing and (E)-resveratrol (8) exhibited poor baseline separation.  

 

 

 

Figure 2.9: Base peak chromatograms (BPC) of a mixture of ten polyphenol standards 

containing (1) gallic acid, (2) (±)-catechin, (3) chlorogenic acid, (4) caffeic acid, (5) ferulic 

acid, (6) p-coumaric acid (7) rutin, (8) (E)-resveratrol, (9) morin and (10) quercetin. The 

chromatograms were obtained after LC-ESI ion trap MS/MS separation on a Zorbax XDB C18 

capillary column (0.3 mm × 150 mm, 3.5 µm particle size) in the m/z range of 100-1200 using 

the (A) negative ionisation mode or (B) positive ionisation mode at 20 °C. LC conditions: 

eluent A: 10 mM of formic acid in water, eluent B: 10 mM of formic acid in EtOH/H2O 

(4:1, v/v), gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 

10% (v/v) B; flow rate: 2 µL/min; 0.1 µL injection. 
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2.3.2.3 MS/MS of (E)-resveratrol 

(E)-resveratrol (compound 8) was detected by LC-ESI ion trap MS/MS in the negative 

ionisation mode to give a precursor ion [M-H]ˉ at m/z 226.7 (Figure 2.10). This precursor ion 

then lost a CHCOH group (42 mass units) through deprotonation on the phenol ring by 

hydrogen rearrangement in the MS to yield a product ion at m/z 185.4. This diradical anion is 

believed to then undergo successive structural rearrangement to generate the stable anion 

(m/z 185.4). The latter underwent fragmentation to form two product ions at m/z 157.0 and 

142.7 due to the loss of CO (28 mass units) and C2H2O (42 mass units), respectively (17). 

 

 

 

Figure 2.10: MS/MS fragmentation spectrum for (E)-resveratrol obtained with 

LC-ESI ion trap MS/MS in the negative ionisation mode, its space fill model and proposed 

fragmentation pathway. The diamond (♦) symbol shows the position of the residual precursor 

ion.  

2.3.3 MISPE as a method of polyphenol enrichment 

2.3.3.1 Development and optimisation  

There have been a number of publications previously related to the use and optimisation of 

MISPE for polyphenols analysis in biological or food samples. For instance, Molinelli et al. 

(18) described the MISPE experimental protocols for the extraction of quercetin from red 

wine using ACN as a wash solvent and a very high percentage of AcOH (15%, v/v) in MeOH 

as an eluting solvent. Blahova et al. (19) reported a MISPE method for the selective extraction 
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of catechin in green tea using a mixture of ACN/H2O in the wash steps followed by eluting 

steps with pure MeOH. Although the high extraction recoveries were achieved in both 

examples, the use of toxic and harmful solvents remained an environmental concern. Thus, 

this work aimed to develop a benign extraction protocol to capture (E)-resveratrol via MISPE 

technique with a high recovery using a greener solvent. 

2.3.3.1.1 MISPE protocol 

The first part of the MISPE work in the off-line mode was devoted to the development of an 

extraction procedure for (E)-resveratrol in four steps: (i) conditioning of the MIP sorbent in 

the SPE cartridge, (ii) sample loading, (iii) optimisation of the wash step to remove the 

components non-specifically bound to the cartridge and (iii) optimisation of the elution step in 

order to quantitatively recover (E)-resveratrol from the MISPE cartridge. 

The MIP was produced in the Centre for Green Chemistry as described previously in 

Section 2.2.4. The MIP or NIP stationary phase (1.0 g) was packed into a large SPE cartridge, 

the dimensions of which were 2.8 cm in diameter × 13.5 cm in length, resulting in sorbent bed 

height of 0.5 cm. Vacuum was not applied in the MISPE process, the solvent dripped through 

the MIP cartridges under gravity flow to allow sufficient reaction time between the target 

analyte and the MIP cavities in the polymer network. In order to mimic the conditions of a 

wine sample (with typical alcohol content between 10% (v/v) and 15% (v/v)) a mixture 

containing EtOH/H2O (15:85, v/v) was applied to both, the MIP and NIP cartridge. This 

conditioning step is necessary to wet the MIP and to provide an effective contact surface of 

the MIP particles to maximise the binding interactions with subsequently applied aqueous 

sample containing the target analyte.  

The MISPE procedure was initially tested with an (E)-resveratrol standard solution at a 

concentration of 0.1 mM (5 mL) with several types of loading solvents including MeOH, 

ACN and EtOH in order to optimise the sample loading conditions. However, when using 

these neat solvents for sample loading, small amounts of the target analytes were detected in 

the MIP breakthrough fractions. Therefore, sample loading with neat solvents was not 

preferable. When the (E)-resveratrol standard (110.2 µg) was dissolved in a mixture of 

EtOH/H2O (15:85, v/v) at a concentration of 0.1 mM (5 mL) and passed through the MISPE 

cartridge, the target compound was not observed in the breakthrough fraction which 

demonstrated that the MIP cartridge was not overloaded with excessive amount of 
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(E)-resveratrol as well as capable to absorb the target compound. The removal of 

non-selectively bound compounds was then investigated using EtOH at 50% (v/v) and 

80% (v/v) in water with 1% (v/v) AcOH as wash solvents. The acetic acid functions as a 

hydrogen bond disruptor to remove non-specifically bound or entrapped (E)-resveratrol from 

NISPE cartridge. When using 50% (v/v) EtOH in water with 1% (v/v) AcOH 

(Figure 2.11-A), almost similar amounts of (E)-resveratrol were removed from the MISPE 

and NISPE cartridges after wash and elution stages with EtOH/AcOH (9:1, v/v) were applied. 

Therefore, the MISPE protocol needed further optimisation to selectively retain 

(E)-resveratrol in the MIP cartridge but enable removal of non-specifically bound 

(E)-resveratrol from the NIP during the wash stage. 

To solve the problem, increasing the EtOH proportion to 80% (v/v) in water with 

1% (v/v) AcOH (Figure 2.11-B) was implemented. Most of the non-selectively bound 

compound was removed from the NISPE cartridge during the wash stage whilst 

(E)-resveratrol was successfully retained in the MISPE cartridge (75.5 µg/g polymer) prior to 

the elution step. The elution was successfully performed with EtOH/AcOH (9:1, v/v) and 

resulted in a selective recognition of (E)-resveratrol (MIP-NIP = 65.4 µg/g polymer). The 

recovery of (E)-resveratrol from MIP was 98.5% whilst 95.8% from NISPE cartridge.  

Thereafter, to be able to re-use the MISPE cartridge, a conditioning step with 

EtOH/AcOH (9:1, v/v) followed by the application of pure EtOH was performed to eliminate 

the possibility of any component being trapped in the polymer from previous extractions.  

 

Figure 2.11: The performance of MISPE or NISPE to isolate (E)-resveratrol in the wash 

stages with (A) EtOH/H2O (1:1, v/v) containing 1% (v/v) AcOH or (B) EtOH/H2O (4:1, v/v) 

containing 1% (v/v) AcOH, prior to elution stages using EtOH/AcOH (9:1, v/v), measured by 

RP-HPLC. The MIP or NIP (1.0 gram, each) was packed into a large SPE cartridge (2.8 cm in 

diameter × 13.5 cm in length, sorbent bed height of 0.5 cm). The arrow and number represent 

the absolute mass difference of bound (E)-resveratrol between MIP and NIP. Measurements 

were determined in duplicate with two replicates (n = 4). Error bars indicate the standard 

error. 
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2.3.3.1.2 MISPE cartridge design 

The second series of these optimisation experiments involved the modification of the MISPE 

cartridges. The MIP material (1.0 gram) was packed into a smaller polypropylene SPE 

cartridge (2.0 cm diameter × 8.7 cm length), which resulted in 2-fold higher sorbent bed of 

1.0 cm in height (Figure 2.12-A) compared to a large SPE cartridge (2.8 cm 

diameter × 13.5 cm length) with a sorbent bed of 0.5 cm height (Figure 2.12-B). The same 

MISPE procedures were implemented based on the previous experiments (Section 2.3.3.1.1) 

in order to compare and evaluate the selectivity and affinity of the MIP against NIP.  

The MISPE or NISPE cartridge was loaded with 5 mL of an (E)-resveratrol standard solution 

(0.1 mM, 103.1 µg) using a mixture of EtOH/H2O (15:85, v/v). The majority of 

(E)-resveratrol was retained in the MIP binding sites after wash steps with 80% (v/v) EtOH in 

water containing 1% (v/v) AcOH. In contrast, most of the (E)-resveratrol was removed from 

the NISPE cartridge during the wash stages as the non-selective bound materials. The elution 

steps with 10% (v/v) AcOH in EtOH resulted in 85.0 µg/g polymer of (E)-resveratrol to be 

eluted from the MISPE cartridge. The total recovery of (E)-resveratrol from the MISPE 

cartridge was determined to be 99.5% whilst 99.2% from the NISPE cartridge. The overall 

performance of the MIP packed into the small SPE cartridge (MIP-NIP = 78.7 µg/g polymer) 

(Figure 2.13) was superior to that of the large SPE cartridge (MIP-NIP = 65.4 µg/g polymer) 

(Figure 2.11-B) with regards to the amount of (E)-resveratrol eluted after MISPE and NISPE 

treatment. The differences in the (E)-resveratrol recognition from the same amount of MIP 

sorbent (1.0 gram) can be attributed to the different heights of the beds. Since the superficial 

velocities of the fluids are different with the two columns, the residency times will be 

different. Longer residency times will favour greater retention of the template at the 

loading/wash stages and kinetically favour higher sample loadings for the narrower columns. 

The results demonstrated the MIP’s ability to retain and ultimately concentrate (E)-resveratrol 

from an aqueous solution via an environmentally friendly MISPE protocol.  

These two different sizes (large and small design) of MISPE or NISPE cartridges that were 

packed with the small amount (1.0 gram) of MIP or NIP particles were reused throughout the 

period of this study which indicated that the MISPE cartridges were robust and could 

withstand extreme conditions of different solvents and pH, without any apparent loss of 

binding capacity at room temperature. The reusable cartridge features could be an efficient 

way to decrease the cost of sample analysis. 
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Figure 2.13: The performance of 1.0 gram MISPE or NISPE material packed into the small 

SPE cartridge (2.0 cm diameter × 8.7 cm length) to selectively uptake (E)-resveratrol in the 

wash stage with EtOH/H2O (4:1, v/v) containing 1% (v/v) AcOH and elution stage with 

EtOH/AcOH (9:1, v/v). The arrow and number represent the absolute mass difference of 

bound (E)-resveratrol between MIP and NIP. Measurements were determined in duplicate 

(n = 2). Error bars indicate the standard error. 

 

 

Figure 2.12: (A) MIP sorbent bed of 1.0 cm height in the small SPE cartridge 

(2.0 cm diameter × 8.7 cm length); (B) MIP sorbent bed height of 0.5 cm in the large SPE 

cartridge (2.8 cm diameter × 13.5 cm length). All of the SPE cartridges were packed with 

1.0 gram of MIP particles. 
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2.4 Conclusions 

This chapter presents a new method to separate ten standard polyphenols under the 

application of benign chemicals and tools according to the principle of Green Chemistry, as it 

employed a mixture of ethanol-water and a low concentration of formic acid at ambient 

temperature for the RP-HPLC analysis. A down-scale was performed to microLC-MS/MS 

with minimal solvent usage and waste. LC-ESI-MS/MS was proven to be effective in the 

negative ionisation mode for the peak identity confirmation of ten important polyphenols. The 

mass spectrometric identification was demonstrated with the example of (E)-resveratrol. The 

application of a newly developed MIP in SPE format was optimised in terms of size of the 

SPE cartridge, loading, wash and elution stages with suitable benign solvents for the selective 

enrichment of (E)-resveratrol. The comparison of MIP and control NIP demonstrated the MIP 

contained effective imprinting sites. This optimised chromatographic microLC separation and 

MISPE methodology will be applied for the analysis of health-beneficial phenolic compounds 

from the complex matrices of wine (Chapter 3) and grape byproducts (Chapter 4 and 6).  
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Abstract 

The phytoalexin (E)-resveratrol has attracted considerable interest due to its 

remarkable pharmacological activity and for its potential in the prevention of 

various human diseases such as cancer and cardiovascular disorders. 

(E)-resveratrol (trans-3,5,4'-trihydroxystilbene) occurs in grapes, wines and 

other grape dietary products. Due to the low concentrations of (E)-resveratrol 

in food and the compositional complexity of food, the isolation of 

(E)-resveratrol normally requires several extraction and separation steps. Thus, 

the current investigation aimed to develop a new green methodology for the 

extraction, identification and quantification of (E)-resveratrol and structurally 

related polyphenols from red wine using molecularly imprinted solid-phase 

extraction (MISPE) coupled with capillary-reversed-phase high-performance 

liquid chromatography (capRP-HPLC) and tandem mass spectrometry 

(ESI-MS/MS). Tandem mass spectrometry afforded the identification of the 

phenolic compounds before and after MISPE treatment thereby generating 

information on the selectivity of the MIP. This information was then used to 

refine the MISPE protocol such that recovery of up to 99% (E)-resveratrol 

from an Australian Pinot noir wine sample was achieved. This investigation 

has demonstrated the application of advanced analytical LC-MS methods for 

the development of an efficient and reliable MISPE protocol for (E)-resveratrol 

and catechin/epicatechin derivatives for red wine polyphenol analysis. 

Furthermore, this study provides scope for the development of beverage 

analysis and enrichment of food compounds with nutraceuticals isolated and 

concentrated form natural sources. 
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3.1 Introduction  

The beneficial biological effects on human health from moderate consumption of red wine as 

typified by the ‘French paradox’ phenomenon (1) had been attributed to its polyphenolic 

content and their metabolites. Red wine was reported to contain a significant amount of 

polyphenols including resveratrol, catechin and procyanidin in comparison to white wine (2). 

This is related to the polyphenol contents of red grapes and the length of interaction of the red 

grape skins and seeds with the must during the fermentation process (3, 4). In white wine 

production, the skins and seeds are removed before fermentation thus resulting in a lower 

level of polyphenols after extraction (5). Amongst the polyphenols present in red wines and 

grapes, the phytoalexin (E)-resveratrol (trans-3,4',5-trihydroxystilbene) has attracted 

considerable interest because of its nutraceutical properties (6) in the prevention of various 

human diseases such as cancer and cardiovascular disorders (7-9). The increased awareness of 

the beneficial impact of (E)-resveratrol upon human health and the challenges posed by its 

low and variable concentrations in highly complex samples has driven the need for the 

development of a rapid and reliable method for (E)-resveratrol analysis in grapes, wine and 

other dietary sources.  

An effective way to address these challenges is with molecularly imprinted polymers (MIPs), 

which are used for the solid-phase extraction (SPE) of targeted compounds from wine 

samples prior to analysis. Several applications of such molecularly imprinted solid-phase 

extractions (MISPE) for the analysis of wines have been developed, e.g. to determine 

off-flavour contaminants including ethylphenol and 2,4,6-trichloroanisole (10), and to assess 

the flavonoids (11-13) quercetin and rutin (13). 

Existing methods for the analysis and detection of (E)-resveratrol and other phenolic 

compounds in plant derived samples (either before or after MISPE pre-concentration) have 

predominantly employed high-performance liquid chromatography (HPLC) with diode array 

detection (DAD). This study aims at an enhanced sensitivity and capacity for peak 

identification through the development of an environmentally friendly aqueous MISPE 

sample preparation technique in combination with HPLC and electrospray ionisation mass 

spectrometry (ESI-MS/MS) for the rapid analysis of (E)-resveratrol and related polyphenols 

from a red wine represented herein by an Australian Pinot noir.  
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3.2 Materials and Methods 

3.2.1 Reagents, standards and instrumentation 

For reagents, standards and instrumentation conditions, see Chapter 2 (Section 2.2). 

3.2.1.1 (E)-Resveratrol calibration curve 

The calibration curve for (E)-resveratrol was constructed through serial dilution of the 

(E)-resveratrol stock solution with EtOH covering a concentration range of 2.4 × 10
-4 

- 

5.0 × 10
-1 

mM. The standard curve was calculated by linear regression according to the 

formula y = mx + b, where y is the peak area obtained after RP-HPLC, x is the concentration 

of (E)-resveratrol (mg/L), m is the slope and b is the intersection near to the origin (~0.0). The 

equation for the resulting calibration curve was y = 68.8x with a correlation factor (R
2
) of 0.9. 

The limit of detection (LOD) (multiplying the standard deviation (SD) by a factor of 3) and 

the limit of quantitation (LOQ) (10 times the SD) for (E)-resveratrol were determined to be 

8.9 × 10
-3

 mg/L and 2.9 × 10
-2 

mg/L, respectively.  

3.2.2 Sample preparation 

The Pinot noir red wine (vintage 2012) from the Mornington Peninsula winery (Victoria, 

Australia) was stored at 4 °C in a 50 mL plastic centrifuge tube and sealed with parafilm. The 

wine sample in the tube was protected against sunlight using aluminium foil to minimise 

light-induced isomerisation of resveratrol (14). For RP-HPLC or LC-ESI ion trap MS/MS 

experiments, the red wine sample was centrifuged for 10 min at 4000 rpm at 20 °C and the 

supernatant used for analysis. 

3.2.3 MISPE procedure 

The MISPE and NISPE cartridges (2.0 cm diameter × 8.7 cm length) were conditioned (in 

sequence) with EtOH/AcOH (9:1, v/v), EtOH and EtOH/H2O (15:85, v/v) (3 × 5 mL), 

respectively. The red wine supernatant (5 mL) was loaded onto the MISPE or NISPE 

cartridge, respectively. The MISPE or NISPE cartridge was washed with EtOH/H2O (9:1, v/v) 

containing 1% (v/v) AcOH (4 × 5 mL) followed by elution with EtOH/AcOH (9:1, v/v) 
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(10 × 5 mL). Both cartridges were reconditioned in sequence with H2O, EtOH and EtOH/H2O 

(15:85, v/v) (3 × 5 mL), respectively. In the case of more complex samples, an additional 

wash step with 0.1 mM NaOH in water was introduced.  

3.3 Results and Discussion 

Several series of experiments were carried out using different types of red wine samples 

(vintage 2010 to 2012) including Pinot noir and Shiraz sourced from Victoria, Australia. The 

main objectives of these experiments were to develop the optimal MISPE procedure with such 

complex samples like wine in terms of appropriate amount of sample loading, washing 

solvent and elution solvent compositions. Initially, the MISPE optimisation procedure with 

wine was performed in a larger cartridge (2.8 cm diameter × 13.5 cm length) which resulted 

in a lower binding affinity in comparison to the results with a smaller cartridge (2.0 cm 

diameter × 8.7 cm length), in accordance with the observations made with the resveratrol 

standard in Chapter 2 (Section 2.3.3.1.2). Due to the substantial amounts of data obtained 

during the wine analysis, only the relevant results are reported in this chapter.  

A previously described MIP (15, 16) capable of the pre-concentration of (E)-resveratrol from 

peanut press waste was used for the first time to analyse wine (Australian Pinot noir vintage 

2012) via an off-line MISPE application. The determination of (E)-resveratrol was performed 

with a Pinot noir, as the grapes of this variety had been reported to contain higher 

concentrations of (E)-resveratrol compared to other varieties (7). 

3.3.1 Analysis of (E)-resveratrol from red wine by RP-HPLC 

The supernatant of red wine sample was injected directly into a RP-HPLC system. The peak 

numbering for the chromatograms obtained from RP-HPLC and LC-ESI ion trap MS/MS was 

synchronised. (E)-Resveratrol (peak 29) was identified at a retention time (tR) of 32.7 min by 

comparing its characteristic absorbance wavelength spectra and chromatographic retention 

times with the standard reference (peak 5) using RP-HPLC (Figure 3.1-front). The 

concentration of (E)-resveratrol was determined to be 7.8 mg/L in the sample based on a 

linear (E)-resveratrol standard calibration curve, which was consistent with common values in 

the literature for red wines (2, 17). The MISPE treatment exhibited highly selective binding 

affinity for (E)-resveratrol and demonstrated the adsorption of this compound onto the 
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imprinted binding sites (Figure 3.1-back). Further explanation about the identification of 

polyphenols in red wine or after treatment by MISPE will be provided later in Section 3.3.3. 

 

Figure 3.1: RP-HPLC chromatograms recorded at a wavelength of 320 nm for the 

quantification of (E)-resveratrol (tR = 32.7 min, peak 29) in Pinot noir red wine sample (front 

chromatogram), after MISPE (back chromatogram) and NISPE (middle chromatogram) 

treatment. Inserted is a RP-HPLC chromatogram of a standard mixture of seven polyphenols 

(1: caffeic acid; 2: ferulic acid; 3: p-coumaric acid; 4: rutin; 5: (E)-resveratrol; 6: morin; 

7: quercetin) at a concentration of 0.1 mM, recorded at 320 nm. The chromatograms were 

separated on a Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 5 µm particle size) at 

20 °C. LC conditions: eluent A: 10 mM formic acid in water, eluent B: 10 mM formic acid in 

EtOH/H2O (4:1, v/v), gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min 

to 10% (v/v) B; flow rate: 0.5 mL/min; 5 µL injection. 

3.3.2 MISPE with red wine sample 

An Australian Pinot noir red wine sample (5 mL) determined to contain 39.0 µg of 

(E)-resveratrol was MISPE pre-treated with the optimised conditions developed to enhance 

the analysis of (E)-resveratrol, and other similarly structured polyphenol components. After 

the wine sample was loaded onto the MISPE cartridge, the breakthrough fraction showed the 

absence of (E)-resveratrol, whilst some of the target analyte was observed in the breakthrough 

from the NISPE cartridge (0.1 µg). The washing step with a mixture of EtOH/ H2O (4:1, v/v) 

containing 1% (v/v) AcOH resulted in the near total removal of all components including 

(E)-resveratrol (37.4 µg) from the NISPE control cartridge thus indicating that various 

non-selectively bound wine components had been displaced. In contrast, a large proportion of 

(E)-resveratrol (82.6%) was retained on the MISPE cartridge presumably due to the 
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complimentary shape and functionality of the resveratrol imprinted MIP binding sites. Elution 

of the MISPE cartridge with EtOH/AcOH (9:1, v/v) afforded a significantly greater yield of 

(E)-resveratrol (32.2 µg) in comparison to the NISPE cartridge (1.0 µg) with an imprinting 

factor (IF = MIP eluate/NIP eluate) of 32 and a similarly impressive concentration enrichment 

up to 32.2 mg/L (in the MISPE eluate) from 7.8 mg/L (on a mass and volume normalized 

basis). Total recovery of (E)-resveratrol MISPE treated wine sample was determined to be 

99.7% (Table 3.1). These results were reproducible with further wine samples upon 

regeneration of the MIP. The binding performance of MISPE and NISPE after washing and 

elution steps can be seen in Figure 3.2.  

Table 3.1: The recovered amount of (E)-resveratrol (µg) in an Australian Pinot noir red wine 

after the washing steps (EtOH/H2O (4:1, v/v) containing 1% (v/v) AcOH) followed by the 

elution steps (EtOH/AcOH (9:1, v/v) from SPE cartridge packed with 1.0 g of MIP and 

control NIP, respectively.  

 
(E)-Resveratrol (µg) 

MISPE NISPE 

Untreated sample Sample loading (1 × 5 mL) 39.0 39.0 

Fractions 

After washing steps (4 × 5 mL) 6.7 37.4 

After elution steps (10 × 5 mL) 32.2 1.0 

Total amount after washing 

and elution steps 
38.9 38.4 

Total recovery (%)  99.7 98.5 

 

Figure 3.2: Amounts of (E)-resveratrol (µg) captured from the Pinot noir red wine sample in 

wash or elution fractions of MISPE and NISPE cartridges. Measurements were determined in 

duplicate (n = 2). Error bars indicate the standard error expressed by the formula 

Error=  √  ⁄ , where σ is the standard deviation and n is the number of measurements. 
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3.3.3 Identification of (E)-resveratrol as well as other polyphenols 
from red wine  

3.3.3.1 Before MISPE treatment 

In total, 33 polyphenols including (E)-resveratrol (peak 29) with precursor ion [M-H]
-
 at 

m/z 227.0 have been successfully identified by LC-ESI ion trap MS/MS in the Pinot noir red 

wine sample prior to MISPE treatment as shown in Figure 3.3. The gradient system was 

specifically chosen for phenolic compounds, and the broad peak in the base peak 

chromatogram with the retention time between 8 min to 10 min represents weakly retained 

components. Table 3.2 displays the most characteristic product ion/(s) based on the m/z value 

observed for each compound obtained by MS/MS fragmentation from the precursor ion 

[M-H]ˉ in the wine  sample.  

 

Figure 3.3: Base peak chromatogram (BPC) of a Pinot noir red wine sample in the m/z range 

from 100-1200 in the negative ionisation mode by LC-ESI ion trap MS/MS. (E)-Resveratrol 

(peak 29) was eluted at tR= 41.5 min. Peak identification of compounds (1)-(33) are 

summarised in Table 3.2. Inserted is a MS/MS spectrum at m/z 227.0 for peak 29 displaying 

the fragmentation pattern for (E)-resveratrol in the sample. The chromatogram was obtained 

after RP-HPLC on a Zorbax XDB C18 capillary column (0.3 mm × 150 mm, 3.5 µm particle 

size) at 20 °C. LC conditions: eluent A: 10 mM formic acid in water, eluent B: 10 mM formic 

acid in EtOH/H2O (4:1, v/v), gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 

52-53 min to 10% (v/v) B; flow rate: 2 µL/min; 0.1 µL injection. 
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Table 3.2: Characterisation of polyphenols from the Pinot noir red wine analysed in the m/z 

range from 100-1200 using the negative ionisation mode by LC-ESI ion trap MS/MS based 

on the elution order in Figure 3.3. 

Peak 
No. 

Compound name tR (min) 
Precursor ion 
[M-H]ˉ, m/z 

Observed product 
ion(s), m/z 

Ref.
 a
 

1 Gallic acid 11.5 169 125 (18) 

*2 B-type procyanidin 16.3 577 451, 425, 407, 289 (19) 

3 B-type procyanidin trimer 16.7 865 739, 713, 695, 577, 289 (20) 

4 Caftaric acid 18.1 311 179 (21) 

5 (±)-Catechin 20.8 289 245, 205, 179 (22) 

*6 B-type procyanidin 21.6 577 451, 425, 407, 289 (19) 

7 p-Coumaryl-3-O-glucoside 22.5 325 265, 187, 163, 145 (23) 

8 Coutaric acid 22.9 295 163, 149 (21) 

9 p-Coumaric acid 23.2 163 119 (21) 

*10 B-type procyanidin 24.5 577 451, 425, 407, 289 (19) 

11 (±)-Epicatechin 25.8 289 245, 205, 179 (22) 

*12 B-type procyanidin 26.3 577 451, 425, 407, 289 (19) 

13 Taxifolin-3-O-glucoside 28.9 465 303, 285 (23) 

14 Myricetin-3-O-glucoside 30.3 479 355, 317, 299 (24) 

15 Epicatechin-3-O-gallate 30.8 441 289, 169 (25) 

16 Syringic acid 31.2 197 182, 153 (18) 

*17 B-type procyanidin 31.5 577 451, 425, 407, 289 (19) 

18 (E)-Piceid 32.9 389 227 (26) 

19 Viniferin 33.2 453 359, 265 (27) 

20 Piceatannol glucoside 34.1 405 243 (28, 29) 

21 Taxifolin 34.2 303 285, 177, 125 (30) 

22 Epigallocatechin 35.0 305 179, 125 (31) 

23 (+)-Astilbin 37.2 449 303, 285, 151 (32) 

24 Quercetin-3-O-glucuronide 37.5 477 301, 179, 151 (24, 33) 

25 Laricitrin-3-O-glucoside 37.6 493 331, 316 (34, 35) 

26 Epicatechin-ethyl dimer 38.8 605 451, 315, 289, 245, 205 (36, 37) 

27 Syringetin-3-O-glucoside 39.8 507 355, 345 (24, 35) 

28 (-)-Astilbin 40.1 449 303, 285, 151 (32) 

29 (E)-Resveratrol 41.5 227 185, 157, 143 (28) 

30 (Z)-Piceid 42.3 389 227 (26) 

31 Quercetin-3-O-xyloside 43.5 433 301, 287, 179, 151 (24) 

32 (Z)-Resveratrol 47.7 227 185, 157, 143 (26) 

33 Quercetin 49.1 301 179, 151 (22, 38) 

 Based on the MS/MS spectra, no further identification was possible; 
a
 References which confirm precursor and product ion(s) for the particular compound.  
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Non-flavonoids

Stilbenes

Hydroxybenzoic
acids

Hydroxycinnamic
acids and derivatives

Flavonoids

Flavanols

Tannins

Flavonols

Flavanonols

Polyphenols
Polyphenols in the red wine sample 

were identified and characterised 

based on their two main categories, 

namely the non-flavonoids and 

flavonoids (Figure 3.4). The 

non-flavonoid group includes 

stilbenes, hydroxybenzoic acids as 

well as hydroxycinnamic acids and 

derivatives. The flavonoid group 

represents flavanols, tannins, 

flavonols and flavanonols. 

 

3.3.3.1.1 Non-flavonoids 

i) Stilbenes 

The peak identity confirmation of (E)-resveratrol (peak 29, Figure 3.3) at a retention time of 

41.5 min was based on the precursor ion [M-H]ˉ at m/z 227.0 and the obtained product ions. 

During collision-induced dissociation, a product ion at m/z 185.0 was generated due to the 

loss of CHCOH (42 mass units). This product ion underwent fragmentation to give rise to two 

characteristic product ions at m/z 157.0 and 142.9 corresponding to the loss of 

CO (28 mass units) and C2H2O (42 mass units), respectively. The fragmentation characteristic 

of this compound concurred with data in (28), and was verified using an (E)-resveratrol 

reference standard. The longer retention time of about 8 min observed for (E)-resveratrol 

obtained with the microLC-ESI MS system compared to that obtained with the analytical LC 

system can be primarily attributed to the difference in the gradient delay volumes of the two 

LC systems. The higher gradient delay volume of the microLC system is the direct result of 

the different models of autosampler used and the additional tubing required for connecting 

autosampler and column in the two-stack microLC system compared to the one-stack 

analytical LC system. In addition, the detection in the microLC system was performed with 

UV detection and MS detection in series, introducing an additional delay volume between UV 

detector and MS detector, whilst the detection in the analytical LC system was only 

performed with UV detection. Since the down-scaling method was performed under 

Figure 3.4: Classification of polyphenols in                   

a red wine sample. 
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consideration of the respective column dimensions of the analytical and the capillary column, 

the difference in column void volumes – after adjustment of the flow rates – is accounted for, 

assuming identical packing density for both sizes of columns. The cis-stereoisomer 

(Z)-resveratrol (peak 32) was also observed with similar fragmentation behaviour to the 

(E)-isomer but eluted with a longer retention time (47.7 min). It has been suggested that this is 

due to the proximity of the two phenol rings in the cis-configuration resulting in stronger 

hydrophobic interactions with the C18 stationary phase in the chromatographic system        

(26, 39). The occurrence of (Z)-resveratrol in the sample might be promoted by 

photo-isomerisation during the vinification process or bottling of wines (17). The resveratrol-

3-O-glucoside (piceid) for the (E)- and (Z)-isomers were identified at the retention times of 

32.9 min (peak 18) and 42.3 min (peak 30), respectively. Both isomers had precursor ions 

[M-H]ˉ at m/z 389 which fragmented by losing a neutral glucoside moiety [M-C6H11O5]ˉ to 

generate free resveratrol at m/z 227 (26). Viniferin, an oligomer of resveratrol, which is 

present in grape skins, was also identified in the wine sample at a tR of 33.2 min (peak 19). 

Although viniferin has not been as extensively investigated as (E)-resveratrol, this compound 

is a bioactive polyphenol with reported pharmacological properties (40). Presumably this 

compound was generated during the fermentation process, and identification was based on the 

precursor ion [M-H]ˉ at m/z 453. Viniferin underwent fragmentation to generate product ions 

at m/z 359 due to the loss of hydroxybenzene [M-C6H5O-H]ˉ, and at m/z 265 [M-(C6H5O-Hˉ)-

(C6H5O-H)ˉ] (27). Piceatannol glucoside (3,4,3',5'-tetrahydroxystilbene glucoside) was 

identified based on the precursor ion [M-H]ˉ at m/z 405 (peak 20), and this compound 

fragmented in the ion source by losing a glucoside moiety to form a characteristic product ion 

at m/z 243 (piceatannol) (28, 29). 

ii) Hydroxybenzoic acids  

Gallic (peak 1) and syringic (peak 16) acids were the main hydroxybenzoic acids identified 

in the wine sample. The typical loss of [M-H-44]ˉ corresponding to the carboxylic acid 

moiety was observed for gallic acid. The fragmentation of syringic acid from the precursor 

ion [M-H]ˉ at m/z 197 generated m/z 182 due to the loss of a CH3 group [M-H-15]ˉ (18). 

iii) Hydroxycinnamic acids and their derivatives 

Caftaric (peak 4) and coutaric (peak 8) acids were identified at the precursor ion [M-H]ˉ of 

m/z 311 and m/z 295, respectively. These compounds fragmented via MS/MS experiments to 
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generate caffeic acid (m/z 179) and p-coumaric acid (m/z 163) due to the  cleavage of the ester 

bond [M-H-132]ˉ from their molecular structures, respectively (21). p-Coumaric acid 

(peak 9) was detected based on the presence of the precursor ion [M-H]ˉ at m/z 163. The 

fragmentation of this compound was characterised by the loss of a CO2 group [M-H-44]ˉ 

(from the carboxylic acid function) to generate a product ion at m/z 119 (21). Peak 7 revealed 

the presence of p-coumaryl glucoside at the precursor ion [M-H]ˉ of m/z 325 (23). This 

compound underwent fragmentation to produce several characteristic product ions at m/z 265, 

187 and 163. The latter signal was assigned as p-coumaric acid (m/z 163) caused by the 

breakdown of a glucoside moiety [M-H-162]ˉ. 

3.3.3.1.2 Flavonoids 

i) Flavanols 

The presence of (±)-catechin (peak 5) and its stereoisomer (±)-epicatechin (peak 11) were 

confirmed with the precursor ions [M-H]ˉ at m/z 289 (22). Both compounds showed the same 

fragmentation trends with several characteristic product ions at m/z 245, 205 and 179. The 

product ion at m/z 245 could be explained by a neutral loss of CO2 [M-H-44]ˉ (41), or from 

the loss of CH2-CHOH-([M-H-44]ˉ) (42). The successive fragmentation of this m/z 245 ion 

generated two product ions at m/z 205 and 179, due to the elimination of the A-ring and 

B-ring in the flavanol structure. Although these two isomers were indistinguishable by mass 

spectrometry, they were identified by their different elution times. The peak identified as 

(±)-catechin was verified using a commercial reference standard at a retention time of 

20.8 min. 

Epicatechin-3-O-gallate (peak 15) was characterised based on the presence of the precursor 

ion [M-H]ˉ at m/z 441 (25). After collision-induced dissociation, the product ions at m/z 289 

(epicatechin monomer) and m/z 169 (gallic acid moiety) were observed resulting from the 

cleavage of ester bond. Epigallocatechin (peak 22) had a precursor ion [M-H]ˉ at m/z 305. 

This compound was fragmented via MS/MS experiments to generate m/z 179 and 151, which 

is consistent with previous data (31). 

ii) Tannins 

Several peaks with the same precursor ions ([M-H]ˉ, m/z 577) and similar fragmentation 

patterns were encountered for the peaks 2, 6, 10, 12 and 17 at different retention times. They 
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were identified as epicatechin oligomers, commonly referred to as B-type procyanidins (19). 

A single C4-C8 or C4-C6 linkage tethers the monomer units together and several isomers exist 

depending on the α- or β-linkage configuration. The unequivocal identification of the B-type 

procyanidin isomers in the red wine sample was not possible with LC-MS/MS 

instrumentation in the absence of reference standards, however the MS/MS fragmentation of 

the precursor ion yielded several characteristic product ions at m/z 451, 425, 407 and 289. The 

main product ion was observed at m/z 451 corresponding to the loss of pyrogallol 

(126 mass units) from the flavonoid C-ring. Subsequent fragmentations occurred at the B-ring 

of this compound to generate the product ion at m/z 425 due to the loss of 152 mass units. 

This product ion (m/z 425) fragmented to produce m/z 407 through the elimination of water 

(18 mass units). The signal observed at m/z 289 characterised the catechin/epicatechin 

monomer.  

In this sample, B-type procyanidin trimer (peak 3) was detected based on the precursor ion 

[M-H]ˉ at m/z 865 (20). The MS/MS fragmentation generated several characteristic product 

ions at m/z 739 due to the loss of a pyrogallol unit (126 mass units), m/z 713, 695, 

577 (procyanidin dimer) and 289 (catechin/epicatechin monomer). 

iii) Flavonols 

Myricetin-3-O-glucoside (peak 14) was identified based on the precursor ion [M-H]ˉ at 

m/z 479 (24). This compound underwent fragmentation to yield the main product ion at 

m/z 317, corresponding to the myricetin aglycone due to the cleavage of a glucoside moiety 

[M-H-162]ˉ. Peak 24 was characterised as quercetin-3-O-glucuronide by having the precursor 

ion [M-H]ˉ ion at m/z 477 (24, 33). This compound was fragmented to generate the quercetin 

aglycone at m/z 301 as a consequence of the neutral loss of a glucuronide moiety 

(176 mass units). The successive fragmentation of the quercetin aglycone generated product 

ions at m/z 179 and 151. Although the majority of flavonols are found in grapes as 

O-glucosides and O-glucuronides with conjugation mainly occurring at the C3 positions, in 

wines they exist in the aglycone form, as the glycosides are hydrolysed during fermentation 

and aging. However, the presence of quercetin-3-O-glucuronide in this red wine sample is 

consistent with findings of Castillo-Munoz et al. (35), which suggested this compound might 

be resistant to acid hydrolysis during wine making. The presence of precursor ion [M-H]ˉ at 

m/z 433 (24) led to the identification of quercetin-3-O-xyloside (peak 31). This compound 
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underwent fragmentation in the ion trap to generate a quercetin aglycone (m/z 301) due to the 

loss of a xyloside moiety [M-H-132]ˉ. Peak 33 (quercetin) was observed at a longer retention 

time (49.1 min) in comparison to its corresponding glycosides (38). The identification of 

quercetin with the precursor ion [M-H]ˉ of m/z 301 was validated with its standard reference. 

After MS/MS fragmentation, the product ions at m/z 179 and 151 were formed from the 

breakage of the heterocyclic C-ring (22). 

The presence of laricitrin and syringetin glycosides (new types of flavonoids) was reported for 

the first time in 2007 by Castillo-Munoz and co-workers (35). Interestingly, 

laricitrin-3-O-glucoside and syringetin-3-O-glucoside appeared in this Pinot noir wine 

sample. Laricitrin-3-O-glucoside (peak 25) ([M-H]ˉ, m/z 493) showed an intense laricitrin 

aglycone peak at m/z 331 through the elimination of a glucoside moiety [M-H-162]ˉ (24, 34, 

35). Laricitrin was only found in red grape and this feature can be useful information for the 

taxonomic of grape cultivar. Peak 27 with the precursor ion [M-H]ˉ of m/z 507 (24, 35) 

revealed the presence of syringetin-3-O-glucoside which later fragmented to yield a product 

ion at m/z 345 due to the cleavage at the glucosidic-O-linkage [M-H-162]ˉ.  

iv) Flavanonols 

Astilbin found in wine (43) is gaining increasing attention since several studies continue to 

probe mechanisms of absorption, biotransformation and excretion of this dietary polyphenol 

for human health benefits (44). Like stilbenes, astilbin is possibly used by the grape as a 

phytoalexin for the protection against Botrytis cinenera infection (32). In this study, astilbin 

(also known as dihydroquercetin-3-O-rhamnoside) and its isomer were identified as peak 23 

and peak 28, respectively. These compounds had precursor ions [M-H]ˉ at m/z 449. The loss 

of a rhamnoside moiety (146 mass units) from the precursor ion resulted in the formation of 

dihydroquercetin (m/z 303). The successive fragmentation occurred at m/z 303 by losing a 

neutral molecule of water (18 mass units) to produce m/z 285 (32). Taxifolin 

(dihydroquercetin) was assigned based on m/z 303, peak 21 (30). Further fragmentation of 

this compound generated a product ion at m/z 285 due to the loss of water (18 mass units). 

Taxifolin-3-O-glucoside (peak 13) was assigned based on the precursor ion [M-H]ˉ of 

m/z 465 (23). This compound showed the prominent characteristic product ions at m/z 303 

corresponding to taxifolin after losing a unit of a glucose moiety [M-H-162]ˉ and m/z 285, 

resulting from water elimination. Taxifolin has shown to inhibit ovarian cancer cell 

http://en.wikipedia.org/wiki/Ovarian_cancer
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growth (45), to have antiproliferative effects on breast cancer and enhances the efficacy of 

conventional antibiotics (46).  

3.3.3.2 After MISPE treatment  

A further aim of this study was to demonstrate that MISPE can be used to isolate a range of 

closely related structural analogues to (E)-resveratrol, so that this method could be used to 

rapidly identify other polyphenols in red wine and in other complex media. The separation of 

a number of polyphenols from MISPE and NISPE eluates, and their identification via 

LC-ESI-MS/MS are shown in Figure 3.5.  

 

Figure 3.5: Base peak chromatograms (BPC) of a Pinot noir red wine sample when treated 

using either an (E)-resveratrol template MISPE (blue line, back chromatogram) cartridge or 

the corresponding NISPE (red line, front chromatogram) cartridge. Polyphenolic compound 

enrichments are summarised in Table 3.3. The chromatograms were obtained after RP-HPLC 

on a Zorbax XDB C18 capillary column (0.3 mm × 150 mm, 3.5 µm particle size) in the m/z 

range of 100-1200 using the negative ionisation mode by LC-ESI ion trap MS/MS at 20 °C. 

LC conditions: eluent A: 10 mM formic acid in water, eluent B: 10 mM formic acid in 

EtOH/H2O (4:1, v/v), gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min 
to 10% (v/v) B; flow rate: 2 µL/min; 0.1 µL injection. 

As expected, the MISPE treatment resulted in a significantly enhanced concentration of the 

(E)-isomer of resveratrol (peak 29) compared to the (Z)-isomer (peak 32). The capability of 

the MIP to selectively enrich (E)-resveratrol is strongly influenced by the number and position 

(meta and/or para) of hydroxyl-groups in the phenolic aromatic rings. Although 

(Z)-resveratrol has three hydroxyl-groups similar to the template molecule, the cis-structural 

feature is expected to result in steric hindrance. This will affect the interaction of the meta- 

and para-positioned hydroxyl-groups with the pyridine functional groups within the polymer 
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network, thereby leading to a reduced affinity towards the (Z)-isomer. The possible binding 

mechanisms for resveratrol isomers either in (E)- or (Z)-form are shown in 3-D molecular 

structures viewed from different angles (Figure 3.6). It shows that precise MIP architectures 

can selectively recognise (E)-resveratrol and at the same time differentiate between the two 

isomers. 

 

Figure 3.6: The possible binding recognition in 3-D molecular structures of (E)-resveratrol 

(grey) in relation to (Z)-resveratrol (green) viewed from (A) top angle; (B) and (C) side angles 

with pyridinyl functional groups to generate hydrogen bonding interactions. The dashed lines 

demonstrate OH---N hydrogen bonds. The images were produced using Spartan ′10 for 

Windows version 1.1.0 software package on a Pentium IV 2.0 GHz. 

Several other red wine components were observed in the MISPE eluate. Notable were peaks 

5, 6, 11, 12, 17 and 26, that obviously selectively interacted with the MIP stationary phase. 

These peaks were subsequently identified as both catechin and epicatechin isomers and 

derivatives thereof (Figure 3.5, Table 3.2 and Table 3.3). Details about the fragmentation 

characteristics for peaks 5, 6, 11, 12, 17 and 29 were previously described in Section 3.3.3.1. 

The presence of catechin (5) and its stereoisomer epicatechin (11) were confirmed with the 

precursor ions [M-H]ˉ at m/z 289 (22). Out of five B-type procyanidins, which were identified 

before MISPE treatment, three peaks (6, 12 and 17) have been enriched after MISPE.  

Compound 26 is most likely to be the epicatechin-ethyl dimer based on the presence of the 

precursor ion [M-H]ˉ at m/z 605 (36). As described by Saucier et al. (37), the 

epicatechin-ethyl dimer is a condensed products of epicatechin with acetaldehyde 

corresponding to two units of epicatechin linked by an ethyl-bridge. According to He et al. 

(47), acetaldehyde is the major aldehyde found in wine possibly from fermentation 

A B C

Pyridinyl functional group

(E)-Resveratrol

(Z)-Resveratrol



Chapter 3 

Rapid molecularly imprinted solid-phase extraction for the analysis of resveratrol and other polyphenols from red wine 

85 
 

intermediary products. It has been suggested that after the protonation of acetaldehyde in 

wine, the electrophilic substitution by acetaldehyde on the nucleophilic of C6 or C8 position of 

the A-ring flavanol resulted in the formation of condensation products.  

The epicatechin-ethyl dimer underwent MS/MS fragmentation in the ion trap to generate 

several product ions at m/z 451, 315, 289, 245 and 205. The product ion observed at m/z 451 

is possibly related to the fragmentation mechanism of the dimer. The signal of m/z 315 

corresponds to a vinyl-catechin adduct due to the instability of the ethyl-bridge of catechin 

oligomers (37). The breakdown fragments of m/z 289 observed at m/z 245 and 205 were the 

characteristic fragmentation fingerprint similar to that for catechin/epicatechin.  

These results demonstrated the polyphenols derived from catechin/epicatechin monomers 

possess a high affinity towards the resveratrol binding site in the MIP. The significant 

enrichment of catechin and epicatechin is of interest due to their roles as tannin precursors for 

wine sensory qualities. The occurrence of phenolic compounds in the MISPE eluate fraction 

possessing closely structural related traits to (E)-resveratrol may be due to the adoption of a 

conformation or orientation within the MIP binding sites which facilitates hydrogen bonding 

interactions of the appropriately positioned polyphenol substituents. 

In addition, the overall size and shape of the target analytes appears to be important in 

generating their selectivity towards the MIP (48). For instance, the shape and bulky size of 

resveratrol glycosides with either (E)- or (Z)-configuration, as well as the shape of resveratrol 

oligomers resulted in their low affinity towards the MIP binding sites. The presence of a 

bulky glycoside unit is likely to prevent any favourable interactions between the phenolic 

meta- and para- hydroxyl-groups with the precisely positioned pyridinyl groups around the 

cavities. Similarly this may be the case for the resveratrol dimer viniferin, where the 

dimerization through one of the meta-positioned hydroxyl-groups creates a bulky group that 

could conceivably inhibit interactions between the molecules other hydroxyl-groups and the 

binding cavity. The molecular dimensions of B-type procyanidin are larger than that of 

(E)-resveratrol. This compound can be visualized as being made from two monomers of 

catechin/epicatechin, and due to their structural similarity and spatial complementarity with 

the resveratrol template, B-type procyanidins may be oriented in a way that one of the 

monomer units resides within the cavity. This would enable recognition through the 

generation of hydrogen bonding interactions with the surrounding pyridinyl-functionalities in 

the cavities and these interactions could be stabilised through secondary hydrophobic π-π or 
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Van der Waals interactions. This may explain the recognition of bulkier oligomer components 

of the Pinot noir red wines by this MIP. 

Table 3.3: Polyphenol compounds detected in red wine, after MISPE and NISPE eluates, by 

LC-ESI-MS/MS with the ion current intensity > 0.5 × 10
5
. Highlighted are compounds 

significantly enriched after MISPE treatment.  

Peak No. Compound name Red wine MISPE NISPE 

1 Gallic acid    

*2 B-type procyanidin  lc  

3 B-type procyanidin trimer    

4 Caftaric acid    

5 (±)-Catechin   lc 

*6 B-type procyanidin   lc 

7 p-Coumaryl-3-O-glucoside    

8 Coutaric acid    

9 p-Coumaric acid    

*10 B-type procyanidin    

11 (±)-Epicatechin   lc 

*12 B-type procyanidin    

13 Taxifolin-3-O-glucoside    

14 Myricetin-3-O-glucoside    

15 Epicatechin-3-O-gallate    

16 Syringic acid    

*17 B-type procyanidin    

18 (E)-Piceid    

19 Viniferin    

20 Piceatannol glucoside    

21 Taxifolin    

22 Epigallocatechin    

23 (+)-Astilbin  lc lc 

24 Quercetin-3-O-glucuronide  lc lc 

25 Laricitrin-3-O-glucoside    

26 Epicatechin-ethyl dimer  lc  

27 Syringetin-3-O-glucoside    

28 (-)-Astilbin    

29 (E)-Resveratrol    

30 (Z)-Piceid    

31 Quercetin-3-O-xyloside    

32 (Z)-Resveratrol    

33 Quercetin    

 Based on the MS/MS spectra no further identification was possible; 

lc Phenolic compound present at low concentration. 
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3.4 Conclusions 

A new protocol for the extraction, detection and enrichment of (E)-resveratrol and other 

polyphenols from red wine was developed using a molecularly imprinted polymer as the 

stationary phase in an off-line SPE sample pre-treatment procedure. This procedure enabled 

the enrichment of (E)-resveratrol and the improved analysis, by way of significant sample 

clean up, of several structurally related polyphenols, most notably catechin and epicatechin 

and their derivatives. This method was established in accordance with the principles of Green 

Chemistry ensuring a rapid analysis, low energy consumption in the enrichment step, reusable 

separation polymers, and the use of environmentally benign solvents. Advancing the 

understanding of the recognition mechanisms and the potential of MIPs tailor-made for 

health-beneficial multiple phenolic or other targets should facilitate the development of 

generic MIP protocols for complex matrices of benefit to the food and nutraceuticals 

industries.  
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Chapter 4 
The use of a molecularly imprinted polymer for 
the enrichment of resveratrol from grape 
pressing residues 
 

Abstract 

The wine industry produces large amounts of waste materials such as grape marc. 

The current exploitation of grape marc implies acid recovery and distillation but 

end-products are then used for animal feedstock or compost, despite some 

problems associated with animal indigestion and soil mineralisation. However, 

the grape marc contains a significant amount of polyphenols, fibres and oils 

which also could be exploited. Thus, new technologies to utilise grape marc as an 

inexpensive source of bioactives are of potential commercial value. The 

phytoalexin (E)-resveratrol (trans-3,4',5-trihydroxystilbene) occurs naturally in 

grapes and its dietary products and has been associated with the prevention of a 

wide range of human diseases such as cancer. However, the extraction of 

(E)-resveratrol from grape waste is currently a tedious process. Molecularly 

imprinted polymers (MIPs) possess synthetic recognition sites that impart 

predetermined selectivity towards molecular targets. An (E)-resveratrol imprinted 

MIP has been used in this research involving solid-phase extraction (SPE) of 

(E)-resveratrol from grape pressing residues. The efficacies of the MIP to extract 

(E)-resveratrol from extracts of fresh and aged grape pressing residues were 

determined by reversed-phase liquid chromatography in combination with 

electrospray ionisation tandem mass spectrometry. The MISPE protocol was 

intensified until a recovery of 99% (E)-resveratrol was achieved. Such 

MIP-based enrichment methods provide a new, efficient reusable tool and 

valuable information on polyphenols with health-beneficial potential at different 

stages of biological waste products. It demonstrated that the incorporation of 

Green Chemistry methods can create sustainable economic opportunities from 

new revenue streams.  
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4.1 Introduction 

Grapes are one of the world’s important fruit crops, with an approximate annual production of 

60 million metric tons worldwide (1). About 80% of the cultivated grapes are used for wine 

making (2). During grape processing, large quantities of grape waste (known as grape marc) 

which predominantly consists of skins, seeds and sometimes stalks are normally generated. 

The total amount of grape marc produced worldwide is about 5-9 million metric tonnes per 

year (3, 4).  

In 2011, 120,000 tonnes of grape marc were generated by the wine industry in Australia (5). 

Disposal of this complex material is a difficult challenge. Currently, grape marc is processed 

by specialised companies (e.g., Tarac Technologies, South Australia) to retrieve tartaric acid 

or is distilled for low-grade alcohol (5). The waste generated from this production is mainly 

transformed into compost. However, because of certain issues, it is difficult to use the grape 

marc compost generated by small wineries in practical applications. The high K (potassium) 

and polyphenol levels in grape marc was reported to affect the growth and germination 

properties of plants (6). In some countries, grape marc is used as cattle feed but it is not very 

digestible because of the presence of large amounts of polyphenolic compounds, especially 

tannins, which may bind to proteins and thus prevent digestion in the bovine rumen (7, 8). 

Spirits distilled from fermented grape marc are very popular in the Mediterranean region. 

Several countries produce traditional distilled alcoholic beverages from grape marc, such as 

the Greek tsipouro, Italian grappa and Portuguese bagaceiras. Grape marc has also been 

employed in the production of traditional food products such as molasses and vinegar (9).  

Grape waste is an inexpensive source of polyphenols (flavanols, flavonols and stilbenes), 

grape seed oil, citric acid, dietary fibre and ethanol (6, 10). The phytoalexin (E)-resveratrol is 

being actively investigated nowadays due to its remarkable pharmacological properties and 

therapeutic potential (11, 12). However, despite ample research on the detection of 

polyphenols in grape marc, very few studies have focussed on the isolation of (E)-resveratrol 

from grape marc because the process is tedious, labour-intensive and requires the use of toxic 

organic solvents (13-15).  

Since grape waste is generated on a large scale and is inexpensive and widely available, it can 

be used commercially to produce a range of valuable products. One of the challenges in the 

effective use of grape waste is that it is produced seasonally. For continual conversion of 
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grape waste into nutraceutical products, it is imperative to investigate the content and 

distribution of bioactive compositions over a given period of grape waste storage. 

With the advent of synthetic imprinting technology, the molecularly imprinted polymers in 

the solid-phase extraction (MISPE) techniques have been used to specifically isolate target 

molecules from their original matrices. To the best of my knowledge, there is no previous 

report on the application of MISPE for the determination of (E)-resveratrol in grape waste. 

Therefore, this study aims at the development of a comprehensive selectivity evaluation 

procedure via the application of off-line MISPE to identify and quantify (E)-resveratrol and 

other types of polyphenols derived from red grape pressing residues, in combination with 

RP-HPLC and LC-ESI ion trap MS/MS. This environmentally friendly investigation has also 

been used to obtain information on the complete polyphenol composition of grape pressing 

residues at different stages of waste storage. 

4.2 Materials and Methods  

4.2.1 Reagents, standards and instrumentation 

For reagents, standards and instrumentation involved for grape pressing residues analysis, see 

Chapter 2 (Section 2.2). An (E)-resveratrol calibration curve was constructed using eight 

different concentrations of an (E)-resveratrol standard in a range of 4.1 × 10
-3 

to 

1.0 × 10
-1

 mM. The equation for the calibration curve was y = 35.5x, where y is the peak area 

obtained after RP-HPLC and x is the concentration of (E)-resveratrol (mg/L). The linear 

calibration curve showed a correlation factor (R
2
) of 0.9. The results obtained from this work 

are expressed by µg/g dry grape pressing residues (on a mass normalised basis). The limit of 

detection (LOD) of (E)-resveratrol was determined to be 1.9 × 10
-2

 mg/L whilst the limit of 

quantification (LOQ) was 6.4 × 10
-2

 mg/L. 

4.2.2 Fresh grape pressing residues  

The red grapes (Vitis vinifera L., cultivar Pinot noir, vintage 2010) were sourced from the 

Mornington Peninsula vineyard (Victoria, Australia). After the grapes were harvested, they 

were stored in a cold room at 4 °C for two days before further analysis. Two bunches of 

grapes were manually de-stemmed followed by crushing using a blender (Kambrook, 

Victoria, Australia, 500 watt) for three seconds at speed control setting of one in the dark. The 



Chapter 4 

The use of a molecularly imprinted polymer for the enrichment of resveratrol from grape pressing residues 

 
 

95 
 

sample was filtered using a 20 µm pore sized glass frit under a moderate vacuum pressure. 

The remaining solid residue, mainly consisting of partially broken skins and crushed seeds 

was employed in this work whilst the juice was used in a different series of experiments. The 

pressing samples were then divided into portions “A” and “B”. Portion “A” as illustrated in 

Figure 4.1-A, referred to as fresh grape pressing residues was employed in this chapter.  

4.2.3 Aged grape pressing residues  

Portion “B” was placed into a glass storage container. The sample was covered with 

aluminium foil with two small holes to encourage spontaneous fermentation. It is important to 

note that this fermentation process did not involve any yeast addition to the pressing residues. 

The sample was then left at room temperature for 51 days in a laboratory and called aged 

grape pressing residues or portion “B” (Figure 4.1-B). 

 
 

A B 

Figure 4.1: (A) The portion “A”, skins and seeds of fresh grape pressing residues, (B) the 

portion “B”, skins and seeds of aged grape pressing residues.  

4.2.4 Sample preparations 

Portion “A” (fresh grape pressing residues) was quickly freeze-dried and left in the 

lyophillizer at 0.01 mbar (Labconco, Missouri, USA) for 2 days to remove all moisture. The 

dried grape pressing residue was ground with mortar and pestle until it became fine powder to 

improve the extraction efficiency, which allows the solvent to penetrate all components 

including seed cell walls and extract the polyphenols (16).  

The powdered sample (5.0 grams) was extracted with a mixture of EtOH/H2O 

(1:1, v/v, 30 mL) and left in the dark (60 min) followed by ultrasonication (60 min). The 

protocol for the extraction of polyphenols from grape waste was employed based on previous 

studies with some modifications (17, 18). The sample was then centrifuged at 3500 rpm at 
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20 °C for 20 min. The supernatant was transferred to a volumetric flask and made up to 

50 mL volume with the extraction solvent (EtOH/H2O (1:1, v/v)) prior to MISPE treatment. 

The MISPE analysis was performed using optimised protocols that have been described in 

Chapter 2 (Section 2.3.3). During sample handling, the extract was constantly protected from 

light by covering the sample with aluminium foil. Similar sample preparations and extraction 

protocols were applied to portion “B” with the starting material of 5.0 grams.  

4.2.5 MISPE procedure 

The MISPE and NISPE cartridges (2.8 cm diameter × 13.5 cm length) were conditioned (in 

sequence) with EtOH/AcOH (9:1, v/v), EtOH and EtOH/H2O (15:85, v/v) (3 × 5 mL). The 

supernatant of grape pressing residues either in fresh or aged state (5 mL) was loaded onto the 

MISPE or NISPE cartridge, respectively. Each cartridge was washed with EtOH/H2O 

(9:1, v/v) containing 1% (v/v) AcOH (4 × 5 mL) followed by elution with EtOH/AcOH 

(9:1, v/v) (10 × 5 mL). Finally, both cartridges were reconditioned in sequence with H2O, 

EtOH and EtOH/H2O (15:85, v/v) (3 × 5 mL). In the case of more complex samples, an 

additional wash step with 0.1 mM NaOH in water was introduced.  

4.3   Results and Discussion 

The analyses of grape pressing residues in these experiments were performed with grapes of 

the Pinot noir cultivar vintage 2010. In order to determine the dry matter content, the mass 

before and after lyophilisation was calculated based on the formula in Equation 4.1, the dry 

matter was 52.6% (g/g).  

Dry matter, %   =   
                                        

                                         
          ,          Equation 4.1 

The portion “B” of grape pressing residues was stored for 51 days at room temperature with 

minimal light and air exposure. After this period, the sample was observed to have some 

moulds of grey colour and an unpleasant odour. The substance was then subjected to 

freeze-drying and the dry matter was determined to be 45.3% (g/g) by using Equation 4.1. 

The aged grape pressing residues were expected to have a lower percentage of dry matter 

content because the sample lost moisture through evaporation and fungal absorption.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
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4.3.1 Analysis of (E)-resveratrol and other polyphenols from grape 
pressing residues by RP-HPLC and LC-ESI ion trap MS/MS 

4.3.1.1 Before MISPE treatment 

The fresh and aged grape pressing residue extracts (prior MISPE treatment) were analysed via 

RP-HPLC for the quantifications of (E)-resveratrol. The amount of (E)-resveratrol in the 

extract of portion “A” was determined to be 14.3 µg/g dry grape pressing residue whilst 

8.7 µg/g dry grape pressing residue was revealed from the extract of portion “B”, based on a 

linear calibration curve of (E)-resveratrol standard. There was 39.2% reduction of 

(E)-resveratrol compared to the (Z)-isomer during 51 days of storage. With regards to the 

analysis of (E)-resveratrol in grape marc extract, Careri et al. (19) reported the concentration 

of this compound to be 6.0 µg/g. In order to extract (E)-resveratrol from its complex matrix, 

the method required 13 hours of extraction using a mixture of MeOH/EtOH (4:1, v/v) with 

several separation steps prior to analysis by complex instrumentation.  

The identification of many polyphenolic compounds in the grape pressing residue samples 

was credited to the high efficiency of LC-ESI ion trap MS/MS technique. Base peak 

chromatograms (BPC) in Figure 4.2 show that at least 32 polyphenolic compounds were 

detected from the extracts of (A) fresh and (B) aged grape pressing residues, although some 

polyphenols were present at low concentrations. The broad peak observed at a retention time 

between 6 to 9 min in the front of the chromatogram is due to some weakly retained sample 

components in the reversed-phase C18 column, which was specifically chosen for polyphenols 

analysis. Obviously, the extract from aged grape pressing residues delivered lower levels of 

polyphenols than the fresh grape pressing extract. The reduction of polyphenol occurrence in 

the aged extract might be due to the oxidation of polyphenols by phenoloxidase enzymes (20) 

and to the activity of fungi and bacteria.  

Figure 4.3 shows a comparison of both extracts depicting the (E)-resveratrol profiles via 

extracted ion chromatogram (EIC). It should be noted that the results obtained from 

LC-ESI ion trap MS/MS, in particular BPC and EIC are not similar. BPC represents the most 

intensive ions at any time point whilst the EIC reveals the intensity of specific ions. In the 

fresh grape pressing residue extract, a high peak intensity of resveratrol (Figure 4.3-A) was 

observed with a predominance of the (E)-form (peak 29), being about three-fold higher than 

the intensity of the (Z)-isomer (peak 31).  



Chapter 4 

The use of a molecularly imprinted polymer for the enrichment of resveratrol from grape pressing residues 

 
 

98 
 

Further investigations studied (E)-resveratrol degradation in the aged extract of grape pressing 

residues. Due to some exposure to oxygen (although at a minimum level) or microbial activity 

during the ageing process, some of (E)-resveratrol (peak 29) had been converted to the 

(Z)-isomer as evidenced by the higher peak intensity of peak 31 (Figure 4.3-B). The 

proportion of (Z)-resveratrol was 1.0 to 1.3 in fresh grape pressing residue versus that of aged 

pressing residue extracts. The degradation of (E)-resveratrol was previously investigated by 

Trela and co-workers (21) who reported that under a fluorescent light in a laboratory, 86.1% 

of the (E)-resveratrol standard (418 µmol/L) isomerised to (Z)-isomer within 60 days.  

 

Figure 4.2: Base peak chromatograms (BPC) of (A) fresh grape pressing residue extract and 

(B) aged grape pressing residue extract. (E)-resveratrol (peak 29) eluted at tR = 38.8 min. The 

chromatograms were obtained after RP-HPLC separation on a Zorbax XDB C18 capillary 

column (0.3 mm × 150 mm, 3.5 µm particle size) in the m/z range of 100-1200 using the 

negative ionisation mode by LC-ESI ion trap MS/MS at 20 °C. LC conditions: eluent A: 

10 mM formic acid in water, eluent B: 10 mM formic acid in EtOH/H2O (4:1, v/v), gradient: 

0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 

2 µL/min; 0.1 µL injection. 
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Figure 4.3: Extracted ion chromatograms (EIC) at m/z 227 revealed the presence of 

(E)-resveratrol (peak 29) eluted at tR = 38.8 min and (Z)-resveratrol (peak 31) eluted at 

tR = 44.0 min from the extracts of (A) fresh and (B) aged grape pressing residues. The 

extracted ion chromatograms were obtained after RP-HPLC separation on a Zorbax XDB C18 

capillary column (0.3 mm × 150 mm, 3.5 µm particle size) in the m/z range of 100-1200 using 

the negative ionisation mode by LC-ESI ion trap MS/MS at 20 °C. LC conditions: eluent A: 

10 mM formic acid in water, eluent B: 10 mM formic acid in EtOH/H2O (4:1, v/v), gradient: 

0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 

2 µL/min; 0.1 µL injection. 

A further objective of this study was to characterise other polyphenolic compounds present in 

the fresh and aged grape pressing residue extracts. The incentive for the identification of all 

polyphenols from both extracts was based on some evidences of their association with 

biological activities and health promoting benefits. The extract from grape marc has been 

shown to inhibit the activity of metalloproteinases-2 and expressed a significant 

antiproliferative effect on human colon adenocarcinoma cells (22). In a recent investigation, it 

was demonstrated that the extracts of grape marc had an antioxidative activity and exerted an 

anti-inflammatory effect in diets which induced obesity (23). In addition, the grape marc 

extracts were shown to selectively inhibit an intestinal α-glucosidase activity and to suppress 

postprandial hyperglycemia in diabetic mice (24). Shin and co-workers (25) claimed that the 

polyphenolic constituents in red grape marc have the potential to suppress chronic 

inflammation induced by lipopolysaccaride and galactosamine in vivo.  

In the present experiments, polyphenolic compounds from grape pressing residue extracts 

were successfully characterised based on the precursor ions and characteristic product ions by 
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LC-ESI ion trap MS/MS in the negative ionisation mode (Table 4.1). It should be noted that 

the numbering system (1-32) of the polyphenol peaks in the HPLC and LC-ESI ion trap 

MS/MS chromatograms from both extracts before MISPE (Figure 4.2), after MISPE and 

NISPE treatment (Figure 4.5 and Figure 4.6) is corresponding to that in Table 4.1 and 

Table 4.2.  

In comparison with previous studies, this method employing a highly feasible extraction 

protocol with minimal benign solvent consumption composed of EtOH/H2O (1:1, v/v). 

Amico et al. (26) extracted 100 g of red grape marc under continuous stirring with acidified 

methanol for 12 hour. The extract was evaporated, followed by defatting with n-hexane and 

subsequent extraction with ethyl acetate prior to analysis by HPLC and LC-ESI-MS/MS. This 

multi-step sample extraction resulted in the determination of eight compounds of the flavonol 

group and ten different anthocyanins. Multiple extraction steps for polyphenols screening 

were also applied by Kammerer and co-workers (27), whereby with laborious-intensive 

procedures, the method identified 27 components of polyphenols including (E)-resveratrol 

and (E)-piceid in 5 g of grape pomace sample. 

Further explanation about the identification and fragmentation involved for polyphenols in 

Table 4.1 are described below. The characterisations of polyphenols in both extracts (before 

MISPE treatment) were classified based on the non-flavonoids and flavonoids categories. 

4.3.1.1.1 Non-flavonoids 

i) Stilbenes 

Resveratrol was observed as two peaks in the chromatographic profiles from both, fresh and 

aged grape pressing residue extracts which could be attributed to the (E)-(peak 29) and 

(Z)-(peak 31) isomers of resveratrol. The peak identity of these resveratrol compounds 

(m/z 227) was then confirmed by collision-induced dissociation (CID) to generate a product 

ion at m/z 185 due to the loss of CHCOH (42 mass units). This product ion fragmented in the 

ion trap to form two product ions at m/z 157 and 143 by losing CO (28 mass units) and C2H2O 

(42 mass units), respectively. This fragmentation pattern corroborates the findings of the 

previous work done by Stella and co-workers (28). (E)-Resveratrol (peak 29) in these 

experiments was identified at a retention time of 38.8 min, whilst in the red wine sample 

(Chapter 3), this compound was eluted at 41.3 min by LC-ESI ion trap MS/MS. The 

variation of the retention times (2.5 min) might be due to these experiments were performed 
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in 2010 with a used C18 capillary column whilst the current results reported in Chapter 3 

were obtained in 2012 with a new C18 capillary column (same chemistry and properties as the 

former column). It should be noted that the preparation of mobile phase might have also 

influenced the drifting of retention time. However, the variability was not detrimental to these 

experiments since the retention times of all peak components change proportionally to each 

other and resolution was preserved. In addition, the retention time of (E)-resveratrol 

(38.8 min) obtained from the microLC system was about 8 min higher in comparison to the 

retention time obtained from the analytical RP-HPLC system (30.8 min) because of the 

differences in gradient delay volume of these systems (as explained previously in Chapter 3 

(Section 3.3.3.1.1). 

In order to confirm the presence of (E)-resveratrol in the portions “A” and “B”, the 

(E)-resveratrol standard was used. (Z)-resveratrol (peak 31) was observed at a longer 

retention time (44.0 min), most likely due to the hydrophobic nature of the cis-structural 

feature on the reversed-phase C18 column (29). The resveratrol glycosides known as piceid (or 

polydatin) were assigned based on the precursor ions [M-H]ˉ at m/z 389 in both sample 

extracts in (E)-(peak 20) and (Z)-(peak 30) configurations. These compounds underwent 

MS/MS fragmentation in the ion trap by losing the glucoside moiety [M-H-162]ˉ to generate 

resveratrol (m/z 227) (29). Due to the high polarity and hydrophilicity of resveratrol 

glucosides, the (E)-piceid and (Z)-piceid were observed at earlier retention times (29.7 min 

and 40.2 min, respectively) in comparison to the isomers of resveratrol aglycone.  

ii) Hydroxybenzoic acids 

Gallic acid (peak 1) was identified with a precursor ion [M-H]ˉ of m/z 169 (27). This 

compound was fragmented to generate a product ion of m/z 125 due to the loss of a carboxylic 

acid moiety [M-H-44]ˉ. 

iii) Hydroxycinnamic acid and derivatives 

Caftaric acid (peak 6) and fertaric acid (peak 11) were observed at the precursor ions [M-H]ˉ 

of m/z 311 and 325, respectively (30). These compounds were fragmented in the ion trap by 

losing the ester bond [M-H-132]ˉ from their molecular structures to produce caffeic acid and 

ferulic acid, respectively. Caffeic acid (peak 7) with the precursor ion [M-H]ˉ of 

m/z 179 (30), generated a product ion at m/z 135 after losing a carboxylic acid moiety 

[M-H-44]ˉ during the fragmentation process. 
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Table 4.1: Polyphenol compounds in extracts of (A) fresh grape pressing residue and (B) 

aged grape pressing residue, measured by LC-ESI ion trap MS/MS in the negative ionisation 

mode.  

Peak 

No. 

Retention 

time, tR (min) 
Compound name 

Precursor 

ion, m/z 

Observed 
product  ion(s), 

m/z 
Ref.

 a
 A B 

1 10.4 Gallic acid 169 125 (27)   

*2 12.8 B-type procyanidin 577 451, 425, 407, 289 (31)   

3 14.0 B-type procyanidin trimer 865 739, 695, 577, 289 (32)   

*4 14.2 B-type procyanidin 577 451, 425, 407, 289 (32)   

*5 15.0 B-type procyanidin 577 451, 425, 407, 289 (32)  lc 

6 15.5 Caftaric acid 311 179, 149 (30)  lc 

7 15.9 Caffeic acid 179 135 (30)   

*8 16.6 B-type procyanidin 577 451, 425, 407, 289 (32)  lc 

9 18.2 (±)-Catechin 289 245, 205, 179 (33)   

*10 19.0 B-type procyanidin 577 451, 425, 407, 289 (32)   

11 21.0 Fertaric acid 325 193 (30)  lc 

12 21.2 
B-type procyanidin dimer 

gallate 
729 577, 559, 407, 289 (32) lc lc 

*13 22.2 B-type procyanidin 577 451, 425, 407, 289 (32)  lc 

14 23.2 (±)-Epicatechin 289 245, 205, 179 (33)   

15 24.6 Malvidin-3-O-glucoside 491 329 (34)  lc 

*16 25.6 B-type procyanidin 577 451, 425, 407, 289 (32)   

17 27.4 
Malvidin-3-O-glucoside 
hydrate 

509 491, 347, 329, 355 (34)   

18 28.1 Epicatechin-3-O-gallate 441 289, 169 (35) lc lc 

*19 28.4 B-type procyanidin 577 451, 425, 407, 289 (32)   

20 29.7 (E)-Piceid 389 227 (29) lc lc 

21 30.7 Taxifolin 303 285, 179, 125 (36) lc lc 

22 32.3 A-type procyanidin 621 575, 449, 405, 287 (37) lc lc 

23 34.0 (+)-Astilbin 449 303, 285 (38)   

24 34.4 Quercetin-3-O-glucuronide 477 301, 179, 151 (39)  lc 

25 34.8 Quercetin-3-O-glucoside 463 301, 179, 151 (39)  lc 

26 36.6 (-)-Astilbin 449 303, 285 (38)  lc 

27 37.7 Quercetin-3-O-rhamnoside 447 301, 179, 151 (39)   

28 37.8 Quercetin-3-O-xyloside 433 301, 287, 179, 151 (39)   

29 38.8 (E)-Resveratrol  227 185, 157, 143 (28)   

30 40.2 (Z)-Piceid 389 227 (29)   

31 44.0 (Z)-Resveratrol 227 185, 157 (29)   

32 45.2 Quercetin 301 179, 151 (40)  lc  

  Based on the MS/MS spectra no further identification was possible;   

lc Phenolic compound present at low concentration; 
a
 References which confirm precursor and product ion(s) for the particular compound.  
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4.3.1.1.2 Flavonoids 

i) Flavanols 

(±)-Catechin (peak 9) and its stereoisomeric structure, (±)-epicatechin (peak 14) were 

detected at the precursor ions [M-H]ˉ of m/z 289 (33). The peak identity of catechin was 

authenticated with a reference standard. After fragmentation, catechin/epicatechin produced 

several characteristic product ions at m/z 245, 205 and 179 due to the loss of a CO2 group 

([M-H-44]ˉ), elimination of the A-ring and B-ring from the molecular structure, respectively. 

Epicatechin gallate (peak 18) also appeared in the samples. This compound was observed at 

the precursor ion [M-H]ˉ of m/z 441 (35), which later fragmented to yield two distinctive 

product ions at m/z 289 (catechin/epicatechin) and m/z 169 (gallic acid).  

ii) Tannins 

Several tannins in dimeric, dimeric gallate and trimer structures were successfully identified 

from both extracts (Figure 4.4). According to the polyphenols data in Table 4.1, the multiple 

peaks with the same precursor ions ([M-H]ˉ, m/z 577) were encountered for the peaks 2, 4, 5, 

8, 10, 13, 16 and 19 that may correspond to the B-type procyanidin dimeric based on the 

information of the fragmentation published in the literature (32, 41). The characteristic 

product ions for this compound were identified at m/z 451, 425, 407 and 289. According to 

Callemien and co-workers (32), procyanidin dimer deprotonates [M-H]ˉ to give a precursor 

ion at m/z 577. This compound underwent fragmentation at m/z 451 corresponding to the loss 

of a pyrogallol unit [M-H-126]ˉ on the C-ring via heterocyclic ring fission. The elimination of 

the B-ring from its molecular structure through a retro-Diels-Alder reaction generated a 

product ion at m/z 425. The m/z 407 [M-H-152-18]ˉ formed due to the water elimination of 

m/z 425, most likely the hydroxyl-group from the C3 position (42). In that study, the 

catechin/epicatechin monomer was monitored at a signal of m/z 289 resulting from quinine 

methide fission cleavage. 

Peak 12 was identified as the B-type procyanidin dimer gallate based on the precursor ion 

[M-H]ˉ at m/z 729 (32) in fresh and aged grape pressing residue extracts. This compound was 

fragmented to yield a characteristic product ion at m/z 577 (B-type procyanidin dimer) due to 

the loss of a galloyl-group (152 mass units). An interflavan bond cleavage produced a 

monomer of catechin/epicatehin at m/z 289. B-type procyanidin trimer (peak 3) was observed 

in extracts of both types of grape pressing residue by having the precursor ion [M-H]ˉ at 
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m/z 865. This compound underwent fragmentation in the ion trap and produced m/z 739 due 

to the loss of a pyrogallol unit [M-H-126]ˉ through heterocyclic ring fission (32), and  

subsequently cleaved via a retro-Diels-Alder reaction to generate two characteristic product 

ions at m/z 713 and 695. Further fragmentation of this compound resulted in product ions at 

m/z 577 (procyanidin dimer) and 289 (monomer catechin/epicatechin). The characteristic 

product ions of the B-type oligomeric procyanidins (procyanidin dimer, procyanidin dimer 

gallate and procyanidin trimer) in the present studies were similar with previous 

investigations done by Callemien et al.(32), suggesting that these compounds might follow 

the same fragmentation pathways. The fragmentation pattern of procyanidin was also 

consistent with earlier investigations reported in the literature (42). Procyanidins from grape 

pomace has been reported to inhibit NADPH oxidase activity in human endothelial cells of in 

vitro and ex vivo models for therapeutic alternatives for cardiovascular diseases (43). 

Santos-Buelga and co-workers (44) found that the low procyanidin oligomers (degree of 

polymerisation below than four) could be absorbed in the gastrointestinal tract. Procyanidin 

dimers have been found in human blood after the respondent consumed procyanidins-rich diet 

(45). In the studies performed by Deprez et al. (46), procyanidin trimers have been shown to 

be absorbed through the human intestinal cell line Caco-2.  

 
 

 

 B-type procyanidin dimer            
([M-H]ˉ, m/z 577)  

B-type procyanidin dimer gallate 
([M-H]ˉ, m/z 729) 

B-type procyanidin trimer                                    
([M-H]ˉ, m/z 865)  

Figure 4.4: Different degrees of polymerisation of tannins (arrows indicating the main 

fragmentation characteristics) which were identified from the extracts of fresh and aged grape 

pressing residues as analysed by LC-ESI ion trap MS/MS in the negative ionisation mode.  
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Peak 22 had low intensities in both samples with the precursor ion of m/z 621. This 

compound might be identified as the A-type procyanidin with a formate adduct [M+HCOO]ˉ, 

consistent with the reported adduct-free [M-H]ˉ m/z of 575 (37) of the A-type procyanidin 

dimer. The occurrence of formate adducts is possible when formic acid is used as mobile 

phase additive. The product ions observed at m/z 449 and 287 correspond to the characteristic 

fragmentation pattern of this compound. The A-type procyanidin dimer was claimed to have 

lower antioxidant activity in comparison to the B-type oligomeric procyanidin (47). However, 

this compound showed a high antiviral activity against the herpes simplex virus and human 

immunodeficiency virus (48). Thus, the identification of the procyanidin oligomers from 

grape pressing residues in this study provides valuable information for their potential use as 

nutraceutials. 

iii) Flavonols 

The majority of flavonols identified in both grape pressing residue extracts were in the form 

of various types of glycosides. Peak 24 was characterised as quercetin-3-O-glucuronide based 

on the precursor ion [M-H]ˉ at m/z 477 (39). This compound fragmented via MS/MS 

experiments to generate an aglycone quercetin at m/z 301 because of the loss of a glucuronide 

moiety [M-H-176]ˉ. The following fragmentation of quercetin aglycone (m/z 301) yielded two 

characteristic product ions at m/z 179 and 151. The presence of a precursor ion [M-H]ˉ at 

m/z 463 (peak 25) led to the identification of quercetin-3-O-glucoside (39). Due to the loss of 

a unit glucose [M-H-162]ˉ during fragmentation, the quercetin aglycone (m/z 301) was 

formed. The identity of quercetin-3-O-rhamnoside (peak 27) and quercetin-3-O-xyloside 

(peak 28) was assigned based on the precursor ion [M-H]ˉ at m/z 447 (39) and m/z 433 (39), 

respectively. These compounds underwent fragmentation in the ion trap to generate several 

characteristic product ions of quercetin. The peak at 32 was attributed to quercetin based on 

the precursor ion [M-H]ˉ at m/z 301 (40). Quercetin has anti-inflammatory qualities, and is 

investigated for a wide range of potential health-benefits including cancer (49). Due to the 

fragmentation within its molecular structure, two distinctive product ions were produced 

(m/z 179 and 151). The fragmentation trend of quercetin from the samples was verified with a 

commercial standard. An interesting observation from the fragmentation behaviours of all 

herein studied flavonols was that they produced structurally characterised product ions at 

m/z 179 and 151. This information may be used to narrow the search for unknown compounds 

in the flavonol category in a biological sample. 
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iv) Flavanonols 

Taxifolin (also known as dihydroquercetin), peak 21, was detected at the precursor ion 

[M-H]ˉ of m/z 303 (36), which later fragmented to produce three product ions at m/z 285, 179 

and 125. (+)-Astilbin (peak 23) and its isomer (-)-astilbin (peak 26) had precursor ions 

[M-H]ˉ at m/z 449 (38). These compounds underwent fragmentation via MS/MS experiments 

to generate m/z 303 (taxifolin) and 285 due to the loss of a rhamnoside moiety 

(146 mass units) and water (18 mass units), respectively. Taxifolin has shown to inhibit the 

ovarian cancer cell growth in a dose-dependent way (50). 

v) Anthocyanins 

Peak 15 might be attributed to the presence of malvidin-3-O-glucoside based on the precursor 

ion [M-2H]ˉ at m/z 491 (34). The product ion generated at m/z 329 after MS/MS 

fragmentation corresponds to the loss of a glucoside moiety. This is consistent with a report 

that malvidin-3-O-glucoside in the hydrated form was identified in the grape skin extracts 

with the precursor ion [M-H]ˉ of m/z 509 (34) and product ions at m/z 491 and 329 due to the 

loss of water and a glucoside moiety, respectively. 

4.3.1.1.3 After MISPE treatment 

i) Fresh grape pressing residue extract 

The MIP demonstrated its selective binding to (E)-resveratrol (peak 29) through a higher 

enrichment of the target analyte than the NIP in eluate fractions. The results obtained from 

RP-HPLC (Figure 4.5-insert) showed the comparison of eluates between the MIP and NIP at 

the wavelength of 320 nm. The concentration enrichment of (E)-resveratrol after MIP eluate 

was determined to be 4.5 mg/L from the original concentration of 1.5 mg/L in the extract (on 

a mass and volume normalised basis). The limited suitability of RP-HPLC for identifying the 

polyphenols present in the extracts led to further analysis by LC-ESI ion trap MS/MS in the 

negative ionisation mode. The peak identity confirmation (ion current intensity > 0.2 ×10
5
) 

resulted in 16 phenolic compounds withheld by the MIP and obtained in the eluate as a result 

of competitive binding (Figure 4.5). As expected, fewer compounds (3 components) were 

found in the NISPE eluate because most of the non-selective bound material was removed 

after the washing steps. The summary of polyphenols found after MISPE and NISPE 

treatment is listed in Table 4.2. Besides (E)-resveratrol (peak 29), a noticeable phenolic 
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enrichment can be seen for peaks 5, 9, 10, 13, 18, 19, 21, 26 and 32. Details about the 

characterisation of these components were described earlier in Section 4.3.1.1. 

 

Figure 4.5: Base peak chromatograms (BPC) of eluates after MISPE (green line, back 

chromatogram) and NISPE (red line, front chromatogram) from extracts of fresh grape 

pressing residues. (E)-resveratrol (peak 29) eluted at tR = 38.8 min. The base peak 

chromatograms were obtained after RP-HPLC separation on a Zorbax XDB C18 capillary 

column (0.3 mm × 150 mm, 3.5 µm particle size) in the m/z range of 100-1200 using the 

negative ionisation mode by LC-ESI ion trap MS/MS at 20 °C. LC conditions: eluent A: 

10 mM formic acid in water, eluent B: 10 mM formic acid in EtOH/H2O (4:1, v/v), gradient: 

0-2 min 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 

2 µL/min; 0.1 µL injection. Inserted are RP-HPLC chromatograms recorded at a wavelength 

of 320 nm for the quantification of (E)-resveratrol (tR = 30.8 min, peak 29) after MIP (green 

line, back) and NIP (red line, front) SPE treatment from the fresh grape pressing residue 

extract. The LC chromatograms were obtained with a Zorbax Eclipse XDB C18 column 

(4.6 mm × 150 mm, 5 µm particle size) at 20 °C. LC conditions: eluent A: 10 mM formic acid 

in water, eluent B: 10 mM formic acid in EtOH/H2O (4:1, v/v), gradient: 0-2 min to 

10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 0.5 mL/min; 

5 µL injection. 

ii) Aged grape pressing residue extract 

Likewise, the MIP specifically captured (E)-resveratrol (peak 29) in contrast to its control 

polymer (NIP) from the aged grape pressing residue extract (Figure 4.6). From RP-HPLC 

results (Figure 4.6-insert), the MISPE eluate fraction not only consisted of (E)-resveratrol 

but also several other compounds. The concentration enrichment of (E)-resveratrol after MIP 

eluate was calculated to be 5.5 mg/L from the concentration of 0.9 mg/L in the extract (on a 

mass and volume normalised basis).  
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Based on the retention times of the commercial reference standards, (E)-resveratrol (peak 29) 

and quercetin (peak 32) were identified in the extracts. Although half of the (E)-resveratrol 

had been converted to (Z)-isomer, the MISPE technique enabled to pre-concentrate and enrich 

this compound as well as discriminate the (E)-resveratrol due to the size and shape selectivity 

for this template molecule. By using LC-ESI ion trap MS/MS, the identification of several 

polyphenols structurally related to (E)-resveratrol was achieved from the MISPE eluate. 

Therefore, eight compounds, in particular peaks 9, 10, 18, 23, 24 and 32 with significant 

enrichment were observed. In contrast, the majority of polyphenols (29 components) was 

eliminated during the wash steps as the non-selective bound components from NISPE 

(Table 4.3).  

 

Figure 4.6: Mass chromatograms of eluates after MISPE (purple line, back chromatogram) 

and NISPE (red line, front chromatogram) from extracts of aged grape pressing residues. 

(E)-resveratrol (peak 29) eluted at tR = 38.8 min. The base peak chromatograms were 

obtained with RP-HPLC on a Zorbax XDB C18 capillary column (0.3 mm × 150 mm, 3.5 µm 

particle size) in the m/z range of 100-1200 using the negative ionisation mode by LC-ESI ion 

trap MS/MS at 20 °C. LC conditions: eluent A: 10 mM formic acid in water, eluent B: 10 mM 

formic acid in EtOH/H2O (4:1, v/v), gradient: 0-2 min 10% (v/v) B, 2-52 min to 70% (v/v) B, 

52-53 min to 10% (v/v) B; flow rate: 2 µL/min; 0.1 µL injection. Inserted are RP-HPLC 

chromatograms recorded at a wavelength of 320 nm for the quantification of (E)-resveratrol 

(tR = 30.8 min, peak 29), after MIP (purple line, back) and NIP (red line, front) SPE treatment 

from the aged grape pressing residue extract. The chromatograms were obtained with a 

Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 5 µm particle size) at 20 °C. 

LC conditions: eluent A: 10 mM formic acid in water, eluent B: 10 mM formic acid in 

EtOH/H2O (4:1, v/v), gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min 

to 10% (v/v) B; flow rate: 0.5 mL/min; 5 µL injection. 
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Table 4.2: The comparison of polyphenol substances in MISPE and NISPE eluates from 

extracts of (A) fresh and (B) aged grape pressing residues detected by LC-ESI ion trap 

MS/MS with the ion current intensity > 0.2 × 10
5
. Highlighted are compounds significantly 

enriched after MISPE treatment. 

   
Fresh grape 

pressing residue 

extract “A” 

Aged grape 
pressing residue 

extract “B” 

Peak 

No. 

Retention time, 

tR (min) 
Compound name MISPE  NISPE  MISPE  NISPE  

1 10.4 Gallic acid     

*2 12.8 B-type procyanidin     

3 14.0 B-type procyanidin trimer      

*4 14.2 B-type procyanidin     

*5 15.0 B-type procyanidin     

6 15.5 Caftaric acid     

7 15.9 Caffeic acid     

8 16.6 B-type procyanidin     

9 18.2 (±)-Catechin     

*10 19.0 B-type procyanidin     

11 21.0 Fertaric acid     

12 21.2 B-type procyanidin dimer gallate     

*13 22.2 B-type procyanidin     

14 23.2 (±)-Epicatechin     

15 24.6 Malvidin-3-O-glucoside     

16 25.6 B-type procyanidin     

17 27.4 Malvidin-3-O-glucoside hydrate     

18 28.1 Epicatechin-3-O-gallate     

*19 28.4 B-type procyanidin     

20 29.7 (E)-Piceid lc    

21 30.7 Taxifolin     

22 32.3 A-type procyanidin      

23 34.0 (+)-Astilbin     

24 34.4 Quercetin-3-O-glucuronide     

25 34.8 Quercetin-3-O-glucoside     

26 36.6 (-)-Astilbin     

27 37.7 Quercetin-3-O-rhamnoside     

28 37.8 Quercetin-3-O-xyloside     

29 38.8 (E)-Resveratrol      

30 40.2 (Z)-Piceid     

31 44.0 (Z)-Resveratrol     

32 45.2 Quercetin     

 Based on the MS/MS spectra, no further identification was possible; 

lc Phenolic compound present at low concentration. 
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4.3.2 Grape pressing residue extracts analysed with MISPE  

4.3.2.1 Fresh grape pressing residue extract 

The efficacies of MISPE and NISPE before and after treatment with respect to the selective 

enrichment of (E)-resveratrol from extracts of (A) fresh and (B) aged grape pressing residues 

are shown in Table 4.3. The extract of fresh grape pressing residue was determined 

previously by RP-HPLC had 14.3 µg/g (E)-resveratrol. The extract (5 mL) was loaded onto 

the MIP and the NIP cartridges, respectively. The cartridges were washed several times with 

EtOH/H2O (4:1, v/v) containing 1% (v/v) AcOH (4 × 5 mL) to remove weakly bound and/or 

non-specific bound compounds from the MIP or NIP sorbents (Figure 4.7-A). During the 

wash stages, the majority of the (E)-resveratrol (13.9 µg/g dry grape pressing residues) was 

eluted from the NIP cartridge whereas the MIP cartridge showed some wash-off of the target 

analyte (5.6 µg/g dry grape pressing residues). The eluting steps with EtOH/AcOH (9:1, v/v) 

presented a higher binding affinity of (E)-resveratrol (8.6 µg/g dry grape pressing residue) 

eluted from the MIP cartridge in contrast to an insignificant amount eluted from the NIP 

cartridge (0.2 µg/g dry grape pressing residues). The selectivity recognition for (E)-resveratrol 

approximately was 43-fold based on an imprinting factor obtained from the MIP eluate versus 

NIP eluate due to the imprinting effect of (E)-resveratrol. The recovery of (E)-resveratrol 

from the MIP was 99.3%. 

4.3.2.1.1 Aged grape pressing residue extract 

The extract of aged grape pressing residues (8.7 µg/g dry grape pressing residues, 5 mL) was 

loaded onto the MISPE or NISPE cartridge. After the wash steps, almost all non-specifically 

bound (E)-resveratrol was eliminated (8.3 µg/g dry grape pressing residues) from the NIP 

cartridge, whilst only 3.3 µg/g dry grape pressing residues of (E)-resveratrol was removed as 

non-selectively bound component from the MIP (Figure 4.7-B). In the eluting steps, the MIP 

showed greater binding selectivity for the target analyte as the (E)-resveratrol uptake was 

determined to be 5.3 µg/g dry grape pressing residues compared to 0.3 µg/g dry grape 

pressing residues from the control NIP. The MIP specifically captured (E)-resveratrol about 

18-fold (IF = MIP eluate/NIP eluate) in the eluate fraction than the NIP, which can be 

attributed to the (E)-resveratrol imprinting effect. 
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Since nearly half of the (E)-resveratrol was converted to the (Z)-isomer during the ageing 

process there was probably a better chance for the compounds structurally related to the target 

molecule to reside in the binding sites. The high competition of template-like-molecules 

including epicatechin, astilbin, quercetin glucuronide and quercetin to afford binding 

recognition presumably resulted in the low imprinting factor of (E)-resveratrol from the aged 

grape pressing extract. The percentage of (E)-resveratrol recovery after wash and elution steps 

from the MIP cartridge was 98.9%. Although the recovery for (E)-resveratrol from the NIP 

cartridge was as the same as the MIP (98.9%), the majority of (E)-resveratrol had been 

removed after the wash steps. For both samples, the use of the NIP led to a quick washout of 

(E)-resveratrol whereas the MIP retained about two-thirds of the target compound, which later 

could be eluted.  

 

 

Figure 4.7: The amount of (E)-resveratrol (µg/g dry grape pressing residues) in wash and 

eluate fractions after MISPE and NISPE treatment from extracts of (A) fresh and (B) aged 

grape pressing residues. Measurements were determined in duplicate (n = 2).  Error bars 

indicate the standard error expressed by the formula Error =  √  ⁄ , where σ is the standard 

deviation and n is the number of measurements. 
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Table 4.3: Recovery of (E)-resveratrol (µg/g dry grape pressing residue) from extracts of (A) 

fresh and (B) aged grape pressing residues after MISPE or NISPE treatment. 

 

(E)-resveratrol in “A” (µg/g 
dry grape pressing 

residues) 

(E)-resveratrol in “B” (µg/g 
dry grape pressing 

residues) 

MISPE NISPE MISPE NISPE 

Untreated 

sample 

Sample loaded contained  

(E)-resveratrol (1 × 5 mL) 
14.3 14.3 8.7 8.7 

After 

treatment 

Wash steps (4 × 5 mL) 5.6 13.9 3.3 8.3 

Elution steps (10 × 5 mL) 8.6 0.2 5.3 0.3 

 Total amount of (E)-resveratrol 

after wash and elution steps 
14.2 14.1 8.6 8.6 

Total (E)-resveratrol recovery 

(%) 
99.3 98.6 98.9 98.9 

 Imprinting factor  

(IF = MIP eluate / NIP eluate) 
43 18 

 

 

There is a considerable commercial interest in identifying uses of grape wastes in the field of 

pharmaceuticals and cosmetics. However, before grape wastes can be successfully used to 

produce commercial products, an understanding of the factors that influence the polyphenol 

content of the waste is necessary. The present studies provide basic information on the 

potential effects of storage time and conditions on the composition and distribution of 

polyphenols in grape wastes. This was investigated by a comparative study of the 

chromatographic profiles of fresh and aged grape pressing residue extracts. The aged extracts 

contained lower amounts of polyphenols as a result of the physiological processes involved 

during ageing. The lengthy storage period for the grape pressing residue resulted in the 

conversion of (E)-resveratrol (nearly 40%) into the (Z)-isomer. One of the reasons was 

probably infestation of the sample by mould. As a result of a decrease in the amount of the 

(E)-resveratrol phytoalexin, the moisture and residual levels of sugars present in the aged 

sample could possibly have rendered it more susceptible to microbial spoilage during storage. 

The occurrence of substantial amounts of mould spores intrinsic to this small-scale laboratory 

sample reflects the real situation of grape waste in storage bins in vineyards before being 

transported to companies such as Tarac Technologies. Although lower amounts of 

polyphenols were observed after 51 days of storage, about 60% of (E)-resveratrol still 

remained in the sample. Another factor that affects the conversion of (E)-resveratrol into 
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(Z)-form is through photo-isomerisation under light exposure. The occurrence of 

(Z)-resveratrol is less important because it has fewer health benefits than the (E)-isomer (51).  

This is the first time that comprehensive enrichment of (E)-resveratrol from grape pressing 

residues at different stages of waste storage has been performed using a rapid MISPE 

technique prior to analysis by RP-HPLC and LC-ESI-MS/MS. This methodology has been 

developed based on a Green Chemistry ‘benign by design’ concept, and used a mixture of 

ethanol-water as the main solvent for the extraction, the MISPE protocol, chromatographic 

analysis and MS detection. In addition, this method had a shorter analysis time and reduced 

solvent consumption compared with conventional extraction protocols.  

In sample cleanup and enrichment, the MIP clearly demonstrated selective recognition 

towards (E)-resveratrol from extracts of two different samples of grape pressing residues. A 

higher enrichment level of (E)-resveratrol was achieved from the fresh sample compared to 

from the aged sample. The quantification analysis after MISPE, using RP-HPLC revealed 

significant binding recognition, with recovery of two-thirds of the resveratrol in the MIP 

eluent. However, about one-third of the target compound was not retained in the MIP sorbent 

during the wash steps. The rather short interaction time for the target analyte to adsorb 

properly into the MIP binding sites may have affected the binding retention when a large SPE 

cartridge (sorbent bed height of only 0.5 cm) was used. It was proposed that due to the 

inadequate penetration of the target analyte into the pyridinyl-based MIP cavities, the 

hydroxyl-groups of the aqueous-EtOH washing solvent competed with the hydroxyl-groups of 

(E)-resveratrol to generate hydrogen bonding interactions with the pyridinyl-functionalities, 

resulting in a lower binding affinity. The results obtained with a large MISPE cartridge in this 

study showed that binding recognition achieved (about 60%) of (E)-resveratrol. In order to 

increase the amount of (E)-resveratrol obtained in the elution steps, and at the same time 

reduce the non-selective binding in the wash step from the MISPE, a smaller cartridge was 

recommended for future experiments. 

The analysis of MIP properties also revealed cross-reactivity for compounds structurally 

related to (E)-resveratrol. Interestingly, the MIP showed different degrees of binding 

preference between the procyanidin dimer (peak 10), procyanidin dimer gallate (peak 12) and 

procyanidin trimer (peak 3). Due to the size, shape and chemical functionality of the 

resveratrol template (imprint) molecule, only the procyanidin dimeric structure can fit into the 

binding sites because the building block of this compound is made from a 
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catechin/epicatechin monomer, which exhibits some structural similarities to the imprint 

molecule. The procyanidin dimer most probably arranged its molecular structure orientation 

to encourage hydrogen bonding interactions with the pyridinyl functional monomers in the 

polymer networks. The binding mechanisms of bulky components such as B-type procyanidin 

dimer were discussed before in Chapter 3 (Section 3.3.3.2). In contrast, the access of very 

large substrates to binding sites is severely impeded. The work herein demonstrated that the 

sizes and molecular structures of the procyanidin dimer gallate and procyanidin trimer were 

not compatible with the MIP cavities hence no binding occurred. This indicates that chemical 

functionality and spatial complementarity of the imprint molecule strongly influence the 

binding recognition mechanisms. The inherent selectivity and affinity of the MIP could be 

used for compound specific as well as group specific recognition in the SPE format (52).  

4.4 Conclusions 

These results provide an efficient, green new method to potentially capture and enrich 

polyphenols with health-beneficial potential from raw grape marc and other biological waste 

products and deliver fast information on their concentrations at different stages of waste 

material processing. This approach may contribute to generate a new perspective for a ‘green 

economy’ to benefit the agricultural and nutraceutical industries as well as minimise 

environmental footprints. 
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Chapter 5 
Evaluation and characterisation of novel 
molecularly imprinted polymers for the analysis 
of sterols in solid-phase extraction 

Abstract 

Imprinted polymers were synthesized for the recognition of stigmasterol using 

either the non-covalent or the covalent approach. The synthesised molecularly 

imprinted polymers (MIPs) were then evaluated via static and dynamic batch 

binding assays. The conventional non-covalent imprinting method resulted in a 

MIP which did not possess any binding affinity for stigmasterol. In contrast, a 

novel MIP fabricated through the covalent approach using the 

post-synthetically cleavable monomer-template composite 

stigmasteryl-3-O-methacrylate showed good recognition of stigmasterol in 

aqueous media compared to a MIP generated by non-covalent imprinting. The 

covalently imprinted MIP showed high binding for stigmasterol in comparison 

to the non-imprinted polymer (NIP). The affinity and selectivity of the MIP 

towards the target molecule stigmasterol was observed to be driven by 

hydrogen bonding interactions with the residual carboxyl group derived from 

the polymer-embedded methacrylate-portion as well as the size and shape 

complementarities to the binding sites. The MIP was then used in a solid-phase 

extraction (SPE) format with the aim to selectively bind stigmasterol or 

structurally related sterols from sterol mixtures. This dynamic binding assay 

showed the highest imprinting factor (IF) of 12 for stigmasterol with 99% 

recovery in comparison to cholesterol (IF = 6) and ergosterol (IF = 4). For the 

quantification and identification of the sterols, a new green separation 

technique was developed using an environmentally benign mobile phase 

composed of ethanol-water mixtures and acetic acid as a mobile phase additive.  
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5.1 Introduction 

Sterols are important components of cell membranes and play a significant role in human 

health and well-being (1, 2). They are present in rapeseed, soya beans, cocoa beans, and other 

nuts and seeds. Grape seeds, the abundant byproducts of wine making, have been shown to 

contain sterols (3). The utilisation of these waste materials for nutraceutical purposes may 

become economically interesting. Due to the small amounts of sterols in biological samples, 

the currently used analytical methods (4, 5) are time consuming and require intensive sample 

preparations. This prompted the development of a new environmentally benign extraction 

method. 

A new way to extract and pre-concentrate specific target sterols such as cholesterol, 

stigmasterol and β-sitosterol from a complicated matrix is the use of a molecularly imprinted 

solid-phase extraction (MISPE) technique prior to their analysis by chromatographic methods. 

However, due to the amphipathic sterol nature with a single hydroxyl-group at the C3 position 

and a relatively large size (molecular weight 300-800 g/mol), the design of synthetic, 

molecular recognition-based polymer networks for sterol compounds is challenging.  

In the past, several strategies to improve the MIP technology for sterol analysis had focused 

either on pre-polymerisation stages by choosing the appropriate functional monomers and 

stabilising the template-monomer assemblies (6) or on post-polymerisation procedures by 

modifying the distribution of binding sites via physical (7) or chemical approaches (8). 

Whitcombe et al. (9) introduced a hybrid covalent/non-covalent approach or “sacrificial 

spacer” methodology that had been shown to produce a single dissociation constant. The 

method involved hydrolytically cleaving a covalently bound cholesterol template-monomer 

which resulted in the formation of non-covalent recognition sites. Zhong and co-workers (10) 

tried to synthesize a cholesterol MIP using the covalent imprinting approach with hydrophilic 

monomers (2-hydroxyethyl methacrylate) for the application in water-based samples. 

However, the polymers prepared with that strategy had a low selectivity to cholesterol due to 

hydrophobic cross linker-monomer interactions. 

In previous studies, major emphasis had focussed on the engineering and architectural design 

of cholesterol MIPs with much fewer papers published on other sterols. Figure 5.1 shows a 

breakdown by the percentage of 56 publications related to the types of sterol-template used 

for MIP synthesis from 1994 to 2012 (data obtained from SciFinder). Various aspects of 
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Cholesterol

84%

Stigmasterol

11%

β-sitosterol

3%
Ergosterol

2%

cholesterol MIPs (84%) have been investigated including their binding capacity, imprinting 

effect and mechanism of recognition. Although stigmasterol-templated MIPs have been 

explored to a very limited extent (11% of all sterol MIP papers), there is no information with 

respect to their application in water-based media. Therefore, the aim of the present study was 

to develop a new method for the isolation and analysis of sterols, in particular stigmasterol 

from water-based extracts from food sources.  

5.2  Materials and Methods 

5.2.1 Reagents 

Reagent grade acetic acid (AcOH), formic acid (FA) and hydrochloric acid (HCl) were 

purchased from Ajax Finechem (Melbourne, Australia). Ethanol (EtOH), acetonitrile (ACN), 

methanol (MeOH), chloroform (CHCl3) and sodium hydroxide (NaOH) were purchased from 

Merck (Melbourne, Australia). All solvents used for the MIP preparations and evaluations as 

well as chromatographic separations were HPLC grade. Water was purified using a water 

purification system (Pall Corp., Melbourne, Australia) to a resistivity of 18.2 MΩ.cm. For the 

preparation of MIPs using either the non-covalent or covalent imprinting approach, 

methacrylic acid (MAA), 4-vinyl pyridine (4-VP), ethyleneglycol dimethacrylate (EGDMA) 

and 2,2-azobis(2-methylpropionitrile) (AIBN) were purchased from Sigma-Aldrich (Sydney, 

Australia).  

5.2.2 Standards 

All commercial standards of sterols including stigmasterol (Sigma, Melbourne, Australia), 

cholesterol (Aldrich, Melbourne, Australia) and ergosterol (Fluka Chemicals, Melbourne, 

Figure 5.1: Publications related to 

sterol-templated MIPs from 1994 to 2012 using 

the search terms “molecularly imprinted 

polymers”, “cholesterol”, “stigmasterol”, 

“ergosterol” and “β-sitosterol” in SciFinder 

(Chemical Abstracts Service, Columbus, Ohio, 

USA). The non-covalent approach was used in 

73.2% and the covalent approach was applied in 

26.8% of the investigations. 
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Australia) were used in these experiments with purity of ≥ 95%. A series of commercially 

unavailable stigmasterol analogue standards (stigmasteryl-3-O-ferulate, 

stigmasteryl-3-O-(4-acetoxyferulate) and stigmasteryl-3-O-acetate) were chemically 

synthesised by Mr. Basil Danylec in the laboratories of the Centre for Green Chemistry, 

Monash University, Melbourne, Australia.  

5.2.3 Instrumentation 

5.2.3.1 RP-HPLC 

The analysis of sterol compounds was performed using an Agilent HPLC 1100 series, 80 Hz 

full spectra ultra fast LC (Agilent Technologies, Waldbronn, Germany) equipped with 

ChemStation software (B.02.01 SR1), a degasser, a binary gradient pump, an auto-sampler 

with a 900 µL sample loop, a thermostated column compartment and a diode array detector 

(DAD). The DAD was set to an acquisition range of 200-600 nm at a spectral acquisition rate 

of 2 nm scans per step (peak width 0.1 min). Analytical RP-HPLC separations were 

performed with a double end-capped Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 

5 µm particle size) purchased from Agilent Technologies (Melbourne, Australia) at 23 °C. 

Simultaneous monitoring of stigmasterol, stigmasterol analogues and cholesterol was 

performed with an UV-DAD detector at the wavelength of 210 nm whilst ergosterol was 

recorded at 280 nm. For this work, the best way to prepare the mobile phase was premixing 

the EtOH with H2O in a ratio of 9:1 v/v in one bottle and degassing the solution in an 

ultrasonic bath (Elmasonic, Singen, Germany) for 30 min to prevent bubble formation. The 

eluent was subsequently delivered isocratically to the RP-HPLC column at the flow rate of 

0.5 mL/min and the injection volume was 5 µL. All solutions were filtered through a 

polypropylene membrane filter of 0.2 µm pore size with a diameter of 47 mm (Pall Corp., 

Melbourne, Australia). The total run time for the separation of stigmasterol, cholesterol and 

ergosterol was 25 min whilst the separation for stigmasterol and its analogues was 65 min.  

A six-point calibration curve for stigmasterol quantification was prepared by serial dilution of 

a stigmasterol standard at known concentrations of 0.05 to 0.50 mM in ACN/H2O (9:1, v/v) 

and mixed well prior injection into the RP-HPLC system. The same procedures were 

implemented for the construction of the stigmasterol calibration curve using neat 

ACN (99.9% purity) as dilution solvent. 



Chapter 5 

Evaluation and characterisation of novel molecularly imprinted polymers for the analysis of sterols in solid -phase extraction 

 

 

124 

 

5.2.3.2 LC-ESI ion trap MS/MS  

Identification of sterols was carried out on an Agilent 1100 Series LC/MSD-SL ion trap mass 

spectrometer equipped with an Agilent G1607A orthogonal electrospray ionisation (ESI) 

interface (Agilent Technologies, Palo Alto, California, USA), Agilent 1100 HPLC and an 

UV-Vis DAD. The reversed-phase HPLC separations of sterol compounds were performed 

using a double end-capped Zorbax XDB capillary C18 column (0.3 mm × 150 mm, 3.5 µm 

particle size) purchased from Agilent Technologies (Melbourne, Australia) at 23 °C. The 

experiments were carried out using the same isocratic elution program, which was previously 

described for the analytical RP-HPLC (Section 5.2.3.1) except for varying the injection 

volume and the flow rate. The column was equilibrated with the eluent for 15 min prior every 

injection.  

The chromatographic conditions of the microLC were established based on a down-scale 

approach from the analytical LC procedure (see formula in Chapter 2 - Section 2.3.2). The 

flow rate and injection volume of the capillary LC method were determined to be 2 µL/min 

and 0.1 μL, respectively. The mass detection was performed in the full scan mode in the m/z 

range from 100 to 1000 using the positive ionisation mode. The capillary voltage was set to 

3.5 kV. Nitrogen was used as the nebulising gas at a pressure of 10 psi. The drying gas flow 

rate was set to 5 L/min at 300 °C. The target mass, the compound stability and the trap drive 

level were set to m/z 600, 80% and 100%, respectively. The ion accumulation time was 

automatically adjusted via the Ion Charge Control (ICC) feature of the instrument. The ICC 

target was 30,000 units and the maximal accumulation time was 300 ms. For MS/MS 

analysis, helium was used as the gas for collision induced dissociation (CID). The instrument 

was operated using the “smart fragmentation” mode, which allowed the fragmentation 

amplitude to be varied from 30-200%. The instrument automatically changed from MS to 

MS/MS mode when the intensity of a particular ion surpassed the threshold of 10,000 units. 

Active exclusion was carried out after two spectra for 1 min. The fragmentation amplitude 

was set to 1.5 V to encourage fragmentation of sterol compounds and the number of precursor 

ion selection was set to 2. Data acquisition and processing were conducted using the MSD 

Trap Control software and Agilent ChemStation version 4.2. 
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5.2.4 MIP preparation with the non-covalent imprinting approach 

5.2.4.1 Mini-MIP method 

The mini-MIPs made using a stigmasterol-template were prepared in small glass vials 

(1.5 mL). This screening approach was conducted before the bulk monolith polymerisations 

were performed. The mini-MIPs experiments were carried out according to the method 

previously described elsewhere (11), however with some modifications. Different types of 

functional monomers were compared, namely methacrylate acid (MAA), 4-vinylpyridine 

(4-VP) and N,N′-dimethylacrylamide (DMAMM), all in the presence of a porogen (CHCl3) 

and a crosslinker EGDMA (ethylene glycol dimethacrylate). The mini-NIPs (non-imprinted 

polymers) were made using the same procedure as for the MIPs, except the stigmasterol 

template was omitted. 

Overall, six mini-MIPs as well as their control polymers (mini-NIPs) were tested with two 

different molar ratios of template:monomer:porogen (1:1:5 and 1:10:100). The polymerisation 

was carried out using the non-covalent self-assembly approach whereby the mixture in each 

vial was degassed with nitrogen for 5 min, sealed with a screw cap and thermally polymerised 

at 60 °C for 24 h in a thermostatically controlled water bath (Ratek Instruments, Victoria, 

Australia). After the polymerisation was complete, evident through the appearance of a white 

solid disk (50 mg) in the glass vial, the resultant mini-MIP or mini-NIP was crushed in the 

same glass vial with a small spatula until it became white powder. Subsequently, the 

stigmasterol template was extracted from the mini-MIP with a mixture of CHCl3/AcOH 

(9:1, v/v) at room temperature. Stigmasterol release from the MIP was checked periodically 

and the procedure repeated until no stigmasterol was detected at 210 nm by RP-HPLC.  

5.2.4.2  Mini-MIP binding procedure 

The performance of the MIP or NIP was evaluated through static binding experiments with 

stigmasterol standard in CHCl3 (0.1 mM, 1 mL) after the solution was incubated for 18 h at 

room temperature using a rotary mixer (Ratek Instruments, Victoria, Australia) at 40 rpm. The 

supernatant obtained from each vial was evaporated until dryness using a vacuum evaporator 

(Genevac EZ-2, Radiometer Pacific, Melbourne, Australia) operated in the low boiling point 

mode (30 °C), and redissolved with EtOH prior to analysis by RP-HPLC.  
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5.2.4.3 Bulk MIP preparation with non-covalent imprinting  

MIPs were prepared by the non-covalent imprinting method with stigmasterol (0.1 g, 1 mmol) 

as template and 4-VP (0.3 g, 10 mmol) as monomer in chloroform (25 mL). The mixture was 

sonicated for 10 min followed by stirring in an ice bath for 30 min to stabilise the 

template-monomer interaction. The resulting mixture was purged with nitrogen gas for 10 min 

prior to the addition of the crosslinker EGDMA (5.0 g, 100 mmol) and the free radical 

initiator AIBN (0.1 g, 0.4 mmol). The mixture was then polymerised in a thermostatically 

controlled water bath (Ratek Instruments, Victoria, Australia) at 60 °C for 22 h and was 

further annealed at 65 °C for another 2 h. The resulting white solid bulk monoliths were dried 

under vacuum at room temperature overnight to remove CHCl3 traces. Subsequently, the 

dried polymer was ground using a mortar and pestle and sieved to yield a particle size 

distribution of 60-90 µm using a sieving apparatus (Retsch, Haan, Germany). The 

stigmasterol-template molecule was extracted from the MIP by repeated wash, using 

MeOH/AcOH (9:1, v/v) until the template was no longer detected in the wash solution by 

RP-HPLC at the wavelength of 210 nm. The MIP particles were then washed in sequence 

with MeOH and acetone to remove traces of AcOH and dried overnight in a vacuum. The 

non-imprinted polymer (NIP) was prepared in the same manner as the MIP but without the 

template. The MIP was subjected to static batch binding procedures in order to evaluate its 

binding affinity for stigmasterol (target analyte) in comparison to the NIP. 

5.2.4.4 Bulk MIP binding procedure  

Selectivity studies were conducted for the MIP and the NIP (template:monomer:porogen ratio 

of 1:10:100) with a stigmasterol standard at different concentrations at the range from 0.5 mM 

to 10.0 mM in n-hexane (1 mL) using a constant amount of polymer particles (20 mg) in 

sealable Eppendorf tubes. Stigmasterol is soluble up to a concentration of 10.0 mM in 

n-hexane, compared to a maximum concentration of 1.0 mM achievable in polar solvents such 

as MeOH. The polymers were incubated with the analyte solution and kept at 20 °C on a 

rotary mixer (Ratek Instruments, Victoria, Australia) at 40 rpm for 12 h. The mixture was 

centrifuged (Thermo Fisher Scientific, Massachusetts, USA) at 13,000 rpm for 15 minutes to 

pellet the polymer. The supernatant (100 µL) was evaporated until dryness using a vacuum 

evaporator (Genevac EZ-2, Radiometer Pacific, Melbourne, Australia), operated in the low 
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boiling point mode (30 °C). The residue obtained was re-dissolved in EtOH (100 µL) prior to 

analysis by RP-HPLC with UV-DAD detection at 210 nm.   

5.2.5 MIP preparation with the covalent imprinting approach 

A novel functionalised stigmasterol-template (stigmasteryl-3-O-methacrylate) as shown in 

Figure 5.2 was chemically synthesised by Mr. Basil Danylec (Centre for Green Chemistry, 

Monash University, Melbourne, Australia). This new compound was prepared based on 

synthetic routes described elsewhere (12). The synthesis of the MIP using the covalent 

approach was performed by Dr. Lachlan Schwarz (Centre for Green Chemistry, Monash 

University, Melbourne, Australia) according to the following procedure (12). 

 

Figure 5.2: Stigmasteryl-3-O-methacrylate (cleavable monomer-template composite). 

The stigmasteryl-3-O-methacrylate (0.5 g, 1 mmol) was mixed with EGDMA (2.0 g, 

10 mmol), AIBN (0.1 g, 0.3 mmol) and dissolved in CHCl3 (6 mL) in a thick-walled glass test 

tube and sealed with a rubber stopper. The mixture was sonicated for 1 min and placed in an 

ice bath to avoid the start of the polymerisation reaction. Subsequently, the mixture was 

purged with nitrogen gas for 5 min and then subjected to polymerisation at 60 °C in a 

thermostatically controlled water bath (Ratek Instruments, Victoria, Australia) for 24 h. After 

polymerisation, the bulk polymer was crushed and ground using a Retsch RM 200 ball mill 

(Haan, Germany) followed by a mortar and pestle to obtain finer polymer particles. The 

ground polymer was refluxed with 1 M NaOH in MeOH for 24 h to cleave the stigmasteryl 

group template from the MIP and washed with 3.2% (v/v) aqueous HCl to neutralise the basic 

solution. The resultant polymer was expected to have ‘memory cavities’ and was sieved using 

two sieves (Precision Eforming, New York, USA), one with a 90 µm mesh size cut off and 

then with one of a 30 µm mesh size to produce a particle size in a range of 30-90 µm. In order 

to allow incorporation of the polymer particles into the SPE cartridge format, particle sizes 
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below 30 µm were excluded so that no particles could escape through the 20 µm pore sized 

frit filters of the cartridges. The MIP particles were extensively washed with MeOH to ensure 

complete template extraction and the wash solution was analysed by RP-HPLC with detection 

at the absorbance of 210 nm until no trace of stigmasterol was observed. Finally, the polymers 

were dried overnight under vacuum at room temperature. The preparation of the NIP was 

performed under the same experimental conditions as the MIP with EGDMA (crosslinker) 

and porogen (CHCl3), except in the absence of stigmasteryl-methacrylate (cleavable 

monomer-template composite).  

5.2.5.1 MIP surface identification by SEM examination 

Scanning electron microscopy was performed on a SEM model 840A (JEOL, Tokyo, Japan) 

at the Monash Centre for Electron Microscopy (Monash University, Victoria, Australia) to 

document the surface morphology of the polymers prepared with the covalent imprinting 

technique. The MIP flake (before grinding, after template removal) was mounted on a stub 

(sample holder) as shown in Figure 5.3. Prior to SEM examination, dust particles were 

removed from the sample by purging with nitrogen gas. The sample was then coated with 

AuPt using a sputter coater (Model 208 HR) from Cressington (Watford, England) to 

minimise the surface charging effect. The same procedure was performed on the 

non-imprinted polymer (NIP) for comparison. Images were taken at a magnification of 

6000 ×, with 30 kV of acceleration voltage, 1 × 10
-9

 A of probe current and 34 mm working 

distance. 

 

Figure 5.3: MIP flake on the sample holder for the surface 

examination by scanning electron microscopy. The size of the flake is 
0.5 mm ± 0.1 mm in diameter and the thickness is 0.3 mm ± 0.1 mm. 

 

5.2.5.2 MIP binding site characterisation 

5.2.5.2.1 MIP binding protocol 

In order to evaluate the effectiveness of the MIP in comparison to the control NIP regardless 

of their mode of imprinting (non-covalent or covalent), binding site characterisations are 
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compulsory. The MIPs (after template removal or cleavage of template portion of the 

polymer-embedded monomer-template composite) were evaluated based on equilibrium batch 

rebinding experiments with static batch binding followed by dynamic binding assays. The 

experimental workflow for the characterisation of the binding sites is depicted in Figure 5.4. 

The static batch binding experiments were generally conducted using a constant amount of 

polymer (e.g., 20 mg in a sealable Eppendorf tube) in a constant-temperature adsorption 

process (isotherms). The efficacies of the isotherms static batch binding assays (single analyte 

or multi-cross competitive binding) were measured by the selectivity of the MIP to capture 

the target molecule in the polymer network in comparison to the NIP. The subsequent 

dynamic binding assays were performed based on the information obtained from the static 

binding experiments, for example with respect to the suitability of solvent to bind the target 

analyte in the MIP cavities. 

In this work, dynamic binding studies were performed using an off-line SPE mode. The MIP 

particles (approximately 200-1000 mg) were packed into the SPE cartridge for further use as 

molecularly imprinted solid-phase extraction (MISPE) techniques. The dynamic binding 

experiments conducted using the MISPE technique were required to allow optimisation of 

loading capacity during wash and elution stages in order to afford a high recovery of the 

target analyte. In cases where static batch binding assays did not show any promising 

imprinting effects for a particular MIP system, the dynamic binding assay was not performed. 

5.2.5.2.2 Single analyte static binding 

The single analyte static batch binding studies for the covalent MIP particles (cleavable 

monomer-template composite:crosslinker, 1:10) (20 mg) and the NIP particles (no cleavable 

monomer-template composite:crosslinker, 0:10) (20 mg) were carried out with stigmasterol 

(0.1 mM) in a mixture of ACN/H2O (9:1, v/v, 1 mL) or neat ACN (1 mL) at different 

incubation times (30 min, 2 h or 18 h) in sealable Eppendorf tubes.  

The MIP binding study was also extended to various concentrations of stigmasterol (0.1 mM 

to 0.5 mM) with both solvent systems. The analyte solution was incubated using a rotary 

mixer (Ratek Instruments, Victoria, Australia) at 40 rpm for 2 h at 20 °C. The mixture was 

then centrifuged (Thermo Fisher Scientific, Massachusetts, USA) at 13,000 rpm for 15 min to 

pellet the polymer. The supernatant was directly injected into the RP-HPLC and the 

stigmasterol signal was detected by UV-DAD at the absorbance of 210 nm. The amount of 
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stigmasterol bound to the MIP was calculated by subtracting the concentration of stigmasterol 

analyte in the supernatant from the initial concentration, expressed by µmoles/g polymer. 

  

Figure 5.4: Experimental approaches for the evaluation of MIP binding sites via static or 

dynamic binding assays. 

5.2.5.2.3 Multiple analyte static binding 

A mixture with several sterol analytes namely stigmasterol, stigmasteryl-3-O-ferulate, 

stigmasteryl-3-O-(4-acetoxyferulate), stigmasteryl-3-O-acetate, cholesterol and ergosterol 

(0.1 mM for each component) in ACN/H2O (9:1, v/v, 1 mL) using the MIP or NIP (20 mg) 

were tested via isothermic static binding assays. The polymers were incubated with the six 

component analytes mixture at 20 °C for 2 h on a rotary mixer (Ratek Instruments, Victoria, 

Australia) at 40 rpm prior to centrifugation (Thermo Fisher Scientific, Massachusetts, USA) 

at 13, 000 rpm for 15 min. The supernatant was directly analysed by RP-HPLC at 210 nm for 
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the detection of stigmasterol, stigmasterol analogues and cholesterol. Ergosterol gave a 

maximum peak at the absorbance of 280 nm but this compound also can be detected at 

210 nm (lower intensity). 

5.2.5.2.4 Dynamic binding 

The dynamic binding studies for the MIP prepared with the stigmasteryl-methacrylate 

covalent imprinting approach were conducted in an SPE cartridge (Figure 5.5). The MIP 

particles (451.1 mg, nominal particle size distribution of 30-90 µm) were slurry packed using 

30 mL of ACN into the SPE cartridges which were fitted with polypropylene frits 

(20 µm pore size). The same packing protocol was performed for the NIP (451.1 mg, nominal 

particle size distribution of 30-90 µm). The resulting SPE columns were conditioned in 

sequence using ACN and ACN/H2O (9:1, v/v) (3 × 2 mL), respectively. A sterol mixture 

containing stigmasterol, cholesterol and ergosterol at a concentration of 0.1 mM (for each 

component) in ACN/H2O (9:1, v/v, 2 mL) was loaded onto the MISPE and NISPE cartridges, 

respectively. The wash steps were then applied to each cartridge using ACN/H2O (9:1, v/v) 

(2 × 2 mL), after which the compounds bound to each cartridge were eluted using 

EtOH/AcOH (9:1, v/v) (2 × 2 mL). The columns were finally re-conditioned with 

ACN (3 × 2 mL) for reuse. All fractions were collected by allowing them to drip through 

under gravity flow (about 4 drops/second) without the application of a vacuum system.  

 

Figure 5.5: MISPE protocols involving column conditioning, sample loading, wash and 

elution stages for the analysis of a mixture of sterol standards, namely stigmasterol, 

cholesterol and ergosterol each at a concentration of 0.1 mM. 
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5.3 Results and Discussion 

5.3.1 Optimisation of HPLC chromatographic parameters 

Although gas chromatography (GC) is frequently applied for the determination of sterols, this 

technique requires additional handling procedures including an extra step for sample 

derivatisation to convert the sterols to trimethylsilyl ethers which typically takes 60 min per 

reaction (13). This approach has been gradually superseded by a liquid chromatography (LC) 

technique either in the reversed-phase (RP) or normal-phase (NP) mode, which can be 

performed using a direct injection without sample derivatisation. The latter method however 

has several shortcomings such as long equilibrium times and involves the usage of hazardous 

volatile organic solvents (14) compared to RP-HPLC. To allow a good separation of sterol 

components, a double end-capped reversed-phase C18 column was selected due to minimised 

peak tailing (15) and operability over a pH range of 2-9.  

5.3.1.1 Impact of mobile phase compositions and mobile phase 

additive on peak width at half height of stigmasterol  

During the development of a suitable chromatographic separation method, the most 

challenging part is to choose an optimal combination of mobile phase and mobile phase 

additive(s) for the RP-HPLC system and target analytes. A number of publications have 

addressed how to optimise the solvent system efficiently and various mathematical prediction 

models have been proposed (16). However, these models are sometimes not applicable for the 

detection of sterols in multi-component samples.  

The major issue with sterol components arose with their solubility. The sterols involved in 

this study were insoluble in water or only partially soluble in polar organic solvents like 

EtOH, MeOH or ACN. However, these sterols were found to be soluble in polar solvents up 

to 1.0 mM under 10 min of ultrasonification to enhance the mass transfer rate (17) and solvent 

penetration of the sterol molecules. The sterols used in this work are highly soluble in 

non-polar solvents such as n-hexane, chloroform or toluene.  

Three types of mobile phases (ACN, MeOH or EtOH) and mobile phase additives (AcOH or 

FA) in a range of 0.1% (v/v) to 0.3% (v/v) were employed. The impact of each solvent on 

sterol separations and the influence of a small amount of acid added were assessed by 
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RP-HPLC based on the smallest value of peak width at half height (w1/2) of stigmasterol in a 

sterol mixture. The sterol mixture was prepared from stigmasterol, stigmasterol analogues 

(stigmasteryl-3-O-ferulate, stigmasteryl-3-O-(4-acetoxyferulate) and stigmasteryl-3-O-

acetate), cholesterol and ergosterol in aqueous ACN (0.1 mM for each sterol component). 

Besides the w1/2 measurement, the sterol mixture was employed to evaluate the separation 

performance of those components in different types of mobile phases with a range of mobile 

phase additive concentrations. The stigmasterol peak was benchmarked for the w1/2 

measurement due to its consistent symmetrical shape in the chromatogram resulting from 

every injection.  

 

Figure 5.6: Effect of acetic acid and formic acid at different concentrations 

(0.1% to 0.3%, v/v) with various types of mobile phase compositions (ACN, MeOH, 

EtOH/H2O (95:5, v/v), EtOH/H2O (90:10, v/v) and EtOH/H2O (85:15, v/v) on peak width at 

half height, w1/2 of stigmasterol in a sterol mixture. LC conditions: isocratic elution, flow rate: 

0.5 mL/min, 5 µL injection. Measurements were performed in duplicate (n = 2). Error bars 

indicate the standard error expressed by the formula Error =   √  ⁄ , where σ is the standard 

deviation and n is the number of measurements. 

A combination of ACN with 0.3% (v/v) FA gave the lowest value of w1/2 (0.28), which led to 

a better peak shape (Figure 5.6). Despite ACN showing a good result, this solvent was not 

chosen in order to support a sustainable practice in accordance with the principles of Green 

Chemistry. When MeOH was applied, the highest values of w1/2 (0.35 - 0.40) were observed 

which reflect broad peaks of sterols regardless of mobile phase additive concentration. Unlike 

ACN and MeOH, EtOH is more viscous (1.14 mPa·s at 20 °C), hence needs to be mixed with 

a small proportion of H2O in a range of 5% (v/v) to 15% (v/v) to minimise high back pressure 
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in HPLC. The addition of water to the EtOH helped to provide a baseline separation with 

good resolution (in the case of 5%, v/v and 10%, v/v water content) for all the sterols 

contained in the mixture. However, when more water was used (15%, v/v water) with EtOH 

as organic mobile phase modifier, broader peaks of stigmasterol were observed in the 

chromatogram at all concentrations of acids with higher values of w1/2 (0.33 - 0.37). This 

might be due to the hydrophobic interactions between the dissolved sterols and the 

immobilised C18 ligands in the reversed-phase column. With EtOH/H2O (95:5, v/v) containing 

0.2% - 0.3% (v/v) AcOH, the lowest w1/2 was determined to be 0.30. Interestingly, at a 

concentration of 0.2% - 0.3% (v/v) AcOH, a combination of EtOH/H2O (90:10, v/v) resulted 

in a lower value of w1/2 (0.29). Thus, EtOH/H2O (90:10, v/v) with 0.2% (v/v) AcOH was 

selected as an ideal, environmentally friendly combination of organic mobile phase modifier 

and mobile phase additive. Based on the optimised chromatographic parameters, this is the 

first time stigmasterol and structurally related sterols were simultaneously separated using 

green solvents consisting of EtOH/H2O and AcOH with isocratic elution by RP-HPLC 

(Figure 5.7). 

5.3.2 Detection method for stigmasterol by LC-MS/MS 

Due to the non-polar nature of sterols, LC-MS with atmospheric pressure chemical ionisation 

(APCI) (18) has been reported for the analysis of these compounds, whilst less work has been 

done using an electrospray ionisation (ESI) technique. In this study, stigmasterol was 

successfully identified with LC-ESI ion trap MS/MS at the fragmentation amplitude of 1.5 V 

in the positive ionisation mode using a reversed-phase C18 capillary column (Figure 5.8). 

A higher voltage (1.5 V) was required for sterol experiments in comparison to the polyphenol 

analysis (1.0 V) to encourage the ionisation process due to the sterol’s chemical properties 

and size of the molecules. The chromatographic parameters of LC-MS/MS were established 

via a down-scaled method from an analytical HPLC column to micro-capillary column 

dimensions. This approach was implemented to reduce the time of method development and 

to minimise waste generation. 
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i: ergosterol ii: cholesterol 

 
 

iii: stigmasterol  iv: stigmasteryl-3-O-ferulate  

 

 

v: stigmasteryl-3-O-(4-acetoxyferulate) vi: stigmasteryl-3-O-acetate 

Figure 5.7: RP-HPLC chromatograms of a mixture of six sterol standards at a concentration 

of 0.1 mM (for each sterol component) labelled as (i)-(vi), obtained with a Zorbax Eclipse 

XDB C18 column (4.6 mm × 150 mm, 5 µm particle size) at 23 °C using isocratic elution. 

The eluent was EtOH/H2O (9:1, v/v) with 0.2% (v/v) AcOH; flow rate: 0.5 mL/min; 5 µL 

injection. The chromatograms were recorded at 210 nm using an UV-DAD detector.  
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Figure 5.8: (A) The MS/MS spectrum of a stigmasterol standard (95% purity) at a 

concentration of 0.2 mM with ACN in the positive ionisation mode at fragmentation 

amplitude of 1.5 V. (B) The precursor ion [M+H]
+
 of stigmasterol at m/z 413.3 underwent 

fragmentation to yield a product ion at m/z 395.2 after the neutral loss of water 

(18 mass units). The diamond (♦) symbol shows the position of the residual precursor ion.  

5.3.3 Stigmasterol binding to a non-covalently imprinted MIP 

5.3.3.1 Efficacy of mini-MIPs  

In the non-covalent imprinting approach, the complementary intermolecular interactions 

between a template and polymer-embedded functional monomers are amongst the important 

factors for attaining molecular recognition for the MIP. In order to select the best method for 

the production of a sterol MIP, a series of mini-scale format MIPs and NIPs was prepared. 

The performance of the mini-MIP was evaluated based on the highest amount of stigmasterol 

bound to the imprinted polymer in comparison to its control. The small scale MIP was 

evaluated using the static single analyte binding studies with CHCl3. Chloroform was selected 

as a binding solvent based on (i) the high solubility of the template in this solvent and 

(ii) solvent matching with the porogen used during polymerisation. It was expected that when 

301.2

331.0

395.2

413.3

MS2 (413.3)

0

50

100

150

200

250

300

100 150 200 250 300 350 400 450 500 550

(-18.1)

In
te

n
si

ty

m/z

- H2O

Stigmasterol

[M+H]+, m/z 413.3 [M+H-H2O]+, m/z 395.2

A

B

(-18)



Chapter 5 

Evaluation and characterisation of novel molecularly imprinted polymers for the analysis of sterols in solid -phase extraction 

 

 

137 

 

using the same type of porogen as a binding solvent, stigmasterol could interact selectively 

with the polymer system during the rebinding process. With regards to the cross-linker 

selection, EGDMA was chosen for the polymerisation process based on several positive 

outcomes from previous investigations. Whitcombe et al. (9) reported that EGDMA showed 

higher binding capacities in comparison to DVB, irrespective of the imprinting method or the 

nature of the template. In another study (19), EGDMA-based polymers demonstrated superior 

performance in terms of separation factors obtained with chiral stationary phases in 

comparison to DVB-based polymeric materials. Therefore, EGDMA was employed as a 

cross-linking agent and the polymerisation was performed thermally using AIBN as initiator 

in all cases of the present investigation. 

As shown in Figure 5.9, the MIP prepared with 4-VP (stigmasterol:4-VP:CHCl3) at a ratio of 

1:10:100 proved to be a suitable functional monomer with the ability to specifically bind 

stigmasterol (MIP-NIP = 0.3 µmoles/g polymer) when rebinding absorption was performed in 

CHCl3. The MIP made using the functional monomer MAA in a ratio of 

1:1:5 (stigmasterol:MAA:CHCl3) was observed to generate very little recognition whilst the 

MIP made from the monomer DMAAM failed to reveal any affinity towards stigmasterol. 

The outcomes from these studies were used as a guideline to provide a basis for the 

preparation of a stigmasterol MIP at a larger scale.  

 

Figure 5.9: Amount of bound stigmasterol detected in mini-MIPs or mini-NIPs after 18 h 

incubation with chloroform (0.1 mM, 1 mL) using two different template:monomer:porogen 

molar ratios (1:1:5 and 1:10:100) with MAA, 4-VP or DMAAM. The arrow and number 

represent the difference of the amount of stigmasterol bound by the MIP vs. the NIP. 
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5.3.3.2 Stigmasterol binding to a non-covalently imprinted MIP 

In this case, the low polarity of the stigmasterol-template makes the selection of the 

complementary functional group very difficult. Due to the fact that the acidic functional 

monomer (MAA) can be used to produce a cholesterol MIP with high selectivity (20), the first 

attempt was to synthesise a stigmasterol MIP using the non-covalent approach by thermal 

polymerisation in a molar ratio of 1:1:5 (stigmasterol:MAA:EGDMA). The resultant MIP was 

unsuccessful to capture stigmasterol in EtOH probably due to the hydroxyl-group in EtOH 

competing with the hydroxyl-group from stigmasterol which weakens the formation of 

hydrogen bonding of the compounds with the functional monomer. In another experiment, the 

MIP was capable to bind appreciable amounts of stigmasterol when a mixture of 

n-hexane:ethyl acetate (4:1, v/v) was used, however there was no imprinting effect. The low 

template-monomer ratios (1:1) might have reduced the number of binding sites for high 

affinity recognition due to the insufficient amount of functional groups and less efficient mass 

transfer in the high density polymer (21). Since MAA failed to bind stigmasterol, other 

monomer combinations needed to be incorporated with the template.  

The second effort to prepare the stigmasterol MIP with the basic functional monomer (4-VP) 

was inspired by the positive results obtained from the mini-MIP experiments 

(Section 5.3.3.1). Hwang et al. (22) compared the functional monomer strength between 

MAA and 4-VP to facilitate interaction with cholesterol using the MIP prepared from the 

non-covalent approach. That study concluded that the 4-VP generated stronger interaction 

with hydroxyl-groups from the cholesterol molecule which increased the retention factor, 

compared to MAA as functional monomer. Therefore, in the present work, the synthesis of a 

MIP on a larger scale at a ratio of 1:10:100 (stigmasterol:4-VP:CHCl3) was performed. After 

removal of the template by solvent extraction, the resultant MIP was subjected to single 

analyte static batch binding experiments with 0.1 mM of stigmasterol standard solution using 

various types of solvents including EtOH, MeOH, ACN, n-hexane or CHCl3. The results 

showed that in the presence of polar solvents, stigmasterol did not bind, whilst with n-hexane 

or CHCl3 this compound was held within the binding sites of the MIP. Thus, single analyte 

batch binding experiments at different concentrations of stigmasterol in a range from 0.5 mM 

to 10.0 mM were performed with n-hexane as a binding solvent, being less toxic/hazardous 

than CHCl3. The concentrations of bound stigmasterol after MIP or NIP treatment in the static 

binding experiments are shown in Figure 5.10. Although the MIP bound stigmasterol at 
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different concentrations, the NIP exhibited similar performance, which resulted in a poor 

imprinting effect.  

The failure of the stigmasterol MIP made by the non-covalent imprinting to selectively 

recognise the template molecule might be due to several factors. Although the synthesis of 

bulk MIP was completely adapted from the procedure of the stigmasterol mini-MIP recipe, 

the mini-scale polymer preparation made in a glass vial was probably not completely crushed 

into small particles. Due to the size heterogeneity of the resultant MIP, the 

stigmasterol-template might not have been released properly or may have still been partially 

entrapped within the polymeric matrix, even after extensive clean-up, therefore having led to 

inaccurate quantification results. Another factor that may have influenced the ineffectiveness 

of the MIP might have been caused by the thermal imprinting process. As the MIP’s activity 

is based on an entropically driven association between the functional monomers and the 

template, an exothermic polymerisation reaction at 60 °C and the subsequent rise of the 

temperature to 65 °C may have inherently changed the equilibrium between the template and 

functional monomer. Since there is only one terminal hydroxyl-group at the C3 position in the 

stigmasterol molecule to engage in a hydrogen bonding interaction, photo-polymerisation 

(by UV-light) at low temperature (usually 4 °C) may be more favourable to stabilise the 

template-monomer pre-organisation for maximizing the imprint recognition (20).  

  

Figure 5.10: Static binding isotherms of stigmasterol at different concentrations (0.5 mM to 

10.0 mM) in n-hexane (1 mL) using MIP particles (20 mg) prepared by the non-covalent 

approach in comparison to the NIP for 12 h incubation time. The MIP was prepared with 

stigmasterol (template), 4-vinylpyridine (functional monomer) and chloroform (porogen) in a 

ratio of 1:10:100 in the presence of ethylene glycol dimethacrylate (crosslinker). 

Measurements were determined in duplicate with two replicates (n = 4). Error bars indicate 

the standard error. 
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5.3.4 Stigmasterol binding to a semi-covalently imprinted MIP 

In the semi-covalent imprinting, two variations of approach can be distinguished; (i) the 

template and functional monomer are connected directly or (ii) the template and functional 

monomer are connected using a spacer group. Whitcombe et al. (9) used 

cholesteryl (4-vinylphenyl) carbonate as a covalently bound template monomer for the 

polymerisation. The cleavage of carbonate esters released cholesterol and CO2 to form the 

non-covalent recognition sites. The successful results exemplified by the synthesis of 

cholesterol imprinted bulk polymers with the covalent/semi-covalent strategies in that study 

have provoked this work to imprint a monomer functionalised stigmasterol using a similar 

approach. Stigmasterol was selected as a target due to the rigidity of the steroid ring system 

and because it is a representative of a class of phytosterols which possess significant health-

beneficial qualities.  

From an extensive search of the scientific literature, to the best of my knowledge this is the 

first time a stigmasterol MIP has been prepared with stigmasteryl-3-O-methacrylate, whereby 

the stigmasteryl-functionality is covalently bound to the functional monomer methacrylic acid 

at the outset to yield the desired cleavable monomer-template composite. This imprinting 

approach was carried out without the application of a sacrificial spacer as this was thought to 

give a more “exact” recognition cavity. The use of cleavable monomer-template composite 

during the polymerisation step should result in higher binding capacities, more homogeneous 

binding sites and much better binding site integrity because this approach is far more stable 

and defined than the non-covalently imprinted MIP.  

In this work, the MIP was synthesised by thermal polymerisation at 60 °C for 24 hours. The 

imprinting process involved a slow, equilibrium-driven process which allowed interactions 

between the functionalised monomer-template compound and the crosslinker (EGDMA) in 

the presence of a porogen (CHCl3). The template-portion of stigmasteryl-3-O-methacrylate 

was removed from the resultant polymers via base hydrolysis (chemical cleavage) followed 

by washing with 3.2% (v/v) aqueous acetic acid. This removal of the template-portion of the 

cleavable stigmasteryl-3-O-methacrylate resulted in a residual carboxylic acid group in the 

binding site intended to interact with the stigmasterol-target through hydrogen bonding 

formation. To ensure a complete removal of the stigmasterol from the polymer network 

extensive washing was carried out with the absence of stigmasterol in the wash fraction 

confirmed with RP-HPLC with detection at 210 nm.  
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This mixed-mode protocol involved a stable (yet cleavable) and stoichiometric composite 

compound in the covalent imprinting as the synthesis part and the fast guest binding (rapid 

kinetic binding of the target analyte) in the non-covalent imprinting as the application part. 

A schematic representation of cavity formation, template removal and binding events for the 

recognition strategies of stigmasterol (target analyte) in the polymer networks is shown in 

Figure 5.11. With regards to the selectivity evaluation of the MIP, the non-imprinted polymer 

(NIP), acting as a control, was synthesised with the crosslinker (EGDMA) and the porogen 

(CHCl3), in the absence of the cleavable monomer-template composite 

(stigmasteryl-3-O-methacrylate). The preparation of the NIP was based on the method 

introduced by Whitcombe and co-workers (9), without the use of any functional monomer 

such as methacrylic acid in the polymerisation mixture. 

   

Figure 5.11: Schematic representation of molecularly imprinted polymer prepared by the 

covalent approach with stigmasteryl-3-O-methacrylate (cleavable monomer-template 

composite) and stigmasterol binding options.  
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5.3.4.1 Surface examination of the stigmasterol MIP and NIP  

In order to examine the structure and surface morphology of the produced MIP (before 

template removal by chemical cleavage, without grinding) and the corresponding NIP 

polymer, scanning electron microscopy (SEM) was used. As depicted in Figure 5.12, the 

imprinted polymer had a more uniform and smooth surface than the NIP. Since the only 

difference between the MIP and NIP formulations was the presence or absence of the 

monomer-template composite during polymerisation, it can be presumed that the 

monomer-template composite is accountable for the surface variations (23). 

 

Figure 5.12: SEM micrographs of (A) the MIP synthesized using a cleavable 

monomer-template composite (stigmasteryl-3-O-methacrylate) and crosslinker (EGDMA) at a 

1:10 ratio with the porogen (chloroform) using the covalent imprinting approach (image 

captured before template removal). (B) NIP prepared with crosslinker (EGDMA) and porogen 

(CHCl3), under the same experimental conditions as the MIP in the absence of the cleavable 

monomer-template composite. The SEM images were captured at magnification of 6000 ×, 

30 kV of acceleration voltage, 1×10
-9

 A of probe current and 34 mm working distance.  
 

5.3.4.2 Static binding  

5.3.4.2.1 Incubation binding time 

For the MIPs based on molecular recognition, in these host-guest binding interactions fast 

adsorption-desorption kinetics are important. To investigate the equilibrium time, that is to 

estimate how long the polymer system takes to reach the binding equilibrium, studies of the 

isotherms of static batch binding were performed. The measurements for stigmasterol 

recognitions (at a concentration of 0.1 mM) were conducted using a covalently imprinted MIP 

or NIP (20 mg each) with two different binding solvent systems consisting of ACN (1 mL) or 

ACN/H2O (9:1, v/v, 1 mL) at different incubation times (30 min, 2 h or 18 h).  
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As shown in Figure 5.13, the amount of specifically bound stigmasterol (MIP-NIP) was 

higher when ACN/H2O (9:1, v/v) was used as a binding solvent for all incubation times than 

that when neat ACN was used. The highest amount of specifically bound stigmasterol was 

observed with ACN/H2O (9:1, v/v) at 2 h incubation time (MIP-NIP = 1.3 µmoles/g polymer) 

compared to 18 h (MIP-NIP = 1.2 µmoles/g polymer) and 30 min (MIP-NIP = 

1.1 µmoles/g polymer). It was concluded that 2 h incubation in a mixture of ACN/H2O 

(9:1, v/v) is an effective equilibrium time to allow the target analyte to diffuse to the specific 

binding sites. This method was implemented for the evaluation of single analyte binding site 

characteristics at different concentrations and multiple cross-reactivity binding studies.  

 
Figure 5.13: Specific binding performance (MIP-NIP) of stigmasterol (0.1 mM, 1 mL) at 

different incubation times with two different binding solvents under static binding conditions. 

Measurements were made in duplicate (n = 2). Error bars indicate the standard error. 

5.3.4.2.2 Stigmasterol binding at different concentrations of binding 
solvent 

The solvent effect on the specific recognition properties of the imprinted polymer (20 mg) 

was initially investigated through single analyte static equilibrium batch binding assays for 

the stigmasterol-target (0.1 mM) using polar and non-polar solvents including EtOH, 

n-hexane and ACN (1 mL, respectively). The MIP showed no recognition towards 

stigmasterol when EtOH was used as a rebinding solvent, possibly due to the competition 

between the hydroxyl-group of EtOH with the target analyte. The MIP displayed a high 

affinity towards stigmasterol in the presence of n-hexane, however there was no apparent 
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imprinting effect, as the NIP showed a similar amount of stigmasterol uptake. In contrast, the 

MIP demonstrated the ability to capture stigmasterol in ACN, possibly due to the hydrogen 

bonding interactions. Although the MIP displayed an imprinting effect in neat ACN, it was 

anticipated that these binding interactions may be improved upon by the introduction of water 

in the binding environment based on the results reported by Puoci et al. (20). They optimised 

the binding protocol of the non-covalent MIP (prepared with a photo-polymerisation 

procedure) in the SPE format towards cholesterol from cheese products using ACN with 

different proportions of water (ACN:H2O (10:0 (v/v), 9:1 (v/v), 8:2 (v/v) and 7:3 (v/v)). The 

results showed that the best binding was achieved with a combination of ACN/H2O (7:3, v/v). 

In the present investigation, the single analyte static binding assays were performed for the 

recognition of stigmasterol (0.1 mM) with the MIP prepared via the semi-covalent imprinting 

technique using different combinations of ACN:H2O (9:1 (v/v), 8:2 (v/v) and 7:3 (v/v)). The 

selective uptake of stigmasterol (MIP - NIP) showed that a combination of ACN/H2O 

(9:1, v/v) gave a pronounced imprinting effect. In comparison, the use of ACN/H2O (8:2, v/v) 

and ACN/H2O (7:3, v/v) led to an increase of hydrophobically driven non-specific binding, 

which was similarly observed previously with a nicotine-imprinted MIP in ACN-aqueous 

media (24).  

The isotherm batch binding studies were performed with stigmasterol at different 

concentrations (0.05 mM to 0.50 mM) in 1 mL of ACN/H2O (9:1, v/v) or neat ACN (1 mL) 

using MIP or NIP (20 mg particles) at 2 h incubation time. Figure 5.14 show the comparisons 

of stigmasterol bound to the MIP or NIP in these two different binding solvent systems across 

all concentrations. The MIP clearly showed a two-fold higher binding capability for 

stigmasterol with ACN/H2O (9:1, v/v) compared to using neat ACN under similar 

experimental conditions. The concentrations of unbound stigmasterol in ACN/H2O (9:1, v/v) 

were calculated based on the linear calibration curve. The equation for the resulting 

calibration curve was y = 1131.5x with a correlation factor (R
2
) of 0.9. The unbound 

concentrations of stigmasterol in ACN were determined from the linear calibration curve, 

y = 804.5x with a correlation factor (R
2
) of 0.9. Subtraction of this value from the initial total 

analyte concentration gave the amount of bound analyte which was then expressed as 

µmoles/g polymer. 

This investigation demonstrated the solvent effect between neat ACN and 

ACN/H2O (9:1, v/v) solutions on the selectivity of the recognition sites. The different 
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physico-chemical properties of these two solvent systems may considerably influence the 

specific binding of the target analyte to the MIP. Binding recognition of stigmasterol in ACN 

primarily is governed by the intermolecular hydrogen bond interaction between the 

hydroxyl-group of the target analyte and the residual carboxylic functionality in the imprinted 

binding sites. However in ACN/H2O (9:1,v/v), the hydrophobic nature of the 

EGDMA-based-MIP and stigmasterol’s structural backbone may be exploited, as the 

introduction of a small proportion of water (10%, v/v) into the binding environment may 

enable the formation of ancillary hydrophobic interactions. Therefore, stigmasterol was herein 

found to possess a greater affinity to the MIP when water was present, with respect to the 

amount bound in ACN alone. These results indicate the importance of the nature of the 

solvent in the MIP performance.  

 

Figure 5.14: Static binding isotherms of stigmasterol at different concentrations (0.05 mM to 

0.50 mM) using MIP (20 mg) prepared by covalent approach in comparison to the NIP 

(20 mg) with (A) ACN/H2O (9:1, v/v, 1 mL) or (B) ACN (1 mL) for an incubation time of 

2 h. Measurements were determined in duplicate with two replicates (n = 4). Error bars 

indicate the standard error. 
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5.3.4.3 Static cross-reactivity binding study 

This research presents the first example of a static binding evaluation of the novel 

stigmasterol MIP with a standard mixture of six sterols. Such experiments are often limited by 

the availability of the stigmasterol analogues, which must be chemically synthesised if they 

are not commercially available. In this work, a mixture containing stigmasterol, 

stigmasteryl-3-O-ferulate, stigmasteryl-3-O-(4-acetoxyferulate), stigmasteryl-3-O-acetate, 

cholesterol and ergosterol (0.1 mM for each component) in ACN/H2O (9:1, v/v, 1 mL) was 

incubated with the MIP or NIP particles (20 mg), respectively, in a sealed Eppendorf tube.  

The performance of the MIP versus NIP with respect to the binding selectivity for the sterols 

from the standard mixture is shown in Figure 5.15. The stigmasterol-target exhibited the 

highest amount of stigmasterol bound to the MIP (1.6 µmoles/g polymer) in comparison to 

the NIP (0.2 µmoles/g polymer) due to the imprinting effect. A higher amount of stigmasterol 

(molecular weight 412.7 g/mol) was retained on the MIP compared to the NIP (MIP-NIP = 

1.4 µmoles/g polymer) which might have been due to a combination of hydrogen bonding and 

electrostatic interactions between the target analyte and the residual carboxylic acid group in 

the binding site. The MIP also demonstrated a significant binding selectivity for cholesterol 

(MIP-NIP = 1.1 µmoles/g polymer) and ergosterol (MIP-NIP = 1.0 µmoles/g polymer) 

because they possess some similarities in the backbone molecular structures to the 

stigmasterol-target. Thus, the resulting MIPs behave towards the free sterol molecules 

according to the particular chemistry of the stigmasterol binding site, which was capable of 

binding stigmasterol, cholesterol and ergosterol.  

Unexpectedly, strong binding affinities of stigmasteryl-3-O-ferulate were observed for both 

the MIP (2.3 µmoles/g polymer) and the NIP (1.5 µmoles/g polymer), which resulted in a low 

binding selectivity (MIP-NIP = 0.8 µmoles/g polymer). A possible explanation for this may 

be associated with the acidity of the stigmasteryl-3-O-ferulate in comparison to the free 

sterols due to the presence of the aromatic hydroxyl-group in the ferulate moiety. This 

hydroxyl-group which can behave as either a hydrogen bond acceptor or hydrogen bond 

donor could interact with the residual carboxylic acid (hydrogen bond donor or/and hydrogen 

bond acceptor) in the MIP cavities, thereby governing hydrogen bond interactions. This 

hypothesis was supported by the lower amount of bound stigmasteryl-3-O-(4acetoxyferulate) 

when the hydroxyl-group of the phenol in stigmasteryl-3-O-ferulate was replaced by 

an acetate in the stigmasteryl-3-O-(4-acetoxyferulate). In addition, the abundance of 
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π-electrons within the conjugated cinnamate ester in the stigmasteryl-3-O-ferulate could 

stabilise the intermolecular recognition through secondary hydrophobic electrostatic 

interactions. The fact that the corresponding NIP also displayed high binding suggests that 

substantial non-selective binding interactions occurred between the ester functionalities of 

polyEGDMA and stigmasteryl-3-O-ferulate. Moreover, the bulky size of 

stigmasteryl-3-O-ferulate (molecular weight 588.9 g/mol) may have had a significant impact 

leading to a lower binding selectivity due to size exclusion effects. This finding is in 

agreement with the study performed by Simon et al. (25) who demonstrated compounds 

larger than the target molecule showed a lower selectivity in the MIP recognition process 

explained by a steric exclusion, reducing the binding sites uptake.  

 
Figure 5.15: Amounts of bound sterols in a sterol mixture solution containing stigmasterol, 

stigmasterol analogues, cholesterol and ergosterol (0.1 mM for each component) in ACN/H2O 

(9:1, v/v, 1 mL) with MIP (prepared by semi-covalent imprinting style) or NIP 

(20 mg, respectively) using the isotherm static batch binding protocol. The arrows and 

numbers represent the difference of amount of stigmasterol bound by the MIP vs. the NIP. 

Measurements were determined in duplicate with two replicates (n = 4). Error bars indicate 

the standard error.  
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In comparison, stigmasteryl-3-O-(4-acetoxyferulate) (MIP-NIP = 0.2 µmoles/g polymer) and 

stigmasteryl-3-O-acetate (MIP-NIP = 0.1 µmoles/g polymer) resulted in an even lower uptake 

by the MIP. The hydrogen bond site at the C3 position in both molecules is blocked by a 

4-acetoxyferulate moiety and acetyl group, respectively, therefore they cannot form hydrogen 

bonding with the carboxylic acid functionality in the imprinted cavities. The stigmasteryl-

3-O-(4-acetoxyferulate) and stigmasteryl-3-O-acetate showed the similar binding magnitudes 

for the NIPs which were notably less than that observed for the stigmasteryl-3-O-ferulate, 

presumably due to the later ability to interact with the ester functionalities of the cross-linker 

via the acid phenolic group.  

These studies demonstrated the importance of the hydroxyl functionality in the target analyte 

and/or target analogues for the formation of selective hydrogen bond interactions with the 

residual carboxylic acid in the imprinted cavities. In addition, the size and shape of the 

analytes influenced the binding recognition mechanism of the MIP.  

5.3.4.4 Dynamic binding  

To the best of my knowledge, this is the first time dynamic binding studies were performed 

with a stigmasterol MIP prepared by covalent imprinting. The aim was to assess the 

selectivity of the recognition sites with several structurally related compounds in comparison 

to the NIP via a MISPE technique. For this study, a mixture of sterols containing stigmasterol, 

cholesterol and ergosterol at a concentration of 0.1 mM (for each component) in ACN/H2O 

(9:1, v/v, 2 mL) was loaded onto MIP or NIP cartridges followed by gravity elution. Due to 

the low solubility of sterols in aqueous-ACN media, the concentration of each sterol in the 

mixtures loaded onto the MIP or NIP cartridge must be in a range of 0.05 mM to 0.50 mM, 

i.e., the concentration must be ≤ 0.5 mM. Moreover, an increase of H2O content above 

20% (v/v) with ACN as loading solvent results in a precipitation of the target sterols within 

the polymer matrix.  

The second stage of the MISPE process involved several wash steps with the same solvent 

combination as used in the loading stage, whereby ACN/H2O (9:1, v/v) proved to be an 

appropriate combination to remove the majority of the non-selectively bound compounds. The 

amount of bound stigmasterol, cholesterol and ergosterol in wash and elution stages after 

MISPE and NISPE can be seen in Figure 5.16 and Table 5.1. The majority of the 

non-selectively bound material eliminated from the NIP cartridge in the wash stage was 
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observed for (A) stigmasterol, (B) cholesterol and (C) ergosterol. This competitive dynamic 

binding resulted in 37.41% (43.1 µg/g polymer) loss of stigmasterol during the wash steps, 

whilst 40.03% (39.2 µg/g polymer) loss of cholesterol was observed, and 49.4% 

(49.2 µg/g polymer) of ergosterol was diminished after the wash stages. This phenomenon 

was expected in the wash stages due to the fact that only one terminal of hydroxyl-group was 

present in the stigmasterol molecule at the β-position of C3 to generate hydrogen bonding 

interactions. Because of the very limited number of potential interaction sites in the tested 

sterol structures and the use of a wash solvent containing aqueous-ACN, the propensity for 

target binding in the wash step was reduced.  

The target analytes were then removed from the MISPE cartridge during the elution stage via 

a disruption of the hydrogen bonding with EtOH/AcOH (9:1, v/v). Due to the ‘memory’ of the 

binding sites to recognise molecules with dimensions of the stigmasterol-target, the MIP had 

captured 71.3 µg/g polymer of stigmasterol which was obtained in the eluate fraction, 

compared to 5.9 µg/g polymer of the target molecule eluted from the NIP, with the highest 

selectivity (MIP-NIP = 65.4 µg/g polymer and highest imprinting factor (12) amongst the 

tested sterols present in the mixture. The binding of structurally related sterols in the MIP was 

determined to be 57.9 µg/g polymer for cholesterol (with a lower selectivity of MIP-NIP = 

47.6 µg/g polymer) whilst for ergosterol it was 50.4 µg/g polymer (and the lowest selectivity 

of MIP-NIP = 36.9 µg/g polymer).  

The sterols involved in these experiments possess the same backbone structures except for 

ergosterol, which has an additional double bond at the C7-C8 in the B-ring. The most obvious 

structural differences between stigmasterol, cholesterol and ergosterol are the double bonds at 

C22 and the alkyl chain at the position of C24 (Figure 5.16-D). Since cholesterol displayed the 

closest structural similarity to the target molecule, the binding recognition for cholesterol was 

slightly higher than that for ergosterol. Since the highest binding selectivity was obtained for 

stigmasterol, it can be assumed that the side chain of stigmasterol enhances the fidelity of the 

recognition sites of the imprinted polymer for this compound. This demonstrated the potential 

of MIP polymers to have binding site attributes which possess the ability to ‘memorise’ small 

structural differences amongst sterols. The recoveries of the tested sterols in the mixture 

containing stigmasterol, cholesterol and ergosterol are shown in Table 5.1.  
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Figure 5.16: Amounts of sterols bound out of a mixture of sterol standards (0.1 mM in 

ACN/H2O (9:1, v/v)) containing (A) stigmasterol, (B) cholesterol and (C) ergosterol 

(µg/g polymer) in wash and eluate fractions after MISPE and NISPE. The arrows and 

numbers represent the absolute mass difference of bound sterols between the MIP and the 

NIP. Measurements were determined in duplicate (n =2). Error bars indicate the standard 

error. (D) Structure overlays of stigmasterol (blue), cholesterol (yellow) and ergosterol 

(green) in 3D-view at different angles. The images were produced using Spartan ′10 for 

Windows version 1.1.0 software package on a Pentium IV 2.0 GHz. 
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Table 5.1: The amounts (µg/g polymer) of (A) stigmasterol, (B) cholesterol and (C) 

ergosterol in a mixture of sterols after wash and elution fractions obtained from MISPE or 

NISPE cartridges. 

MISPE/NISPE procedure 

(A) Stigmasterol 

(µg/g polymer) 

(B) Cholesterol 

(µg/g polymer) 

(C) Ergosterol    

(µg/g polymer) 

MIP NIP MIP NIP MIP NIP 

Sample loading (1 × 2 mL) 115.1 115.1 97.8 97.8 100.6 100.6 

Wash fraction (2 × 2 mL) 43.1 108.2 39.2 85.7 49.2 85.4 

Eluate fraction (3 × 2 mL) 71.3 5.9 57.9 10.3 50.4 13.5 

Total sterol in wash and eluate 
fraction 

114.4 114.1 97.1 96.0 99.6 98.9 

Total recovery (%) 99.4 99.1 99.3 98.2 99.0 98.3 

Selectivity = MIP eluate - NIP eluate 65.4 47.6 36.9 

Imprinting factor,  

IF= MIP eluate / NIP eluate 
12 6 4 

5.4 Conclusions 

The main aim of this research was to prepare MIPs for the selective binding of stigmasterol 

either based on the non-covalent or covalent three-dimensional imprinting methods and to 

optimise stigmasterol recognition when on its own or in the presence of other structurally 

related sterols. The characterisation of the generated binding sites within polymer matrix was 

achieved through static batch absorption binding and dynamic binding assays. Although the 

MIP prepared by the non-covalent method was easy to produce, it led to low stigmasterol 

selectivity of MIP versus NIP in polar or non-polar solvents, as observed from the mini-MIPs 

experiments with very little specific recognition of the target analyte 

(MIP-NIP = 0.3 µmoles/g polymer) bound to the MIP. 

In contrast, the novel MIP fabricated through the covalent approach showed good recognition 

abilities towards stigmasterol when a mixture of sterol standards containing stigmasterol 

analogues, cholesterol and ergosterol was used with aqueous-ACN in static multiple analyte 

batch binding experiments, which resulted in 1.6 µmoles/g polymer of target analyte retained 

in the polymer binding sites. The MIP imprinted to recognise the target molecule stigmasterol 

was assessed for cross-reactivity dynamic binding towards the stigmasterol, cholesterol and 

ergosterol. The MIP was capable of interacting with these sterol molecules of biological 
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relevance via hydrogen bonding due to the similar size and backbone structure, however the 

binding sites showed better recognition for its original stigmasterol-target in comparison to 

the other sterols. Since cholesterol and ergosterol have a close structural resemblance to 

stigmasterol, one additional positive outcome of this investigation is that the MIP could be 

utilised as a multi-purpose extraction medium to enrich/purify these sterols. Instead of having 

a MIP designed to capture an individual compound, this MIP can be used for the detection of 

several sterols not only from plants but also animal and fungi derived sources, for various 

types of applications. From a clinical point of view, cholesterol plays a major role in human 

health and a high blood cholesterol level is an easily monitored risk factor for cardiovascular 

disease and stroke (26). Therefore, the detection of cholesterol in human blood is very 

important area to prevent the formation of those diseases. Several studies have demonstrated 

that ergosterol and its peroxidation products may contribute to potential human health-

benefits with potent pharmacological activities including reducing pain related to 

inflammation, reducing the incidence of cardiovascular diseases, acting as an antioxidant, 

antimicrobial and anti-tumour substance (27, 28). 

In multiple-analyte competitive static binding assays, the specificity of the MIP binding sites 

tested with the stigmasterol analogues were evaluated. The stigmasteryl-3-O-ferulate showed 

high binding affinity to the MIP as well as the NIP, which resulted in a low binding 

selectivity. This observation may be explained by the aromatic hydroxyl-group of the ferulate 

moiety that could interact with the carboxylic acid functionality in the imprinted cavities 

thereby governing hydrogen bond interactions. The high amount of this compound bound to 

the MIP was also observed for the corresponding NIP suggesting that substantial 

non-selective binding interactions between the ester functionalities of the cross-linker and 

acid phenolic group in the stigmasteryl-3-O-ferulate molecular structure have occurred. 

Moreover, the bulky size of stigmasteryl-3-O-ferulate would appear to be a contributing factor 

for the low recognition due to size exclusion effects. In contrast, the absence of 

hydroxyl-groups in the stigmasteryl-3-O-(4-acetoxyferulate) and stigmasteryl-3-O-acetate 

revealed a significant impact upon the low binding selectivity of these compounds in the MIP 

versus NIP experiments, respectively. The MIP was also used for dynamic recognition 

binding studies whereby the MISPE protocols were tailored to provide specific recognition 

properties by optimising the sample loading, wash and elution conditions. Both, static and 

dynamic binding assays showed two main synergistic effects, (i) hydrogen bonding 

interactions between the hydroxyl-substituent of sterol molecules and the residual 
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carboxyl group derived from the polymer-embedded methacrylate-portion of the 

monomer-template composite in the binding sites of the polymer networks and (ii) the effects 

of size and shape of the analytes with respect to that of the template imprint.  

These results have shown that the effort to synthesise the MIP by a covalent approach is 

worthwhile and that the herein demonstrated successful new approaches for binding site 

characterisation, selectivity optimisation and performance monitoring of this new sterol 

sensitive MIP in SPE format will lead to further developments in MIP technology. Moreover, 

chromatographic optimisations using green separation techniques were elaborated. The new 

stigmasterol MIP allowed a simultaneous capture of ergosterol and cholesterol but 

discriminated against large sterol molecules in complex mixtures. The methods developed 

will in subsequent studies be applied to the analysis of sterols from agricultural byproducts in 

Chapter 6. 
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Chapter 6 
Extraction and analysis of polyphenols and 
phytosterols from grape byproducts 

Abstract 

The use of grape byproducts as natural health-beneficial antioxidant as substitutes for 

synthetic antioxidants is a cost effective and environmentally sustainable strategy with 

immense potential for the future.  

Isolation of bioactives from grape byproducts can be achieved with molecularly 

imprinted polymers (MIPs). The MIP incorporated in the SPE format provided significant 

advantages to extract and enrich (E)-resveratrol from grape skin and seed extracts. The 

MISPE had shown its functionality as an efficient cleanup reusable tool to discard the 

unwanted endogenous compounds from the complex sample extract. Due to the structural 

similarity and spatial complementarity to the target compound, the MIP was also able to 

bind quercetin glucuronide (from grape skins) and epicatechin gallate (from grape seeds). 

The high recoveries of more than 99% of (E)-resveratrol for both waste extracts were 

achieved with a high imprinting factor. For the phytosterol analysis, a novel MIP 

prepared by the covalent approach was capable of recognising stigmasterol in aqueous 

media derived from unsaponified grape seeds with an imprinting factor of 12 and a 

satisfactory recovery of 96% after MISPE treatment. 

The application of RPLC-ESI ion trap MS/MS for the identification of numerous 

non-binding compounds and binding target compound as well structurally related 

compounds in the flow-through and eluate fractions of two MISPE led to insights into the 

physical and chemical interaction of the MIPs with their target analytes and with 

molecules that can be eliminated. 

This chapter introduced a new method to enrich the health-beneficial resveratrol, 

procyanidin and epicatechin as well as stigmasterol and campesteryl glycoside from one 

grape skin and seed feedstock with green chemistry methods. 

The application of MISPE for the selective enrichment of health-beneficial compounds 

from agricultural waste materials provides a new, efficient, cost-effective and sustainable 

approach to natural resource utilisation as demonstrated for the successive capture of 

(E)-resveratrol (from grape skins and seeds) and stigmasterol (from grape seed).  



 

156 
 

Table of Contents 

 

6.1 Introduction ...................................................................................................................... 157 

6.2 Materials and Methods .................................................................................................... 158 

6.2.1 Reagents and standards ..................................................................................... 158 

6.2.2 RP-HPLC and LC-ESI ion trap method........................................................... 159 

6.2.3 Sample preparations .......................................................................................... 160 

6.2.4 MISPE protocol for (E)-resveratrol analysis ................................................... 162 

6.2.5 MISPE protocol for stigmasterol analysis ....................................................... 162 

6.3 Results and Discussion .................................................................................................... 163 

6.3.1 Grape skin extract for polyphenols analysis .................................................... 163 

6.3.2 Grape seed extract for polyphenols analysis ................................................... 174 

6.3.3 Phytosterols analysis in grape seed extract ...................................................... 182 

6.4 Conclusions ...................................................................................................................... 192 

6.5 References ........................................................................................................................ 192 

 



Chapter 6 

Extraction and analysis of polyphenols and phytosterols from grape byproducts 

 
 

157 
 

6.1 Introduction 

Increasing knowledge of the health promoting properties of antioxidants in everyday foods, 

has led grape byproducts to be considered as a new revenue stream for incorporation in a 

‘green economy’. The global wine industry is producing a large volume of waste. The main 

winery byproducts are generated during de-stemming (stems), and grape crushing and 

pressing (skins and seeds). The accumulation of substantial amounts of grape byproducts 

(about 5-9 million tonnes worldwide) has the potential to create an industrial waste problem 

(1). Grape byproducts have been used for the generation of tartaric acid and the production of 

compost. To extract health-beneficial compounds would be an alternative use, providing new 

sources of income with a positive impact on the environment. Grape pressings contain 

valuable amounts of bioactive health-beneficial phenolic and sterol substances. However, far 

too little attention has been paid to the analysis of skins and seeds compared with research 

concerning wine (2). 

Grape skins have been associated with appreciable amount of polyphenols, in particular 

flavonols, anthocyanins (3) and resveratrol. The grape seeds have been reported to contain 

40% fiber, 16% oil, 11% protein, 7% phenolic compounds and less than 6% of sterols (4). In 

contrast to grape skins, grape seeds contain the phenolic procyanidins, which are flavan-3-ol 

derivatives. Oligomeric and polymeric procyanidins in grape seeds possess a broad spectrum 

of therapeutic properties and are one of the most potent natural antioxidants. 

Catechin/epicatechin are the major antioxidative phenolic components of grape seeds (3). 

Resveratrol has been shown to be present in grape seeds (5) and has important in vitro and in 

vivo anticancer properties (6, 7). 

The phytosterols such as β-sitosterol, campesterol and stigmasterol have also been obtained 

from grape seed oil (8). The polyphenol and phytosterol compositions in grape byproducts 

depend on the cultivar, climatic condition, geographical origin and degree of grape maturity 

(8, 9). 

It is an on-going challenge to develop low cost, rapid and efficient analytical methods for the 

determination of bioactive compounds from plants for use in the food, pharmaceutical and 

cosmetic industries. An elegant approach to the rapid isolation of specific target compounds 

from complex samples can be achieved using molecularly imprinted polymers (MIPs). The 

incorporation of MIPs in the solid-phase extraction (SPE) format, known as MISPE, has been 
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used widely to facilitate difficult chemical separations (10, 11). In this thesis, the exploitation 

of the molecular recognition properties of the imprinted polymers and the sample 

pretreatment was shown to be of crucial importance for the selective enrichment and cleanup 

of polyphenols. The previous studies focussed on the development and optimisation of an 

(E)-resveratrol-templated MIP, as presented in Chapter 2. Several successful applications of 

(E)-resveratrol MIPs using different types of complex samples derived from grapes have been 

demonstrated in Chapter 3 and Chapter 4. In Chapter 5, a MIP for grape derived sterols 

was developed. In the present chapter, the extraction of polyphenols from the skins or seeds of 

grapes and an enrichment of (E)-resveratrol using a (E)-resveratrol-templated MIP is 

described. Furthermore, the solid residue of the grape seed polyphenol extraction process is 

reused to extract sterols and the enrichment of stigmasterol is attempted using a 

stigmasterol-templated MIP. To the best of my knowledge, this is the first time the same 

source of grape waste has been used for the successive extraction and analysis of polyphenols 

and phytosterols, moreover using green analytical methodologies. 

6.2 Materials and Methods 

6.2.1 Reagents and standards  

6.2.1.1 (E)-Resveratrol and other polyphenol analysis 

For reagents and standards, see Chapter 2 (Section 2.2). 

6.2.1.2 Special precautions 

All laboratory procedures involving the manipulations of (E)-resveratrol containing samples 

were performed in dim light to avoid photochemical isomerisation of (E)-resveratrol to 

(Z)-resveratrol.  

6.2.1.2.1 Standard calibration curve of (E)-resveratrol  

i) Grape skins analysis 

The calibration curve for (E)-resveratrol quantification was constructed from a serial dilution 

of the (E)-resveratrol standard with EtOH at a concentration between 1.3 × 10
-4

 mM and 

5.0 × 10
-1

 mM. The standard curve was calculated by linear regression according to the 
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formula y = mx + b, where y is the peak area obtained after RP-HPLC, x is the concentration 

of (E)-resveratrol (mg/L), m is the slope and b is the intersection near to the origin (~0.0). The 

equation for the resulting calibration curve was y = 68.8x with a correlation factor (R
2
) of 0.9. 

The limit of detection (LOD) (multiplying the standard deviation (SD) by a factor of 3) and 

the limit of quantitation (LOQ) (10 times the SD) for (E)-resveratrol were determined to be 

1.3 × 10
-2

 mg/L and 4.4 × 10
-2 

mg/L, respectively.  

ii) Grape seeds analysis 

For the calibration, a set of (E)-resveratrol standards between concentrations from 

1.3 × 10
-4

 mM to 5.0 × 10
-1

 mM prepared with EtOH was used. The linear regression equation 

for the standard curve, y = 77.1x with a correlation coefficient (R
2
) of 0.9 was obtained by 

plotting the concentration (mg/L) of the (E)-resveratrol standard against the peak area. The 

limit of detection (LOD) and limit of quantification (LOQ) was determined to be 

1.1 × 10
-2

 µg/L and 3.7 × 10
-2 

mg/L, respectively. 

6.2.1.3 Stigmasterol and phytosterol analysis 

For reagents and standards see Chapter 5 (Section 5.2). 

6.2.1.3.1 Standard calibration curve of stigmasterol 

Standard solutions of stigmasterol was prepared in a serial dilution of concentrations in a 

range from 1.6 × 10
-2

 mM to 5.0 × 10
-1

 mM in ACN/H2O (9:1, v/v) to obtain a linear 

calibration curve with the regression equation of y = 950.1x, where y is the peak area obtained 

after RP-HPLC, x is the concentration of stigmasterol (mM), m is the slope and b is the 

intersection near to the origin (~0.0). The correlation factor (R
2
) of the resulting calibration 

curve is 0.9. The limit of detection (LOD) and limit of quantification (LOQ) was determined 

to be 1.2 × 10
-3

 mM and 3.9 × 10
-3 

mM, respectively. 

6.2.2 RP-HPLC and LC-ESI ion trap method  

6.2.2.1 Polyphenol analysis 

For the separation of polyphenols from the extracts of grape skins and seeds, eluent A 

(10 mM of formic acid in water) and eluent B (10 mM formic acid in EtOH/H2O (4:1, v/v)) 

were used. The LC gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 
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10% (v/v) B. The details about the chromatographic parameters are described in 

Chapter 2 (Section 2.2.3). 

6.2.2.2 Phytosterol analysis 

The phytosterol analysis was performed using isocratic elution with EtOH/H2O (9:1, v/v) 

consisting of 0.2% (v/v) AcOH in the separations performed with the analytical LC system. 

The analysis of stigmasterol with the microLC system was performed with isocratic elution, 

with eluent A consisting 0.2% (v/v) AcOH in water (3%, v/v) and eluent B containing 

0.2% (v/v) AcOH in EtOH (99.9 purity) (97%, v/v) were employed. For additional 

instrumentation conditions, see the Chapter 5 (Section 5.2.3). 

6.2.3 Sample preparations 

Two bunches of fresh Pinot noir grapes (181.0 g) sourced from the Mornington Peninsula 

(Victoria, Australia) were used in this work. The grapevines were manually de-stemmed prior 

to being crushed and pressed by a hand press. The juice (96.5 g) liberated during the pressing 

was discarded whilst the skins and seeds of the grapes were manually separated for further 

analysis.  

6.2.3.1 Grape skins extraction for polyphenols analysis 

The grape skins (49.6 g) were lyophilised in a freeze-dryer (Labconco, Missouri, USA) at 

0.01 mbar for two days in order to determine the dry matter content. The dried skins were 

ground with mortar and pestle in the dark. The powdered grape skins (5.0 g) were extracted 

with a mixture of EtOH/H2O (1:1, v/v, 30 mL) in a round-bottom flask. The sample mixture 

was stirred using a magnetic stirrer (IKA RCT Basic, Staufen, Germany) at a speed of two 

(40 rpm) and left in the dark for 30 min prior to ultrasonication (Elmasonic, Singen, 

Germany) for 30 min. The mixture was centrifuged (Eppendorf AG Centrifuge 581OR, 

Hamburg, Germany) for 10 min at 4000 rpm at 20 °C. The supernatant was transferred into a 

volumetric flask and diluted with the extraction solvent to 50 mL. An aliquot of the extract 

was directly injected into the RP-HPLC system and the LC-ESI ion trap MS/MS system, and 

loaded onto MISPE and NISPE cartridges. The injection and the MISPE protocol were 

performed in duplicate (n = 2).  
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6.2.3.2 Grape seeds extraction for polyphenol analysis 

The grape seeds (19.6 g) were quickly freeze-dried in the lyophiliser (Labconco, Missouri, 

USA) at 0.01 mbar for two days. The sample (5.0 g) was crushed using a blender (Kambrook, 

Victoria, Australia) at a speed control setting of one for one min with the extraction solvent 

containing a mixture of EtOH/H2O (1:1, v/v, 30 mL). The sample mixture was left in the dark 

for 30 min and stirred using a magnetic stirrer (IKA RCT Basic, Staufen, Germany) at a speed 

of two (40 rpm) in a round-bottom flask. The mixture was centrifuged (Eppendorf AG 

Centrifuge 581OR, Hamburg, Germany) for 10 min at 4000 rpm at 20 °C. The supernatant 

was transferred into a volumetric flask and diluted to the mark (50 mL) with the extraction 

solvent. An aliquot of the extract was injected into the RP-HPLC system and the 

LC-ESI-MS/MS system, and loaded onto MISPE and NISPE cartridges. The injection and the 

MISPE protocol were carried out in duplicate (n = 2). 

6.2.3.3 Grape seeds extraction for phytosterols analysis 

The pellet remaining after the centrifugation during the polyphenols analysis was transferred 

into a glass sintered filter. A vacuum was used to remove the residual solvents and then the 

sample was dried in a vacuum oven for 1 hour. A saponification procedure was employed 

based on an established method (ISO 3596-2) with some minor modifications. The sample 

(5.0 g) was refluxed with 1 M ethanolic potassium hydroxide (50 mL) at 115 °C for 2 h in a 

round-bottom flask. After 50 mL of distilled water was added, the sample was filtered prior to 

the extraction with three portions of n-hexane (3 × 15 mL) in a separatory funnel. The 

combined n-hexane fractions were washed with distilled water (2 × 50 mL) until neutral 

according to a pH indicator paper. The n-hexane mixture was dried with anhydrous sodium 

sulphate and filtered using Whatman No. 1 filter paper. The n-hexane fraction was evaporated 

to dryness under reduced pressure using a rotary evaporator (Buchi Rotavapor R-215, Flawil, 

Switzerland). The removal of the n-hexane solvent yielded an unsaponifiable residue and this 

portion was re-dissolved in 10 mL of ACN/H2O (9:1, v/v). An aliquot of this extract was 

injected into RP-HPLC and LC-ESI ion trap MS/MS, as well as loaded onto MISPE and 

NISPE cartridges. The experimental flow to isolate (E)-resveratrol and stigmasterol from this 

grape seed extract is shown in Figure 6.1.  
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Figure 6.1: Experimental workflow for the extraction of (E)-resveratrol and stigmasterol from 

a single source of grape seeds.  

6.2.4 MISPE protocol for (E)-resveratrol analysis  

The MISPE and NISPE cartridges (2.0 cm diameter × 8.7 cm length) were conditioned (in 

sequence) with EtOH/AcOH (9:1, v/v), EtOH and EtOH/H2O (15:85, v/v) (3 × 5 mL), 

respectively. The supernatant of skins or seeds of grapes (5 mL) was loaded onto the MISPE 

or NISPE cartridge, respectively. The MISPE or NISPE cartridge was washed with 

EtOH/H2O (9:1, v/v) containing 1% (v/v) AcOH (4 × 5 mL) followed by elution with 

EtOH/AcOH (9:1, v/v) (10 × 5 mL). Finally, both cartridges were reconditioned in sequence 

with H2O, EtOH and EtOH/H2O (15:85, v/v) (3 × 5 mL), respectively. In the case of more 

complex samples, an additional wash step with 0.1 mM NaOH in water was introduced.  

6.2.5 MISPE protocol for stigmasterol analysis  

The MISPE and NISPE cartridges (2.0 cm diameter × 8.7 cm length) were conditioned with 

ACN and ACN/H2O (9:1, v/v) (2 × 2 mL), respectively. The supernatant of unsaponified 

grape seed (2 mL) was loaded onto the MISPE or NISPE cartridge, respectively. The MISPE 

or NISPE cartridge was washed with ACN/H2O (9:1, v/v) containing 1% (v/v) AcOH 

(4 × 2 mL) followed by elution with EtOH/AcOH (9:1, v/v) (5 × 2 mL). Both cartridges were 

finally reconditioned in sequence with H2O, ACN and ACN/H2O (9:1, v/v) (3 × 2 mL).  
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6.3 Results and Discussion 

6.3.1 Grape skin extract for polyphenols analysis 

The Pinot noir fresh grape pressings resulted in 27.4% (g/g) of skins based on fresh weight. 

The grape skins were subjected to fast freeze-drying and 30.5% (g/g) of dry matter content 

was determined based on the mass before and after drying. This procedure avoided the growth 

of bacterial or any other microbiological agents that could lead to the degradation of the target 

molecules.  

The dried grape skin was extracted with a mixture of benign solvents containing 

EtOH/H2O (1:1, v/v). The selection of ethanol as an organic solvent was based on the fact that 

this solvent, when mixed with water, improves the solubility of phenolic components (12). 

The supernatant obtained after centrifugation was injected directly into the RP-HPLC or 

LC-ESI-MS/MS system. The chromatographic conditions for both analytical instruments 

were selected based on the optimised methods developed in Chapter 2 (Section 2.2.3).  

6.3.1.1 Analysis of (E)-resveratrol and other polyphenols from grape 
skin before and after MISPE treatment by RP-HPLC 

The separation of polyphenols in the extract of grape skins was achieved with a double 

endcapped C18-column in order to minimise peak tailing. Based on a linear calibration curve 

of (E)-resveratrol standard, this compound (peak 18) was determined to be 31.4 µg/g dry 

extract with a retention time (tR) of 33.5 min (Figure 6.2), which is consistent with the value 

obtained by previous research. In that study (13), (E)-resveratrol content derived from various 

types of red and white grape skins were determined in a range of 11.1 µg/g to 123.0 µg/g dry 

matter due to the differences in variety, climate and phytosanitary conditions. A recent study 

showed that a higher concentration of (E)-resveratrol was found in the skins of Cabernet 

Sauvignon (12.4 µg/g) in comparison to the Pais cultivar (1.0 µg/g) (14). This study was in 

accordance with an earlier investigation performed by Okuda and co-workers (15), who 

reported that the amounts of (E)-resveratrol in the grape skins varied considerably depending 

on the grape cultivar. With respect to the pharmacological properties, (E)-resveratrol has been 

shown to possess a wide array of health-beneficial effects with respect to various diseases 

such as cardiovascular disease, cancer, diabetes and neurodegenerative disorders (16). 



Chapter 6 

Extraction and analysis of polyphenols and phytosterols from grape byproducts 

 
 

164 
 

 

Figure 6.2: RP-HPLC chromatograms recorded at a wavelength of 320 nm for the 

quantification of (E)-resveratrol (tR = 33.5 min, peak 18) in the grape skin (insert) extract 

(purple line, back chromatogram), after MIP (blue line, front chromatogram) and after NIP 

(red line, middle chromatogram) SPE treatment. The LC chromatograms were obtained with a 

Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 5 µm particle size) at 20 °C. 

LC conditions: eluent A: 10 mM formic acid in water, eluent B: 10 mM formic acid in 

EtOH/H2O (4:1, v/v), gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min 

to 10% (v/v) B; flow rate: 0.5 mL/min; 5 µL injection. 

In order to isolate (E)-resveratrol from the grape skin extract, MISPE was employed as well 

as NISPE (which acted as a control). The RP-HPLC elution profiles obtained from MISPE or 

NISPE can be seen in Figure 6.2. MISPE could be successfully used to enrich (E)-resveratrol 

in relation to other components present in the complex grape skin extract. The concentration 

enrichment of (E)-resveratrol after MIP eluate was determined to be 18.3 mg/L from the 

original concentration of 4.0 mg/L in the extract (on a mass and volume normalized basis). In 

addition, MISPE had shown its utility as an efficient cleanup tool with only few other 

components appearing after the elution from the MIP. The phenolic compounds present in the 

extract were comprehensively identified by LC-ESI-MS/MS, which is described later in 

Section 6.3.1.2. It should be noted that the peak numbering system of the chromatograms 

obtained from the analytical RP-HPLC is synchronised with the chromatographic profile 

generated by micro RP-HPLC-ESI ion trap MS/MS. 
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6.3.1.2 Identification of polyphenols from grape skin extract before 
and after MISPE treatment by LC-ESI ion trap MS/MS 

Identification and characterisation of (E)-resveratrol and other polyphenols in grape skin 

extract was carried out by LC-ESI ion trap MS/MS at the m/z range of 100-1200 in the 

negative ionisation mode. In total, at least 24 phenolic components were identified in the 

extract prior to MISPE treatment as shown in Figure 6.3-A. The broad peak at a retention 

time between 8.5 min to 12 min in the chromatogram revealed unretained compounds in the 

gradient elution mode specifically chosen for polyphenols analysis. The detected polyphenols 

in the grape skin extract are enumerated in Table 6.1 and are further discussed in the next 

section. 

 

Figure 6.3: Base peak chromatogram (BPC) of (A) grape skin extract and (B) MISPE (blue 

line, front chromatogram) and NISPE (red line, back chromatogram) eluates from grape skin 

extract. Inserted is a mass spectrum of (E)-resveratrol with the characteristic product ions. 

(E)-resveratrol (peak 18) eluted at tR = 41.5 min. The base peak chromatograms were 

obtained after RP-HPLC separation on a Zorbax XDB C18 capillary column 

(0.3 mm × 150 mm, 3.5 µm particle size) in the m/z range of 100-1200 using the negative 

ionisation mode by ESI ion trap MS/MS at 20 °C. LC conditions: eluent A: 10 mM formic 

acid in water, eluent B: 10 mM formic acid in EtOH/H2O (4:1, v/v), gradient: 0-2 min to 

10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 2 µL/min; 0.1 µL 

injection. 
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Table 6.1: Identifications and characterisations of polyphenols from grape skin extract before 

and after MISPE and NISPE treatment by LC-ESI ion trap MS/MS at the m/z range of 

100-1200 in the negative ionisation mode. Bold entries represent significant enrichment of 

phenolic compounds above the ion current intensity of 0.5 × 10
5
. 

Peak 

No. 
Compound name tR (min) 

Precursor ion 

[M-H]ˉ, m/z 
Product ion(s), m/z

 Grape skin 

extract 
MIP NIP 

*1 B-type procyanidin 16.5 577 451, 425, 407, 289    

2 (±)-Catechin 20.8 289 245, 205, 179    

*3 B-type procyanidin 21.6 577 451, 425, 407, 289    

4 p-Coumaryl glucoside 22.3 325 265, 235, 187, 163, 145    

5 (±)-Epicatechin 25.9 289 245, 205, 179    

*6 B-type procyanidin 26.6 577 451, 425, 407, 289    

7 Myricetin-3-O-glucoside 30.2 479 355, 317, 299, 163    

8 Epicatechin-3-O-gallate 31.0 441 289, 205, 169, 125    

*9 B-type procyanidin 31.6 577 451, 425, 407, 289    

10 (E)-Piceid 32.8 389 227    

11 Viniferin 33.2 453 359, 265    

12 Piceatannol glucoside 34.1 405 345, 243, 225, 215    

13 (+)-Astilbin 37.2 449 303, 285, 151    

14 Quercetin-3-O-rutinoside 37.4 609 301, 179, 151, 107    

15 Quercetin-3-O-

glucuronide 

37.6 477 301, 179, 151    

16 Quercetin-3-O-glucoside 38.3 463 301, 179, 151    

17 (-)-Astilbin 40.0 449 303, 285, 151    

18 (E)-Resveratrol 41.5 227 185, 157, 143    

19 Kaempherol-3-O-

glucoside 

42.2 447 327, 285, 255    

20 (Z)-Piceid 42.5 389 227    

21 Quercetin-3-O-xyloside 43.5 433 301, 287, 269, 179, 151    

22 Dimer adduct of 

catechin-methyl-5-

furfuraldehyde 

44.8 671 653, 429, 411, 287, 

259, 245 

lc   

23 (Z)-Resveratrol 47.8 227 185, 157, 143    

24 Quercetin 49.5 301 179, 151    

 Based on the MS/MS spectra, no further identification was possible; 

lc Phenolic compound present at low concentration. 
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6.3.1.2.1 Identification of polyphenols before MISPE treatment 

i) Stilbenes 

Several compounds of stilbenes were detected in the extract of grape skins. Resveratrol in 

(E)-(peak 18) and (Z)-(peak 23) forms were identified based on the precursor ions [M-H]ˉ at 

m/z 227, respectively. These compounds had identical characteristic product ions (m/z 185, 

157 and 143) but dissimilar retention times (17). With the assistance of the (E)-resveratrol 

reference standard, the peak identity and elution profile of the (E)-isomer was verified. 

(E)-Resveratrol was observed at a retention time of 41.5 min whilst its stereoisomer eluted at 

a longer retention time (47.8 min) due to the higher hydrophobicity of (Z)-resveratrol in the 

reversed-phase system. The retention time of (E)-resveratrol (41.5 min) obtained from the 

microLC system was about 8 min higher in comparison to the retention time obtained from 

the analytical RP-HPLC system due the differences in gradient delay volume of these 

systems. A more detailed explanation is given in Chapter 3 (Section 3.3.3.1.1). Resveratrol 

glucosides, known as piceid/polydatin were observed at the retention time of 32.8 min 

(peak 10) and 42.5 min (peak 20) corresponding to the (E)- and (Z)-isomers, respectively. 

Due to the differences in polarity, the glucosides of resveratrol eluted earlier than resveratrol 

aglycone. Piceids were identified based on the precursor ion [M-H]ˉ at m/z 389 which 

underwent fragmentation to generate free resveratrol (m/z 227) by losing a unit of glucoside 

moiety (18). A resveratrol oligomer, viniferin (peak 11), was present in the sample with a 

precursor ion [M-H]ˉ at m/z 453. This compound fragmented via MS/MS experiments to give 

two distinctive product ions at m/z 359 and 265 (19). Peak 12 was attributed to piceatannol 

glucoside based on the precursor ion [M-H]ˉ at m/z 405. This compound was fragmented in 

the MS ion source to generate several characteristic product ions at m/z 345, 

243 (piceatannol aglycone), 225 and 215 (20). 

ii) Hydroxycinnamic derivatives 

Peak 4 was characterised as p-coumaryl glucoside based on the precursor ion [M-H]ˉ at 

m/z 325. This compound was fragmented to generate some characteristic product ions at 

m/z 265, 235, 187, 163 (p-coumaric acid) and 145 (21). From this identification, only one 

compound of the hydroxycinnamic derivative category was identified in the grape skin 

extract. No hydroxybenzoic acid was detected.  
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iii) Flavanols 

Catechin (peak 2) and epicatechin (peak 5) were assigned on the basis of their molecular ions 

[M-H]ˉ at m/z 289. The characteristic product ions (m/z 245, 205 and 179) released after 

collision induced dissociation in the MS/MS experiment confirmed the presence of these 

compounds in the extract. The fragmentation pattern of catechin/epicatechin are very similar 

with the one reported in a previous publication (22). A (±)-catechin commercial standard was 

used to verify the identity of catechin, which was observed at a retention time of 20.8 min in 

comparison to epicatechin (tR = 25.9 min). Peak 8 was identified as epicatechin gallate based 

on the precursor ion [M-H]ˉ at m/z 441 which fragmented to generate m/z 289 (epicatechin), 

205, 169 and 125 (23). 

iv) Tannins 

The detection of several compounds at different retention times with the similar precursor 

ions [M-H]ˉ at m/z 577 were monitored. The B-type procyanidins (peaks 1, 3, 6 and 9) were 

characterised based on several characteristic product ions at m/z 451, 425, 407 and 289 

(catechin/epicatechin).  

 

Figure 6.4: The fragment ions of B-type procyanidin from grape skin extract, measured by 

LC-ESI ion trap MS/MS in the negative ionisation mode. HRF= heterocyclic ring fission; 

RDA = retro-Diels-Alder reaction; QM= quinine methide fission cleavage. 
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The fragmentation trend of the current investigation was in accordance with previous studies. 

Therefore, the fragmentation pattern of procyanidin in this study presumably followed a 

similar pathway as the one suggested by Callemien and co-workers (Figure 6.4) (24). 

A procyanidin dimer is comprised of an extension and a terminal unit. The fragmentation 

pathway of procyanidin could begin either at the extension or terminal unit via retro-Diels-

Alder (RDA) and heterocyclic ring fission (HRF) mechanisms. It has been suggested that the 

fragmentation within the extension unit generates product ions with a large 

π-π hyperconjugated system (25). 

v) Flavonols  

Peak 7 with the precursor ion [M-H]ˉ at m/z 479 was attributed to myricetin-3-O-glucoside. 

This compound fragmented to yield the main product ion at m/z 317 (myricetin aglycone) by 

losing a glucoside moiety [M-H-162]ˉ (26). Kaempherol-3-O-glucoside (peak 19) was 

observed with the precursor ion [M-H]ˉ at m/z 447 (26), which fragmented in the ion trap to 

generate several distinctive product ions at m/z 327, 285 (kaempherol aglycone) and 255. 

A number of quercetin-based derivatives were detected with different types of glycosides 

attached to the core structure. The fingerprint fragmentation of quercetin derivatives in these 

investigations revealed several characteristic product ions at m/z 301 (quercetin), 179 and 151. 

Quercetin-3-O-glucuronide (peak 15) was identified at a retention time of 37.6 min with the 

precursor ion [M-H]ˉ at m/z 477 (26). This compound fragmented to generate quercetin 

aglycone (m/z 301) by losing a glucuronide moiety [M-176-H]ˉ. The precursor ion [M-H]ˉ at 

m/z 463 revealed the occurrence of quercetin-3-O-glucoside (peak 16) in the extract (26). The 

loss of a glucoside moiety [M-162-H]ˉ from the pseudomolecular ion led to the formation of 

quercetin aglycone at m/z 301. Quercetin-3-O-xyloside (peak 21) was detected based on the 

precursor ion [M-H]ˉ at m/z 433 (26) with a retention time of 43.5 min. This compound 

fragmented to generate m/z 301 (quercetin). 

The identification of rutin, amongst the complex molecular structures in this extract was 

confirmed by mass spectral analysis which included MS
2
 to MS

4
 fragmentation (Figure 6.5). 

Rutin, also known as quercetin-3-O-rutinoside (peak 14) revealed the precursor ion [M-H]ˉ at 

m/z 609 (26). MS
3
 and MS

4
 fragmentations were useful in confirming the molecular structure. 

Based on the fragmentation behaviour of rutin through MS
n
 spectra, a plausible pathway of 

rutin in the negative ionisation mode was proposed (Figure 6.6). The MS
2
 experiments 
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resulted in the cleavage of rhamnosyl-glucoside moiety from the precursor ion of m/z 609.3 

yielded a quercetin aglycone at m/z 300.8. During MS
3
 analysis, the successive fragmentation 

of m/z 300.8 formed product ions at m/z 178.7 and 150.7. When the product ion at m/z 178.7 

was subjected to MS
4
 analysis, m/z 150.7 was produced due to the loss of 28.0 mass units. In 

a similar MS
4
 experiment, the signal at m/z 150.7 fragmented to generate m/z 106.8 because 

of the loss of a CO2 molecule (43.9 mass units). 

 

Figure 6.5: Fragmentation of rutin with MS
n
 analysis (n = 2 to 4, sequential MS 

fragmentation events) in the negative ionisation mode. The diamond (♦) symbol shows the 

position of the residual precursor ion. 

Quercetin (peak 24) was identified at a retention time of 49.5 min by having a precursor ion 

[M-H]ˉ at m/z 301 (27). This compound fragmented to generate several characteristic product 

ions at m/z 179 and 151. It was expected that the hydrophobicity of the quercetin aglycone 

results in a longer retention time than its glycoside compounds. Epidemiological studies 

claimed that quercetin has powerful antioxidant activity because of its phenolic hydroxyl 

groups, in particular the catechol group in the B-ring (28). 

The results showed that the flavonol derivatives were the dominant compounds in the skin 

extract (before MISPE treatment). The occurrences of myricetin glucoside (7), quercetin 

rutinoside (14), quercetin glucuronide (15) quercetin glucoside (16) and kaempherol 
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glucoside (19) at high ion current intensity can be seen in Figure 6.3-A. The present findings 

are consistent with the work of Kammerer et al. (13), who reported that the flavonol 

glycosides are the major phenolic compounds in the skins of grape pomace. It has been 

suggested that the production of these compounds in grape skins functions as screening to 

protect the tissues from UV-damage (29, 30).  

 

Figure 6.6: The plausible fragmentation pathway of rutin. 

vi) Flavanonols  

Astilbins (dihydroquercetin rhamnoside, m/z 449) were identified at the position of peaks 13 

and 17 with the retention time of 37.2 min and 40.0 min, respectively. These compounds had 

precursor ions which fragmented to produce the main characteristic product ions at m/z 303 

and 285 due to the loss of a rhamnoside moiety [(M-C6H10O4)-H]ˉ to generate taxifolin 

(dihydroquercetin) and a further fragment through the neutral loss of water (18 mass units), 

respectively (31).  

6.3.1.2.2 Identification of polyphenols after MISPE treatment 

The MISPE and NISPE treatment enabled to remove the non-selectively bound compounds to 

isolate (E)-resveratrol (peak 18) from its original complex mixture (Figure 6.3-B). The MIP 

showed its binding affinity and selectivity towards (E)-resveratrol whilst an insignificant 

small peak was observed from the control NISPE eluate.  

Interestingly, the majority of flavonol glycosides (peaks 7, 14 and 16) which were observed 

before the treatment at high ion current intensity (above 4.0 × 10
5
), were diminished after 
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MISPE with the exception of peak 15. Quercetin glucuronide (peak 15) was recorded in the 

chromatogram with a high intensity due to the competitive binding although relatively large in 

size in comparison to the target molecule. The quercetin-core structure possesses structural 

similarity and spatial complementarity to the (E)-resveratrol-template, therefore this 

compound could somehow position itself to reside within the cavities through the formation 

of hydrogen bonds via aromatic intermolecular O-H--N interactions. The binding affinity for 

quercetin glucuronide with this MIP might be due to the availability of at least two 

hydroxyl-groups in the meta and/or para positions on its aromatic rings. The isolation of 

quercetin glucuronide is of interest because this compound has been described as a highly 

bioactive  substance with antioxidant activity (32).  

Several other phenolic components were detected at low concentrations and resembled in 

their structural features the target molecule including a dimer adduct of catechin-methyl-5-

furfuraldehyde (peak 22) and epicatechin (peak 5). The identification and fragmentation of 

peaks 5 and 15 (after MISPE treatment) were described previously in Section 6.3.1.2.1 and 

Table 6.1. Peak 22 might be identified as a dimer adduct of catechin-methyl-5-

furfuraldehyde (two catechin units bridged by methyl-5-furfuryl groups) based on the 

precursor ion [M-H]ˉ at m/z 671 (33). This compound fragmented via MS/MS experiments to 

generate several product ions at m/z 653 (due to the loss of water), 429, 341, 287, 259 and 

245. The three latter product ions were possibly related to the characteristic fragmentation 

pattern of catechin-monomer.  

6.3.1.3 Efficacy of MISPE method for grape skin extracts  

The grape skin extract (5 mL) was loaded onto the MISPE or the NISPE cartridge, 

respectively. In order to evaluate the selectivity of the imprinted binding sites in the MIP, a 

comparison with the control NIP was investigated. As shown in Table 6.2, the percolation of 

EtOH/H2O (4:1, v/v) containing 1% (v/v) AcOH (4 × 5 mL) had the desired effect as wash 

solvent, being able to remove 29.8 µg/g (94.9%) of (E)-resveratrol from the NISPE cartridge. 

The elution steps with 10% (v/v) AcOH in EtOH enabled to disrupt the selective interactions 

of (E)-resveratrol (28.7 µg/g) with the MIP sorbent compared to an insignificant amount 

(0.4 µg/g) of the target analyte being eluted from the NIP sorbent. The imprinting factor of 72 

was determined based on the eluate fractions of MIP versus NIP. The recovery of 

(E)-resveratrol after MISPE was 99.4% whilst 96.2% from NISPE cartridge. The performance 

of the MIP in comparison to the NIP in the SPE cartridge is shown in Figure 6.7.  
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In these investigations, the same MIP which was previously employed for the extraction of 

(E)-resveratrol from peanut press waste, red wine and grape pressing residues was reused for 

the analysis of grape skins and grape seeds. Although the MIP was reused many times (more 

than 20 times) with those samples, these materials retained their integrity to capture 

(E)-resveratrol with high selectivity and high recovery (in most cases more than 99% 

recoveries of (E)-resveratrol was achieved). This feature highlighted the key benefits of 

incorporation of MIPs in the SPE format as a reusable tool for the selective enrichment of 

beneficial-health target components from various complex matrices. In contrast to a previous 

MIP study performed by Theodoridis and co-workers (34), where the recovery of caffeine 

was diminished if more than four consecutive extractions of blood plasma were performed in 

the same cartridge, because the accumulation of matrix components was thought to have 

blocked the active sites of the polymer and to have altered its recognition properties.  

Table 6.2: The amount of (E)-resveratrol (µg/g) from grape skin extract after MISPE and 

NISPE treatments. Wash steps were performed with a mixture of EtOH/H2O (4:1, v/v) 

containing 1% (v/v) AcOH followed by elution steps with 10% (v/v) AcOH in EtOH.  

 (E)-Resveratrol (µg/g) 

MISPE NISPE 

Before treatment Sample loading (1 × 5 mL) 31.4 31.4 

After treatment Wash steps (4 × 5 mL) 2.5 29.8 

 Elution steps (10 × 5 mL) 28.7 0.4 

Total wash and elution 31.2 30.2 

Total recovery (%) 99.4 96.2 

Imprinting factor, (IF = MIP eluate/NIP eluate) 72 

 

Figure 6.7: The comparison of (E)-resveratrol (µg/g) in grape skin extract obtained from 

wash and elution fractions after MISPE versus NISPE treatment. Measurements were 

performed in duplicate (n = 2). Error bars indicate the standard error expressed by the formula 

Error =   √  ⁄ , where σ is the standard deviation and n is the number of measurements.  
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6.3.2 Grape seed extract for polyphenols analysis 

The Pinot noir grape preparation resulted in 10.8% (g/g) grape seed based on fresh weight. 

These seeds were freeze-dried to remove the moisture. The dry matter content of grape seeds 

was determined to be 48.3% (g/g) on the basis of relative mass before and after lyophilisation. 

This value is in agreement with previous publications which have reported that grape seeds 

constituent about 38 - 52% of dry matter content. This study showed that the percentage of 

dry matter content of grape seeds is higher than that of the skins. This is explained by the 

larger amount of water in the cells of skins compared to those of seeds. 

6.3.2.1 Analysis of (E)-resveratrol and other polyphenols from grape 
seed extract before and after MISPE by RP-HPLC 

The supernatant of the grape seed extract was injected into the RP-HPLC system and 

(E)-resveratrol (peak 15) eluted at a retention time of 32.7 min (Figure 6.8). The amount of 

(E)-resveratrol was determined to be 11.4 µg/g dry extract based on a linear calibration curve 

of (E)-resveratrol standard. In a previous investigation, Sun et al. (35) reported that in 

Castelão grape seeds (E)-resveratrol was determined to be 5.8 mg/kg dry seed.  

In the present study, a higher amount of (E)-resveratrol was observed in grape skin 

(31.4 µg/g) than in seed (11.4 µg/g) extracts. Resveratrol is produced more in the epidermal 

cells of grape berry skin (36) to protect the grapes from abiotic stresses such as fungal 

infections and excess UV-exposure which is not needed to such a degree in the seeds, in the 

inner part of the grape. 

The RP-HPLC chromatographic profiles of grape seed extract before and after MISPE and 

NISPE treatment are depicted in Figure 6.8. The differences of (E)-resveratrol retention time 

(0.8 min) between the grape skin (33.5 min) and seed extracts (32.7 min) is likely due to the 

fact that the mobile phase preparations and sample injections were performed on seven 

different days. For the grape seed extract analysis, (E)-resveratrol was assigned as peak 15 

whilst this compound was labelled as peak 18 in the grape skin extract analysis 

(Section 6.3.1.1).  

Despite a successful determination of (E)-resveratrol in the grape seed extract, a poor baseline 

separation was observed for components of the grape seed extract before MISPE treatment. 

The remarkable advantage of MISPE for rapid sample cleanup and to sequester 
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(E)-resveratrol can be seen in Figure 6.8. The reduction of matrix interferences as well as 

improvement of the resolution allowed to correctly quantify (E)-resveratrol in the sample. The 

application of the MIP in SPE format resulted in the concentration enrichment of 

(E)-resveratrol up to 6.5 mg/L (in the MISPE eluate) from 1.4 mg/L (on a mass and volume 

normalized basis). In a comparison to the MISPE binding affinity, the control NISPE 

cartridge showed negligible recognition of the target analyte.  

 

Figure 6.8: RP-HPLC chromatograms recorded at a wavelength of 320 nm for the 

quantification of (E)-resveratrol (tR = 32.7 min, peak 15) in the grape seed extract (black line, 

back chromatogram), after MIP (green line, front chromatogram) and after NIP (red line, 

middle chromatogram) SPE treatment. The LC chromatograms were obtained with a Zorbax 

Eclipse XDB C18 column (4.6 mm × 150 mm, 5 µm particle size) at 20 °C. LC conditions: 

eluent A: 10 mM formic acid in water, eluent B: 10 mM formic acid in EtOH/H2O (4:1, v/v), 

gradient: 0-2 min to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 10% (v/v) B; flow 

rate: 0.5 mL/min; 5 µL injection. 

6.3.2.2 Identification of polyphenols from grape seed extract before 
and after MISPE treatment by LC-ESI ion trap MS/MS 

6.3.2.2.1 Analysis of seed polyphenols before MISPE treatment 

In the negative ionisation mode, at least 18 phenolic seed compounds were successfully 

identified by LC-ESI ion trap MS/MS as depicted in Figure 6.9-A. The identification and 

characterisation of the majority of polyphenols present in grape seed extract was described 

earlier in Section 6.3.1.2. This section focuses on the comparison of polyphenolic contents in 

both skin and seed extracts. The information of polyphenolic substances in grape seed extract 
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including compound name, retention time, precursor ion, product ion(s) prior and after 

MISPE and NISPE treatment is presented in Table 6.3.  

 

Figure 6.9: Base peak chromatogram (BPC) of (A) grape seed extract and (B) MISPE (green 

line, front chromatogram) and NISPE (red line, back chromatogram) eluates from grape seed 

extract. Inserted is a mass spectrum of (E)-resveratrol with the characteristic product ions. 

(E)-resveratrol (peak 15) eluted at tR = 41.5 min. The base peak chromatograms were 

obtained after RP-HPLC separation on a Zorbax XDB C18 capillary column 

(0.3 mm × 150 mm, 3.5 µm particle size) in the m/z range of 100-1200 using the negative 

ionisation mode by LC-ESI ion trap MS/MS at 20 °C. LC conditions: eluent A: 10 mM 

formic acid in water, eluent B: 10 mM formic acid in EtOH/H2O (4:1, v/v), gradient: 0-2 min 

to 10% (v/v) B, 2-52 min to 70% (v/v) B, 52-53 min to 10% (v/v) B; flow rate: 2 µL/min; 

0.1 µL injection. 
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Table 6.3: Identification and characterisation of polyphenols from grape seed extract before 

and after MISPE and NISPE treatment. Bold entries represent significant enrichment of 

phenolic compounds above the ion current intensity of 0.5 × 10
5
. 

Peak 

No. 
Compound name 

tR 

(min) 
Precursor ion 

[M-H]ˉ, m/z 
Product ion(s),  

m/z
 

Grape seed 

extract 
MIP NIP 

1 Gallic acid 12.0 169 125    

*2 B-type procyanidin 16.2 577 451, 425, 407, 289  lc  

3 B-type procyanidin 

trimer 

16.9 865 847, 739, 695, 577    

4 (±)-Catechin 20.7 289 245, 205, 179    

*5 B-type procyanidin 21.6 577 451, 425, 407, 289    

6 B-type procyanidin 

dimer gallate 

23.7 729 652, 577, 355, 289, 

245 

   

*7 B-type procyanidin 24.7 577 451, 425, 407, 289    

8 (±)-Epicatechin 25.9 289 245, 205, 179    

9 Epicatechin-3-O-

gallate 

31.0 441 289, 205, 169, 125    

*10 B-type procyanidin 31.5 577 451, 425, 407, 289    

11 B-type procyanidin 

tetramer 

31.9 1017 865, 729, 557, 451, 

425, 407, 289 

   

12 (+)-Astilbin 37.2 449 303, 285, 151    

13 Quercetin-3-O-

glucuronide 

37.8 477 301, 179, 151    

14 Epicatechin-ethyl 

dimer 

38.8 605 451, 315, 289, 245, 

205 

   

15 (E)-Resveratrol 41.5 227 185, 157, 143    

16 (Z)-Piceid 42.7 389 227    

17 (Z)-Resveratrol 48.1 227 185, 157, 143    

18 Quercetin 49.2 301 179, 151    

 Based on the MS/MS spectra, no further identification was possible; 

lc Phenolic compound present at low concentration. 

This study determined the distributions of (E)-resveratrol and other polyphenols in different 

parts of grapes. In this investigation, (E)-resveratrol from grape seed extract was assigned as 

peak 15 based on the presence of a precursor ion [M-H]ˉ at m/z 227 by LC-ESI ion trap 

MS/MS in the negative ionisation mode. (E)-resveratrol fragmented to generate several 

distinctive product ions at m/z 185, 157 and 143. The details related to the fragmentation of 
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(E)-resveratrol were described previously in Chapter 2 (Section 2.3.2.3). (E)-resveratrol was 

identified at 41.5 min with the micro-LC-MS/MS system and detected at a retention time of 

32.7 min with the analytical RP-HPLC. This retention time difference of 8.8 min is due to the 

differences of the gradient delay volumes of both instruments and the additional delay volume 

between UV detector and MS detector in the microLC-MS/MS system. 

Figure 6.9-A and Table 6.3 show that the flavanols and tannins were the major bioactive 

constituents in the grape seed extract based on the ion current intensity. The presence of 

catechin (peak 4) and its stereoisomer epicatechin (peak 8) were identified with the precursor 

ion [M-H]ˉ at m/z 289. Epicatechin-3-O-gallate (peak 9) at a retention time of 31.0 min was 

assigned based on the precursor ion [M-H]ˉ at m/z 441. Peak 14 was detected at the precursor 

ion [M-H]ˉ of m/z 605, most probably attributed to the epicatechin-ethyl dimer, whereby two 

units of epicatechin are linked by an ethyl-bridge (22). This compound fragmented to generate 

several characteristic product ions at m/z 451, 315, 289, 245 and 205. The product ion of 

m/z 451 possibly corresponded with a RDA fragmentation of the dimer (22) whilst m/z 315 

might be due to a vinyl-catechin adduct (37). The signal at m/z 289, 245 and 205 showed the 

distinctive product ions belong to the catechin/epicatechin monomer. The prevalence of 

flavanols in the grape seeds is in agreement with the findings of Kammerer et al. (13) in grape 

pomace who reported that the seeds contained a high amount of flavanols. This is also in 

accord with the observations performed by Mane et al. (38) who found that the Pinot noir 

grape seeds consisted of a higher amount of flavanols than the grape skins. Several studies 

also claimed that the flavanols (catechin/epicatechin) are located in the skins and seeds of the 

grapes however the latter comprised higher concentrations of flavanols (39-41). 

A comparative study of the flavanols localisation across different grape cultivars was 

published by Thorngate et al. (42), who reported that the Pinot noir seeds contained higher 

amounts of flavanols than the seeds from a Cabernet Sauvignon cultivar.  

Various B-type procyanidins were detected having a different degree of polymerisation 

including the B-type dimer (peaks 2, 5, 7 and 10), dimer gallate (peak 6), trimer (peak 3) and 

tetramer (peak 11) with the precursor ions [M-H]ˉ at m/z 577, 729, 865 and 1017, 

respectively. The procyanidin tetramer (m/z 1017) underwent fragmentation in the ion trap to 

generate the procyanidin trimer (m/z 865) followed by the production of procyanidin dimer 

gallate at m/z 729. This product ion further fragmented to yield m/z 577 (procyanidin dimer) 

due to the loss of a galloyl group (152 mass unit). Further fragmentation occurred at m/z 451 
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corresponding to the loss of a pyrogallol unit [M-H-126]ˉ on the C-ring. The product ion at 

m/z 425 is generated through the elimination of the B-ring followed by the generation of a 

product ion of m/z 407 due to the loss of water. An interflavan bond cleavage produced a 

monomer of catechin/epicatechin at m/z 289. The high occurrences of procyanidin oligomers 

in the seed extract corroborate the findings by Prieur and co-workers (43).  

The clinical data has shown that procyanidin B1 is amongst the most important radical 

scavenger in grape seed extract (44). In a recent investigation, Terra et al. (45) reported that 

the daily intake of grape seed procyanidin extract helps to inhibit inflammation associated 

with obesity. In addition, Feringa et al. (46) demonstrated that the high amounts of 

procyanidins in grape seed extract provide a beneficial effect on the cardiovascular system.  

6.3.2.2.2 Analysis of polyphenols after MISPE treatment  

The use of MISPE for the pretreatment of (E)-resveratrol from complex grape seed extract 

prior to chromatographic analysis was demonstrated. Figure 6.9-B shows that the MIP had a 

strong affinity for (E)-resveratrol (peak 15) based on the analysis of the MISPE eluate in 

comparison to the NISPE eluate. The MISPE method improved the resolution of peak 15 and 

at the same time allowed to discriminate peak 16 (resveratrol glucoside). The large reductions 

of intensity for peaks 4, 5 and 8 were also observed after MISPE, with the exception of 

peak 9. Peak 9 (epicatechin gallate) was in high binding competition to (E)-resveratrol, 

which was observed in the BPC chromatogram after MISPE eluate. However, there was no 

apparent enrichment of epicatechin gallate as the ion current intensity remained below 30,000 

(before and after MISPE). The binding by the MIP of epicatechin gallate might be related to 

the high concentrations of epicatechin-based compounds in grape seed extracts which may 

compete with the target molecule for pyridinyl-functionalities in the imprinted sites. Since the 

epicatechin monomer is structurally related to (E)-resveratrol, epicatechin gallate (derivative) 

can also potentially bind to the cavities in the polymer network. Presumably, the hydrogen 

bonding interactions between the positively charged 4-VP (the functional monomers in the 

cavities) and the delocalised π-electron system of the aromatic flavonoid rings, as well as 

hydrophobic interactions with the aromatic ring system are the main responsible factors for 

the binding recognition of epicatechin gallate by the MIP (suggestion of binding recognition 

is shown in Figure 6.10). The binding affinity for the procyanidins (two units of 

catechin/epicatechin monomer) was explained earlier in Chapter 3 (Section 3.3.3.2).  
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With respect to the bioactivity of flavanols in grape seeds, Silva et al. (47) reported that 

epicatechin gallate from grape seeds, including catechin monomers are potent scavengers of 

superoxide radical and hydroxyl radicals in aqueous models. According to Ugartondo and 

co-workers (48), the flavanol compounds with a gallate group exhibited higher antioxidant 

activity than those without the gallate group, as the hydroxyl-group of the galloyl moieties 

plays an important role in inhibiting and scavenging radicals. Recent investigations showed 

that the highest antioxidant activity amongst various varieties was determined from Pinot noir 

grape seeds (3). 

 

Figure 6.10: The plausible binding recognition of epicatechin gallate with pyridinyl- 

functionalities in the binding site of an (E)-resveratrol imprinted MIP, demonstrating the 

possibility of OH---N hydrogen bonding (dashed lines). Blue lines resemble the 

(E)-resveratrol structure within epicatechin gallate. 

6.3.2.3 Efficacy of the (E)-resveratrol-templated MIP for grape seed 
extract  

In this experiment, 5 mL of grape skin extract was loaded onto a MISPE and a NISPE 

cartridge, respectively. Both cartridges (2.0 cm diameter × 8.7 cm length) were washed with a 

mixture of EtOH/H2O (4:1, v/v) containing 1% (v/v) AcOH (4 × 5 mL) in order to remove the 

non-selectively bound components. The application of wash solvents enabled the removal of 

majority of the (E)-resveratrol approximately 10.8 µg/g (94.7%), from the NISPE cartridge 

(Table 6.4). In contrast, the MIP was capable of holding a significant amount of 

(E)-resveratrol (10.4 µg/g), although there was a small amount of the target molecule 

(0.9 µg/g) eluted from the MIP cartridge during the wash stages. As expected, the MIP 

exhibited a greater selectivity for (E)-resveratrol compared to the NIP. The majority of the 

Recognition 
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Pyridinyl-

functionality
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target compound was desorbed from the MIP sorbent after elution with EtOH/AcOH 

(9:1, v/v) due to the interruption of hydrogen bonding interactions between the hydroxyl-

groups from (E)-resveratrol and the basic site of pyridinyl-functionalities. The imprinting 

effect expressed as an imprinting factor, whereby the binding of MIP versus NIP in eluate 

fractions was assessed, was 26. The recovery of (E)-resveratrol after MISPE was determined 

to be 99.1%. The performance of MIP and NIP in SPE cartridges to capture (E)-resveratrol 

from seed extracts is depicted in Figure 6.11. 

Table 6.4: The amount of (E)-resveratrol (µg/g) in different fractions of wash and elution 

from grape seed extract after MISPE and NISPE treatment. 

 (E)-Resveratrol (µg/g)                    

MISPE NISPE 

Before treatment Sample loading (1 × 5 mL) 11.4 11.4 

After treatment Wash steps (4 × 5 mL) 0.9 10.8 

 Elution steps (10 × 5 mL) 10.4 0.4 

Total wash and elution 11.2 11.2 

Total recovery (%) 99.1 98.2 

Imprinting factor (IF= MIP eluate/NIP eluate) 26 

 

 

Figure 6.11: The comparison of (E)-resveratrol in grape seed extract after wash with 

EtOH/H2O (4:1, v/v) containing 1% (v/v) AcOH followed by elution with EtOH/AcOH 

(9:1, v/v) from MISPE and NISPE cartridges. Measurements were performed in duplicate 

(n = 2). Error bars indicate the standard error.  
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6.3.3 Phytosterols analysis in grape seed extract  

6.3.3.1 Method optimisation for sample extraction  

The analysis of phytosterols in complex matrices is a difficult task and requires reliable 

analytical techniques for the extraction, isolation and quantitative assays (49). Plant-derived 

sterols in oil seeds can be isolated by solvent extraction followed by saponification and 

chromatographic separation (50). Recent research has shown that phytosterols can be isolated 

from sunflower seeds by solvent extraction with n-hexane followed by a mixture of 

chloroform-methanol (51). The usage of chloroform-based solvent mixtures enables to extract 

sterols, but the use of carcinogenic chlorinated solvents that can cause pollution problems and 

difficulties in industrial hygiene was not preferable. To find an optimal procedure for sterol 

extraction, a series of optimisation steps involving n-hexane extraction or saponification (hot 

or cold approach) was carried out using 1.0 g of pelleted grape seed extract obtained after 

polyphenol extractions. 

6.3.3.2 Grape seed extraction by n-hexane 

The grape seed extract pellet (1.0 g) was mixed with n-hexane (3 × 5 mL) and sonicated for 

30 min. The evaporation of n-hexane resulted in 7.8% (g/g) grape seed oil. This value is 

consistent with a previous study, which has reported about 6-20% of oil extracted from grape 

seeds (8). However, this oil is incompatible with the RP-HPLC system as many hydrophobic 

substances such as triglycerides are present in the sample (52).  

The oil fraction (80 mg) was further extracted with ACN (1 mL) and sonicated for 30 min. 

The mixture was centrifuged at 10,000 rpm at 20 °C for 10 min. The supernatant (upper part 

containing the ACN layer) was evaporated to dryness and redissolved in ACN (50 µL) prior 

to injection into RP-HPLC. The results obtained were insignificant due to the very little 

amounts of stigmasterol that could be determined after RP-HPLC separation although the 

supernatants were concentrated up to 20-fold.  

6.3.3.3 Grape seed extraction with saponification method  

One way to extract phytosterols from the original matrix (either in oil or crude extract form) is 

a combination of saponification and chromatographic fractionation and separation. The 

saponification method has two main purposes; (i) to remove the dominant triacylglycerols and 

other acyl lipids from the crude lipid extract by converting them into water-soluble 
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compounds and (ii) to hydrolyse ester bonds in conjugated phytosterols. By saponification, 

the triacylglycerols are converted to water-soluble compounds that can easily be excluded by 

extraction with a combination of water and organic solvent.  

Most of the sterol extraction methods described in the literature employed alkaline 

saponification (1 M ethanolic KOH/NaOH) rather than acid hydrolysis (6 M HCl) (50, 53). 

Acid hydrolysis is not preferable for the detection of Δ
7
-phytosterols (e.g., Δ7

-stigmasterol) 

because it causes decompostion or isomerisation of these compounds after a short time of 

acidic hydrolysis (54). Alkaline saponifications can be done either at room temperature (cold 

saponification) or at elevated temperatures (hot saponification). The unsaponifiable matter 

content is expressed as a percentage by mass of the sample (before and after saponification 

reaction), as shown in Equation 6.1. 

Unsaponifiable matter content (%) =  
                             

                              
               Equation 6.1 

6.3.3.3.1 Cold saponification 

The first series of experiments involved cold saponification at room temperature of grape the 

seed pellet (1.0 g) with 1 M of ethanolic KOH solution (10 mL) at different reactions times 

(5 h, 12 h and 18 h). The results for a 5 h and 12 h reaction were unsuccessful. When the 

saponified fraction was extracted with n-hexane (without rigorous shaking), a thick emulsion 

formed. It was very hard to distinguish and separate the n-hexane layer from that emulsion in 

a separatory funnel. In order to prevent the formation of an emulsion, sodium chloride was 

added but unfortunately without success. Surprisingly, a longer saponification time (18 h) 

resulted in 4.1% (g/g) of unsaponifiable matter without any emulsion disturbance. Therefore, 

it was concluded that a cold saponification method requires a longer period of time to 

complete the reaction. 

6.3.3.3.2 Hot saponification 

Hot saponification involved refluxes of the grape seed extract pellet (1.0 g) at 115 °C for 1 h, 

2 h or 18 h with 1 M ethanolic KOH solution (10 mL). The unsaponifiable matter content at 

1 h, 2 h and 18 h reaction time was determined to be 3.8% (g/g), 4.3% (g/g) and 4.4% (g/g), 

respectively. The comparative results of cold and hot saponification methods shown as the 

percentage of unsaponified matter were proportional to the reaction time (Figure 6.12). 



Chapter 6 

Extraction and analysis of polyphenols and phytosterols from grape byproducts 

 
 

184 
 

However, the difference of unsaponified matter content is very small (0.2%, g/g) between 

cold saponification (18 h) and hot saponification (2 h). Interestingly, hot saponification at 2 h 

and 18 h resulted in almost similar percentage of unsaponified matter with a variation of 

0.1% (g/g). This result indicated that an 18 h reaction is not necessary when using high 

temperature alkaline hydrolysis method. Therefore, hot saponification at 2 h was considered 

the optimal extraction method to extract sterols with regard to the percentage of yield and 

involved a lower energy consumption compared to 18 h of cold or hot saponification. 

 

Figure 6.12: The percentage of unsaponifiable matter (%, g/g) after cold and hot 

saponification in different reaction times. (cold saponification: 5 h, 12 h and 18 h;  hot 

saponification: 1 h, 2 h and 18 h). 

6.3.3.4 Determination of stigmasterol before and after MISPE by 
RP-HPLC 

The MIP was previously shown to have binding affinity towards stigmasterol in a standard 

mixture containing stigmasterol analogues, cholesterol and ergosterol with ACN/H2O 

(9:1, v/v) during static batch binding as well as dynamic binding experiments 

(Chapter 5-Section 5.3.4). Several attempts were undertaken to bind stigmasterol with 

n-hexane in static batch binding, however none of the experiments were successful. Despite 

some binding of stigmasterol in n-hexane system by the MIP, the NIP control also gave 

similar results, which ultimately reduced the imprinting effect and selectivity. Therefore, a 

direct loading of the MIP of grape seed oil in n-hexane is impossible. For these reasons, the 

grape seed residues were saponified in order to produce an unsaponified fraction. This 
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unsaponified matter was redissolved in a mixture of ACN/H2O (9:1, v/v) to make this portion 

well suited for the analysis with MISPE and reversed-phase LC.  

The analyses of phytosterols usually have been conducted using the normal-phase separation. 

By contrast, fewer studies analysed sterols by RP-HPLC. In a previous investigation, 

Careri et al. (55) reported that the separation of β-sitosterol and stigmasterol in the 

normal-phase mode with a CN stationary phase using a mixture of heptane and n-propanol as 

mobile phase was unsuccessful. The second stage of separation in that study was performed 

using reversed-phase chromatography with a mixture of MeOH, H2O and ACN as mobile 

phase. A good peak resolution was observed due to the hydrophobic interaction between the 

lipophilic backbone of the sterol analytes and the C18 stationary phase.  

Based on the optimised chromatographic parameters of the RP-HPLC method which was 

previously developed in Chapter 5 (Section 5.3.1), an isocratic elution was the method of 

choice in this study for the analysis of sterols due to its obvious methodological simplicity. 

The separation of stigmasterol in a complex sample was conducted using a mixture of 

EtOH/H2O (9:1, v/v) containing 0.2% (v/v) AcOH as a benign mobile phase.  

The chromatogram of the unsaponified matter showed the occurrence of stigmasterol (peak 5) 

at a retention time of 20.3 min at the absorbance of 210 nm (Figure 6.13-A). Based on a 

linear calibration curve of stigmasterol, the amount of this compound was determined to be 

18.2 µg/g dry extract. The MISPE treatment selectively extracted stigmasterol from the 

unsaponified fraction as presented in Figure 6.13-B. An impressive cleanup of MIP was 

observed for the compound eluting with a retention time of 6.3 min (obtained by RP-HPLC) 

in the unsaponified extract whereby the peak nearly completely disappeared after the 

extraction. The reduction of peak height was also observed at a retention time of 9.7 min and 

11.3 min after MISPE as obtained with subsequent chromatographic separation by RP-HPLC. 

Therefore, the MISPE technique can be considered as a very attractive cleanup method for 

discarding undesirable endogenous compounds which complicate the extraction of the 

compound of interest in the sample. 
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Figure 6.13: RP-HPLC chromatograms recorded at a wavelength of 210 nm for the 

quantification of stigmasterol (tR = 20.3 min, peak 5) in (A) unsaponified grape seed extract 

and (B) concentrated unsaponified grape seed elutions after MISPE (blue line, front 

chromatogram) and after NISPE (red line, back chromatogram) treatments. The LC 

chromatograms were obtained with a Zorbax Eclipse XDB C18 column (4.6 mm × 150 mm, 

5 µm particle size) at 23 °C using isocratic elution. The eluent was EtOH/H2O (9:1 v/v) with 

0.2% (v/v) AcOH; flow rate: 0.5 mL/min; 5 µL injection.  

6.3.3.5 Quantification of stigmasterol before and after MISPE 
treatment 

This section focuses on the loading, wash and elution solvents, which allows gaining insight 

into the binding mechanism of the MIP versus NIP. The unsaponified grape seed extract in a 

mixture of ACN/H2O (9:1, v/v, 2 mL) was loaded onto the MISPE or NISPE cartridge and 

allowed to pass through the sorbent bed by gravity. In order to remove the non-selectively 

bound material whilst keeping the compound of interest retained on the sorbent, wash steps 
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were applied with ACN/H2O (9:1, v/v) as previously described in Chapter 5 

(Section 5.2.5.2.4). However, when the wash solvent was applied, only a small amount of 

stigmasterol eluted from the NISPE cartridge.  

In contrast, the application of ACN/H2O (9:1, v/v) containing 1% (v/v) AcOH (4 × 2 mL) 

resulted in the removal of the majority of stigmasterol (16.4 µg/g) from the NISPE cartridge 

Table 6.5. This indicates that an acid is required to elute the non-selectively bound material 

from the control polymer when dealing with a complex sample rather than a mixture of sterol 

standards. In this case, the target stigmasterol (13.1 µg/g) remained trapped in the polymer 

whilst only a small portion of the target analyte non-selectively bound to the MIP was eluted 

(4.4 µg/g) after the wash stages. The elution of the stigmasterol-target with EtOH/AcOH 

(9:1, v/v) was expected due to the disturbance of the hydrogen bonding and hydrophobic 

interactions in the binding sites. The recovery of stigmasterol from MISPE was determined to 

be 96.2%. The overall performance of MIP versus NIP to capture the target stigmasterol in 

wash and elution steps can be seen in Figure 6.14. This investigation demonstrated the use of 

MIP to preconcentrate and selectively extract stigmasterol-target from a grape seed residue 

extract in an ACN-aqueous matrix with an imprinting factor of 12.  

Table 6.5: Recoveries of stigmasterol (µg/g) from unsaponified grape seed extract after MIP 

and NIP in SPE cartridges. The wash steps were performed with a mixture of ACN/H2O 

(9:1, v/v) containing 1% (v/v) AcOH and elution stages with EtOH/AcOH (9:1, v/v). 

 Stigmasterol (µg/g)                    

MISPE NISPE 

Before treatment Sample loading (1 × 2 mL) 18.2 18.2 

After treatment Wash steps (4 × 2 mL) 4.4 16.4 

 Elution steps (5 × 2 mL) 13.1 1.1 

Total wash and elution 17.5 17.5 

Total recovery (%) 96.2 96.2 

Imprinting factor (IF= MIP eluate/NIP eluate) 12 
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Figure 6.14: Comparison of stigmasterol (µg/g) in unsaponified grape seed extract after wash 

and elution steps from MISPE and NISPE cartridges. Measurements were performed in 

duplicate (n = 2). Error bars indicate the standard error.  

6.3.3.6 Analysis of stigmasterol before and after MISPE treatment by 
LC-ESI ion trap MS/MS 

The peak identity confirmation of the target compound was performed by LC-ESI ion trap 

MS/MS in the positive ionisation mode in the m/z range from 100-1000 based on the 

developed method (Chapter 5-Section 5.3.2). Instead of premixing the mobile phase 

consisting EtOH/H2O (90:10, v/v) with 0.2% (v/v) AcOH at 23 °C as described in 

Section 5.3.2, the chromatographic parameters for the separation of stigmasterol in the 

unsaponified complex extract have undergone some alterations with respect to the mobile 

phase composition and column temperature in order to assist the ionisation process. Two 

separate mobile phases containing 0.2% (v/v) AcOH in water (eluent A) and 

0.2% (v/v) AcOH in EtOH (eluent B) with the eluent composition of EtOH/H2O (93:7, v/v) 

were employed. In addition, a high column temperature of 30 °C was applied. The 

chromatographic profiles obtained from the separation were evaluated based on the peak 

resolution of stigmasterol. 

The base peak chromatogram (Figure 6.15-A) showed at least eight components were 

detected in the unsaponified grape seed extract. Stigmasterol (peak 5) was identified based on 

the precursor ion [M+H]
+
 of m/z 413.4. This compound was fragmented through MS/MS 

experiments in the ion trap to generate a product ion m/z 395.5 (due to the neutral loss of a 

molecule of water). The occurrence of stigmasterol in this sample was verified using the 

reference standard.  
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Figure 6.15: Base peak chromatogram (BPC) of (A) unsaponified grape seed extract and 

(B) unsaponified grape seed eluates after MISPE (blue line, front chromatogram) and NISPE 

(red line, back chromatogram) treatments. Inserted is a mass spectrum of stigmasterol with the 

characteristic product ions. Stigmasterol (peak 5) eluted at tR = 15.2 min. The base peak 

chromatograms were obtained after RP-HPLC separation on a Zorbax XDB C18 capillary 

column (0.3 mm × 150 mm, 3.5 µm particle size) in the m/z range of 100-1000 using the 

positive ionisation mode by LC-ESI ion trap MS/MS at 30 °C. LC conditions: isocratic; 

eluent A: 0.2% acetic acid in water (7%, v/v), eluent B: 0.2% acetic acid in EtOH (93%, v/v); 

flow rate: 2 µL/min; 0.1 µL injection. 

The shorter retention time of about 15.2 min observed for stigmasterol obtained with the 

microLC-ESI MS system compared to that of 20.3 min obtained with the analytical LC 

system can be primarily attributed to the difference in the composition of the mobile phase 

employed in the two LC separations. The microLC separations were performed with a mobile 

phase consisting of EtOH/H2O (93:7, v/v) whilst for the analytical LC separations a mobile 

phase consisting of EtOH/H2O (90:10, v/v) was used. Moreover, the reduction of 5.1 min of 

the retention time can be attributed to the higher temperature of 30 °C employed in the 

microLC separations compared to the 23 °C used in the analytical LC system. It should be 

noted that in contrast to the downscaling of the gradient elution method for (E)-resveratrol, 
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the difference of gradient delay volumes of the two LC systems has no bearing here, since 

isocratic methods were employed for the separation. Nevertheless, since the detection in the 

microLC system was performed with UV followed by MS in contrast to the analytical LC 

system were only UV detection was performed, the contribution of the delay volume between 

UV detector and MS detector has to be also considered.   

Several other compounds were also observed from the unsaponified grape seed extract (before 

MISPE treatment). The details about the precursor ion and product ions of the compounds 

present in the sample are listed in Table 6.6. The precursor ion [M+Na]
+
 at m/z 677 might be 

attributed to the presence of β-sitostanol palmitate (peak 2) (56). This compound underwent 

fragmentation through MS/MS experiments to generate a product ion at m/z 399 

(β-sitostanol moiety). Peak 3 was presumably assigned as Δ
5
-avenasterol derivative based on 

the precursor ion [M+H]
+
 at m/z 647. This compound was fragmented to generate several 

product ions at m/z 610, 497, 413 (avenasterol), 378, 374, 271. The latter signal (m/z 271) 

corresponding to the characteristic product ion of Δ
5
-avenasterol (57). Meanwhile, the 

precursor ion [M+H]
+
 at m/z 413 and product ions at m/z 395 [M+H-H2O]

+
, 299 and 271 were 

indicative of an Δ
5
-avenasterol structure (peak 8) (57). According to Rozenberg et al. (57), 

stigmasterol, Δ
5
-avenasterol and Δ

7
-avenasterol possess the same molecular mass, however 

the MS
2
 analysis allowed the differentiation of those compounds. With the assistance of a 

stigmasterol standard in the present study, the elution position and fragmentation fingerprint 

of stigmasterol in the sample was distinguished from avenasterol. Crews and co-workers (8) 

reported that Δ
5
-avenasterol was determined from grape seed oil in a range of 0.3-4.5%.  

Campesteryl glucoside (peak 4) might be identified in this sample based on the precursor ion 

[M+H]
+
 of m/z 563, which later underwent fragmentation in the ion trap to produce a 

distinctive product ion at m/z 383 (campesteryl moeity) (57). Although the grape seed residue 

was saponified with 1 M ethanolic potassium hydroxide, the steryl glucoside can still be 

detected in the unsaponifiable extract. It has been suggested that the ether linkage between the 

sterol hydroxyl-group and the sugar moiety in the steryl glycosides is not hydrolysed under 

alkaline conditions (58). Cholesteryl arachidonate (peak 6) most probably assigned based on 

the precursor ion [M+Na]
+
 at m/z 697 (56). This steryl fatty acid ester fragmented to generate 

several product ions including the cholesteryl moiety at m/z 369. Peak 7 might be 

characterised as stigmadiene with the precursor ion [M+H]
+
 at m/z 411. The cleavage of C=O 

from stigmadiene molecular structure gave a product ion at m/z 395 (stigmasteryl moiety).  
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The high fidelity of the MIP binding sites in comparison to the NIP to capture stigmasterol 

(peak 5) is depicted in Figure 6.15-B. Interestingly, the MIP showed a selective binding 

recognition towards the stigmasterol-target and enabled discrimination of an Δ
5
-avenasterol 

and its derivative. The Δ
5
-avenasterol possesses a very similar molecular configuration to 

stigmasterol except it has a double bond at the C24 position in the side chain. On the other 

hand, the MIP allowed capturing campesteryl glucoside, probably due to the competitive 

binding although this compound is relatively large in size compared to the target molecule. 

The reason for this might be the hydroxyl-groups in campesteryl glucoside encouraged the 

formation of hydrogen bond and hydrophobic interactions with the residual carboxylic acid in 

the MIP cavities. 

 

Table 6.6: Identification of sterols and other components present in the unsaponified grape 

seed extract before and after MISPE and NISPE treatment using LC-ESI ion trap MS/MS in 

the positive ionisation mode in the m/z range of 100-1000. Bold entries represent significant 

enrichment of sterol compounds above the ion current intensity of 0.3 × 10
5
. 

 

Peak 

No. 
tR 

(min) 
Compound name 

Precursor 

ion, m/z 
Product ion(s), m/z

 Unsaponified 

grape seed extract 
MIP  NIP  

1 12.3 
Unidentified 

compound  
345 326, 300, 282, 265    

2 12.6 
β-sitostanol 

palmitate 
677 

630, 551, 419, 399, 339, 

303 
   

3 13.4 
Δ

5
-Avenasterol 

derivative 
647 

610, 497, 413, 378, 374, 

271 
   

4 14.4 
Campesteryl 

glucoside 
563 544, 526, 383, 235, 157    

5 15.2 Stigmasterol 413 
395, 393, 301, 297, 283, 

255, 189 
   

6 15.8 
Cholesteryl 

arachidonate  
697 

680,  650, 593, 423, 369, 

368 
   

7 16.2 Stigmadiene 411 395, 315, 301, 189, 151     

8 17.8 Δ
5
-Avenasterol 413 

395, 331, 301, 299, 271, 

147 
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6.4 Conclusions 

One path to tackle the reduction of environmental footprint in food production is the 

manufacture of nutraceuticals based on the biology-inspired methods utilising agricultural 

waste resources. The grape byproducts of wine making, in particular skins and seeds, have a 

high concentration of health-beneficial polyphenolic compounds and valuable bioactive 

sterols making extraction profitable. The results presented in this study demonstrated the 

potential of novel methods for polyphenols and phytosterols screening and enrichment.  

This chapter introduced new methods to enrich the health-beneficial resveratrol, procyanidin 

and epicatechin as well as stigmasterol and campesteryl glycoside from one grape skin and 

seed feedstock with green chemistry methods realized in the grape extraction methods and the 

syntheses, and application of novel MISPE materials. 

The application of LC-ESI ion trap MS/MS for the identification of numerous non-binding 

compounds and binding target compound as well structurally related compounds in the 

flow-through and eluate fractions of two MISPE led to insights into the physical and chemical 

interaction of the MIPs with their target analytes and with molecules that can be eliminated. 

The application of MISPE technique for the selective enrichment of health-beneficial 

compounds from agricultural waste materials provides a new, efficient, cost-effective and 

sustainable approach to natural resource utilisation forming the basis of green economic 

opportunities from new revenue streams.  
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7.1 Conclusions 

Phytochemicals, including polyphenols and phytosterols, are widely recognised as functional 

components of food and beverages products, and stand alone supplementals. These compounds 

are extensively researched and reviewed for their roles in protecting humans from degenerative 

and cardiovascular diseases. Although some of these substances can be synthesized, their capture 

from natural sources is more common and generally better accepted in the market.  

The extraction of polyphenols and phytosterols from natural sources has proven to be an 

extremely difficult analytical challenge due to the complexity of the numerous chemicals in 

natural extracts. The material used in this thesis was chosen to be grape pressings, an abundant 

byproduct of the wine industry that is currently under-utilised, as only tartaric acid and alcohol 

are retrieved before it is used for compost.  

In this thesis, a need for a new, efficient and environmentally benign method for the separation of 

the extremely health-beneficial (E)-resveratrol and stigmasterol from the same form grape waste 

has been addressed. 

The chosen route to separate and enrich these compounds from a complex natural matrix was the 

use of novel molecularly imprinted polymers (MIPs) in a solid-phase extraction (SPE) format. 

In contrast to some rare existing MISPE separations of polyphenols from natural substances, the 

method developed in this thesis allowed not only the highly efficient separation of the target 

compound (E)-resveratrol and its enrichment, but also the concomitant capture of other health- 

beneficial polyphenols. Also the herein presented MIP was much more extensively characterised 

with respect to its selectivity and efficiency. 

A thorough selectivity evaluation of the recognition sites in the MIPs of this thesis was performed 

in batch-binding and dynamic binding experiments using the templates and synthesised template 

analogues with a non-imprinted polymer as control, on the basis of the quantitative information 

derived from LC-MS.  

For these evaluations systematic investigations of the optimal separation and detection of 

polyphenols with suitable mobile phases, mobile phase additive concentrations and column 

temperatures were presented under consideration of Green Chemistry principles, whereby a 
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mixture of ethanol-water with 10 mM formic acid and a reversed-phase C18 column operated at 

room temperature proved successful and benign. To reduce the time for method development, the 

optimised analytical method was down-scaled to micro LC-ESI ion trap MS/MS. This method 

afforded better resolution and sensitivity for the simultaneous separation of polyphenol mixtures 

in the negative ionisation mode compared with the positive ionisation mode. 

The characterisation of the (E)-resveratrol imprinted MIP was initially through the isolation of 

this target molecule from an Australian Pinot noir wine. The RP-HPLC analysis of the red wine 

resulted in 33 phenolic compounds to be identified. The capability of the MIP to recognise its 

resveratrol template in such a complex wine sample was demonstrated through a high binding 

affinity of (E)-resveratrol in the cavities of the MIP with an imprinting factor of 32. The recovery 

of (E)-resveratrol after MISPE treatment was 99.7%. The retention mechanism of phenolic 

substances in the MIP was considered to be largely dependent upon the numbers and positions of 

the hydroxyl groups of the analytes, to perform hydrogen bonding interactions with the 

pyridinyl-functionalities of the crosslinked monomers in the imprinted sites. This study also 

showed that the size and shape complementarity of the template molecule influenced the binding 

recognition in the polymer network. As hoped for, the MISPE treatment resulted in a 

significantly enhanced enrichment of the (E)-isomer of resveratrol compared to the (Z)-isomer. 

The capability of the MIP to selectively enrich (E)-resveratrol is held to be strongly influenced by 

the number and position (meta and/or para) of hydroxyl-groups in their phenolic aromatic rings. 

Although (Z)-resveratrol has three hydroxyl-groups similar to the template molecule, the 

cis-structural feature is expected to result in steric hindrance. As a result of several structural 

similarities and geometric complementarities, catechin, epicatechin and their derivatives were 

also retained after the MISPE treatment. This may serve as a basis for the development of 

protocols for the concomitant capture of health-beneficial phenolics from complex matrices in the 

food and nutraceuticals industries. 

When grape pressings were used as a substrate, it was of interest to investigate the polyphenolic 

distribution at different stages of waste storage. It was found that a long period of storage 

(51 days) resulted in nearly 40% reduction of (E)-resveratrol compared to that in fresh grape 

pressing residues. 
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The MIP was shown capable of the isolation and enrichment of (E)-resveratrol from fresh and 

aged grape pressings. Despite the fungal infection of the aged grape pressings, the MIP retained 

its integrity with respect to extracting (E)-resveratrol from the sample, with an imprinting factor 

of 18. The MISPE protocol for fresh grape pressing extracts was intensified until a recovery of 

99% (E)-resveratrol was achieved. The MIP enabled the discrimination of (Z)-resveratrol and 

showed cross-reactivity binding for template-like-molecules, most notably for catechin/ 

epicatechin, B-type procyanidin, (+)-astilbin, quercetin glucuronide and quercetin. These results 

provide an efficient, green new method to potentially capture and enrich polyphenols with health-

beneficial properties from agricultural waste streams and, in conjunction with LC deliver 

information on their concentrations at different stages of waste material processing. The MIP was 

found to be reusable, robust and able to withstand treatment with a range of different pH values 

and solvents, which will be important for the extension of the use of MISPE techniques to other 

types of bioanalytical applications. 

These results may contribute to generate a new tool for reuse and recycling of valuable 

components from waste material in the agricultural and nutraceutical industries possessing a 

benign environmental footprint. 

The use of MIP materials in the analysis of sterols had several challenges still unsolved, 

especially in isolating the sterol target analytes from complex mixtures. The studies that have 

been done were often complicated and time-consuming procedures that used copious amount of 

environmentally problematic chemicals. In addition, published MISPE methods were not able to 

collect other compounds or assess the efficiency of the binding of the target of interest in one 

step. Thus, the present study provided a novel design of stigmasterol imprinted polymers in the 

SPE format in conjunction with the latest modern LC techniques for the quantification and 

characterisation of the target compound and its analogues from grape seed extracts.  

Several challenges arose during the isolation of the sterol target analytes from the complex 

mixture of grape extracts. Stigmasterol is amphipathic, has a single hydroxyl group in the 

molecular structure, and is relatively large, making the design of synthetic recognition-based 

polymer networks very difficult. In previous studies, major emphasis had focussed on the 

engineering and architectural design of cholesterol MIPs however, the polymers had a low 

selectivity to cholesterol due to hydrophobic cross linker-monomer interactions. 
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The MIP prepared for stigmasterol with non-covalent imprinting failed to capture stigmasterol 

standards in various solvent systems. In contrast, as shown with static batch binding the MIP 

synthesised with the covalent approach, showed high fidelity recognition of stigmasterol, 

although some retention was also observed for cholesterol and ergosterol because of the structural 

similarities and spatial complementarity to the target molecule. Further dynamic binding 

experiments were carried out in order to obtain an optimal sample loading, washing and elution 

conditions for the MISPE protocol with a mixture of stigmasterol, cholesterol and ergosterol 

standards. The MISPE method showed significant binding recognition towards stigmasterol in 

acetonitrile-water system with an imprinting factor of 12, and 99.4% of stigmasterol was 

recovered after MIP extraction. All binding evaluations were also performed with non-imprinted 

polymers.  

A static cross reactivity binding study presented an evaluation of the novel stigmasterol MIP with 

a standard mixture of six sterols. Such experiments are often limited by the availability of the 

stigmasterol analogues, however for the present study they had been chemically synthesised at 

the Centre for Green Chemistry. The new stigmasterol MIP allowed also a simultaneous capture 

of ergosterol and cholesterol but discriminated against several large sterol molecules according to 

the particular shape and chemistry of the stigmasterol binding site. The study demonstrated the 

importance of the hydroxyl functionality in the target analyte and/or target analogues for the 

formation of selective hydrogen bond interactions with the residual carboxylic acid in the 

imprinted cavities. In addition, the size and shape of the analytes influenced their binding or 

rejection in the MIP.  

The binding of structurally closely related sterols was further determined in a dynamic binding 

study. Capture from the originally applied amounts was 71.3 µg/g polymer for stigmasterol, 

57.9 µg/g polymer for cholesterol and 50.4 µg/g polymer for ergosterol. The most obvious 

structural differences between stigmasterol, cholesterol and ergosterol are the double bonds at C22 

and the alkyl chain at the position of C24. In addition, ergosterol has an additional double bond in 

the B-ring at the C7 position. Since cholesterol displayed the closest structure to the target 

molecule, the binding recognition for cholesterol was slightly higher than that for ergosterol. 

Since the highest binding selectivity was obtained for stigmasterol, it can be assumed that the 

side chain of stigmasterol enhances the fidelity of the recognition sites of the imprinted polymer 
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for this compound. This demonstrated that the binding sites in the MIP possess the ability to 

‘memorise’ the small structural difference of its target molecule.  

During the development of a suitable chromatographic separation method to determine the 

sterols, the most challenging part is to choose an optimal combination of mobile phase and 

mobile phase additive. A number of publications have addressed how to optimise the solvent 

system efficiently and various mathematical prediction models have been proposed. However, 

these models are sometimes not applicable for the detection of sterols in multi-component 

samples. This study has elaborated the design of a chromatographic method based on 

environmentally friendly ethanol-water containing 0.2% (v/v) acetic acid using an isocratic 

elution mode to resolve stigmasterol, stigmasterol analogues, cholesterol and ergosterol. This is 

the first time stigmasterol and structurally related sterols were simultaneously separated and 

LC-MS/MS has been successfully used to prove the method’s efficiency. The use of green 

solvents and micro capillary systems points the way to greener analysis methods in other fields of 

application. This new method can be used for binding site characterisation, selectivity 

optimisation and monitoring of the performance of MIPs intended for SPE to capture 

nutraceuticals from complex waste samples, and will contribute to further development in 

imprinting technology.  

Finally a new method to enrich the health-beneficial resveratrol, procyanidin and epicatechin as 

well as stigmasterol and campesteryl glycoside from one single grape pressing feedstock with 

two MIPs and green chemistry methods was elaborated. 

To this end the compositions of polyphenols in grape skins and seeds have been separately 

investigated. The results showed that the amount of (E)-resveratrol was higher in the grape skin 

extract than in the seed extract which was expected due to its fungal defence and UV-filter 

function. The isolation of (E)-resveratrol using MISPE resulted in 99% recovery of the target 

compound in both extracts. The MISPE treatment showed a significant binding affinity for 

(E)-resveratrol and additionally allowed the binding of quercetin glucuronide from grape skin 

extract. The appropriate geometric positioning of quercetin glucuronide to afford hydrogen 

bonding interactions, electron delocalisation in the aromatic rings of the flavonoids and 

hydrophobic interactions would be the factors that explain the retention mechanism of quercetin 
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glucuronide in the imprinted cavities. Several other phenolic components detected at low 

concentrations resemble in their structural configuration the target molecule including a dimer 

adduct of catechin-methyl-5-furfuraldehyde and epicatechin. Catechin and quercetin are also 

health-beneficial substances worth capturing from waste streams.  

In this study, comprehensive extraction of grape seeds to isolate and enrich both, (E)-resveratrol 

and stigmasterol using MISPE applications has provided a new perspective on waste reuse. The 

(E)-resveratrol MIP also enabled the binding of catechin, procyanidin, epicatechin and 

epicatechin gallate.  

The solid residue of the grape seed extract from the polyphenol extraction was used and hot 

saponified for the analysis of stigmasterol in the non saponified part with the sigmasterol MIP. A 

96% recovery of the target analyte was obtained. The MIP also bound campesteryl glycoside 

probably due to the hydroxyl-groups which encouraged the formation of hydrogen bond and 

hydrophobic interactions with the residual carboxylic acid in the MIP cavities.  

The grape byproducts of wine making, in particular skins and seeds, have a high concentration of 

health-beneficial polyphenolic compounds and valuable bioactive sterols making extraction 

profitable. The results presented in this study demonstrated the potential of novel methods for 

polyphenols and phytosterols screening and enrichment.  

The application of LC-ESI ion trap MS/MS for the identification of numerous non-binding and 

binding target compounds as well structurally related substances in the flow-through and eluate 

fractions of two MISPE led to insights into the physical and chemical interaction of the MIPs 

with their target and companion analytes and with molecules that can be eliminated. 
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7.2 Possible future investigations 

The application of MISPE techniques for the selective enrichment of health-beneficial 

compounds from agricultural waste materials can potentially provide a new, efficient, 

cost-effective and sustainable approach to natural resource utilisation forming the basis of green 

economic opportunities from new revenue streams.  

This research has also opened up avenues for the deeper elucidation of imprinting chemistries 

and molecular recognition mechanisms in the field of MISPE using high-end mass spectrometry 

methods. 

Future development of this research can exploit the economic potential and simple applicability 

of the methods for other agricultural waste products containing valuable nutraceutical 

compounds.  

From the same waste product a wide range of health-beneficial compounds can be targeted 

simultaneously as demonstrated herein for a wide array of polyphenols and phytosterols.  

As has been demonstrated, green extraction and analysis methods can be developed in future for 

very complex feedstocks from natural sources.  

A future development of novel devices based on MIP technology for the capture and 

identification of health-beneficial substances from natural sources may open opportunities for 

accessible, affordable nutraceuticals for better health and well-being. Further research will be 

aimed at developing new MIP-based-sensors with high sensitivity and rapid response times for 

the selective detection of bioactive polyphenols and phytosterols. Despite considerable 

improvements in the field of imprinting technology with various types of new polymers, 

imprinting formats and applications have been achieved, significant challenges regarding the 

mechanisms underlying the imprinting technique remain to be solved and many opportunities for 

these applications are still not fully exploited. 
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