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ABSTRACT

In this study, novel methodologies for the determination of antioxidative compounds in herbs and
beverages were developed. Antioxidants are compounds that can reduce, delay or inhibit
oxidative events. They are a part of the human defense system and are obtained through the diet.
Antioxidants are naturally present in several types of foods, e.g. in fruits, beverages, vegetables
and herbs. Antioxidants can also be added to foods during manufacturing to suppress lipid
oxidation and formation of free radicals under conditions of cooking or storage and to reduce the
concentration of free radicals in vivo after food ingestion. There is growing interest in natural
antioxidants, and effective compounds have already been identified from antioxidant classes such
as carotenoids, essential oils, flavonoids and phenolic acids.

The wide variety of sample matrices and analytes presents quite a challenge for the development
of analytical techniques. Growing demands have been placed on sample pretreatment. In this
study, three novel extraction techniques, namely supercritical fluid extraction (SFE), pressurised
hot water extraction (PHWE) and dynamic sonication-assisted extraction (DSAE) were studied.
SFE was used for the extraction of lycopene from tomato skins and PHWE was used in the
extraction of phenolic compounds from sage. DSAE was applied to the extraction of phenolic
acids from Lamiaceae herbs. In the development of extraction methodologies, the main
parameters of the extraction were studied and the recoveries were compared to those achieved by
conventional extraction techniques. In addition, the stability of lycopene was also followed under
different storage conditions.

For the separation of the antioxidative compounds in the extracts, liquid chromatographic
methods (LC) were utilised. Two novel LC techniques, namely ultra performance liquid
chromatography (UPLC) and comprehensive two-dimensional liquid chromatography (LC LC)
were studied and compared with conventional high performance liquid chromatography (HPLC)
for the separation of antioxidants in beverages and Lamiaceae herbs. In LC LC, the selection of
LC mode, column dimensions and flow rates were studied and optimised to obtain efficient
separation of the target compounds.  In addition, the separation powers of HPLC, UPLC,
HPLC HPLC and HPLC UPLC were compared.

To exploit the benefits of an integrated system, in which sample preparation and final separation
are performed in a closed unit, dynamic sonication-assisted extraction was coupled on-line to a
liquid chromatograph via a solid-phase trap. The increased sensitivity was utilised in the
extraction of phenolic acids from Lamiaceae herbs.  The  results  were  compared  to  those  of
achieved by the LC LC system.
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ABBREVIATIONS AND SYMBOLS

1D one-dimensional
2D two-dimensional

AC affinity chromatography
ASE accelerated solvent extraction
BSTFA N,O-bis(trimethylsilyl)-trifluoroacetamide
DAD diode array detector

DMAE dynamic microwave-assisted extraction
DSAE dynamic sonication-assisted extraction
EIC extracted ion chromatogram

ESI electrospray ionisation

GC gas chromatography
GFC gel filtration chromatography
GPC gel permeation chromatography
HILIC hydrophilic interaction liquid chromatography
HPLC high performance liquid chromatography
i.d. inner diameter
IEC ion exchange chromatography
IPC ion pair chromatography
LC liquid chromatography
LC-LC heart-cutting liquid chromatography
LC LC comprehensive two-dimensional liquid chromatography
MAE microwave-assisted extraction
MMLLE microporous membrane liquid-liquid extraction
MS mass spectrometry
NPLC normal phase liquid chromatography
PAH polycyclic aromatic hydrocarbons
PEEK poly(etheretherketone)
PHWE pressurised hot water extraction
PLE pressurised liquid extraction
RPLC reversed-phase liquid chromatography
SAE sonication-assisted extraction
SAX strong anion exchange (solid-phase material)
SBSE stir bar sorptive extraction
SCF supercritical fluid
SEC size exclusion chromatography
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SFE supercritical fluid extraction
SLE solid-liquid extraction
SPE solid-phase extraction
SPME solid-phase microextraction
TBA tetrabutylammonium bromide
TFA trifluoroacetic acid
TOF time-of-flight

TPA tetrapentylammonium bromide
UPLC ultra performance liquid chromatography
UV ultraviolet

separation factor
dp particle size of the column packing material [µm]
h relative plate height
H plate height [µm]
k retention factor
L column length [cm]
N plate number
nc,1 peak capacity of the first dimension separation
nc,2 peak capacity of the second dimension separation
nn,tot total peak capacity of the LC LC separation
pc critical pressure [bar, 1 bar = 105 Pa]
Rs resolution
tR,1 retention time of the first eluting peak [s or min]
tR,n retention time of the last eluting peak [s or min]
Tc critical temperature [°C, 0°C = 273.15 K]
u linear velocity [mm/s]
W average 4  peak width [s or min]
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1 INTRODUCTION

During recent decades, antioxidants have become a topic of interest not only for researchers but
also for the public worldwide. Antioxidants are a part of the natural defence system of humans.
They are compounds that delay or inhibit oxidative events, and prevent continuation of oxidative
chain reactions. The human body needs antioxidants to slow down or prevent oxidative damage
in shell tissues caused by free radicals, which may contribute to the development of degenerative
diseases and cancer. The human body cannot manufacture antioxidants, so they are obtained
through the diet. In food systems, one of the major aims is to use antioxidants to efficiently
inhibit the oxidation of lipids, which is the major cause of food deterioration. Several synthetic
antioxidants are available on the market, but e.g. in European Union their use is regulated in the
legislation. In addition, there is a clear demand for safe and natural antioxidants. In human diet,
some of the major sources of antioxidants are fruits, tea, coffee, juices, vegetables and herbs. The
antioxidant classes found in them include e.g. carotenoids, essential oils, flavonoids and phenolic
acids.

For the determination of antioxidative compounds in plant- and food-related matrices, key
features are the selection and optimisation of proper sampling and sample pre-treatment
techniques, and efficient, sensitive and selective separation and detection methods. Typical
processes for sampling and sample pretreatment may include sample filtration, centrifugation,
distillation, dilution, and extraction. There is no universal sample pretreatment technique that
would be suitable for all types of samples. The nature of the matrix, analytes and the final
separation method are all factors that influence the choice of the sample pretreatment technique.
In the selection of an extraction technique, not only effectiveness needs to be considered, but also
such things as cost of the equipment, operating costs, complexity of method development,
amount of organic solvent required and level of automation. The traditional extraction methods,
such as Soxhlet and solid-liquid extractions (SLE), are often described as laborious, time-
consuming and prone to errors.  In addition, the extractions usually consume a lot of solvent.
Growing demands have been made on sample pretreatment and over time some novel extraction
techniques have been developed. These techniques are environmentally and economically
friendlier, in terms of using smaller amounts of solvents (often non-toxic) and reducing working
time. Examples of such techniques are supercritical fluid extraction (SFE), pressurised hot water
extraction (PHWE) and dynamic sonication-assisted extraction (DSAE). In addition, the trend in
sample pretreatment techniques has been towards miniaturising the techniques or integrating
sample preparation, separation and detection. In an integrated system, the extraction unit and
analysing instrument can be coupled on-line via a transfer line, and thus, a whole analysis is
performed in a closed unit. The major benefit is increased sensitivity. In addition, smaller
amounts of sample and solvent are needed and manual work and error sources are decreased. The
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extraction unit can be coupled on-line to a liquid chromatograph e.g. by solid-phase extraction
(SPE).

The wide variety of sample matrices and analytes presents quite a challenge as well with respect
to the choice of analytical techniques for determination of antioxidative compounds in plants and
foods. A major part of antioxidative compounds have been analysed by liquid chromatography
(LC) due to the polar nature of the compounds. Liquid chromatography has been under intensive
study and development, and today more complex samples can be analysed due to novel
developments in this area. Improved separation efficiency has been recently achieved e.g. by
ultra performance liquid chromatography (UPLC) and comprehensive two-dimensional liquid
chromatography (LC LC). The improvements are due to enhancements in column and material
technology and the use of two columns with different separation mechanisms, respectively.

The research presented here focused on development of sample pretreatment and analysis
techniques for antioxidants such as lycopene and phenolic compounds in selected foods. In the
study of lycopene extraction by supercritical carbon dioxide, the effect of storage conditions on
the recovery of lycopene was also tested (I). For determination of phenolic antioxidants in herbs,
the extraction was done using pressurised hot water (II) or ethanol (mixture with water, III). In
dynamic sonication-assisted extraction, the applicability of computer software to designing the
extraction conditions was tested (III). The analysing power of two-dimensional liquid
chromatography was studied for herbs (III) and for beverages (IV, VI). The separation powers of
one-dimensional LC and different LC LC combinations for phenolic compounds were also tested
and compared (VI). In this study, either high or ultra high performance liquid chromatography
(HPLC or UPLC) were studied and compared with HPLC HPLC and HPLC UPLC techniques.
The solid-phase trapping system for the phenolic compounds was used in collecting the extract of
PHWE  (II) and in connecting the dynamic sonication-assisted extraction to the liquid
chromatograph (V).
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2 AIMS OF THE STUDY

The aim of the study was to develop sample pretreatment and liquid chromatographic techniques
for antioxidative compounds in selected food matrices. The extraction techniques studied were
supercritical fluid extraction, pressurised hot water extraction and dynamic sonication-assisted
extraction. The analytical method was liquid chromatography in the forms of high performance
liquid chromatography, ultra performance liquid chromatography and comprehensive two-
dimensional liquid chromatography. In addition, an on-line system coupling dynamic sonication-
assisted extraction and liquid chromatography was developed. An overview of the studies is
presented in Figure 1.

Figure 1. Overview of the studies.

More specifically the aims of the study were the following:

• To study the extraction parameters of SFE of lycopene and to compare the results
obtained by SFE and conventional solvent extraction techniques (I)

• To examine the effect of different storage conditions on the stability of lycopene (I)

• To study the extraction parameters of PHWE of phenolic compounds from sage and to
compare the results obtained by PHWE and conventional solvent extraction techniques
(II)

• To evaluate the extraction techniques based on antioxidant activity measurements (II)
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• To develop a dynamic sonication-assisted extraction method for herbs with help of
MODDE designing software (III) and to couple it on-line to liquid chromatography via a
solid-phase trap (V)

• To develop and apply LC LC in the analysis of herbs (III) and beverages (IV, VI) and to
compare its separation power with those of LC, UPLC and LC UPLC (VI)

Chapter 3 gives background information on antioxidants and compounds studied. The principles
of sample pretreatment and applications are presented in Chapter 4. The literature review covers
the application of extraction techniques in herbal samples, vegetables and fruits from the year
2000 up to the present. The principles of the liquid chromatographic techniques and applications
are presented in Chapter 5. Chapter 6 summarises the experimental data of the attached six
publications. The results of the studies and the conclusions are presented in Chapters 7 and 8,
respectively.
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3 ANTIOXIDANTS

Antioxidants are molecules that can interact with free radicals and that are capable of inhibiting or
terminating the free radical chain reaction [1]. Free radicals are highly reactive atoms or groups
of atoms that possess an unpaired number of electrons in their outer orbital. They tend to gain the
electron they lack from a nearby stable molecule. An antioxidant compound can react with a free
radical and become oxidized at the same time. The oxidized antioxidant molecule does not
continue the oxidation chain reaction, because it is also stable in the oxidized form. The human
body cannot manufacture antioxidants, so they are obtained through the diet. Antioxidants are
naturally present in several types of foods. They can also be added to foods during
manufacturing, and this is done for two main reasons: firstly, to suppress lipid oxidation and
formation of free radicals in foods under conditions of cooking or storage; and secondly, to
reduce the concentration of free radicals in vivo after food ingestion [2]. In addition, antioxidants
participate in inactivating metal catalysts by chelation and reducing hydroxyperoxides to stable
hydroxyl derivatives. They also interact with other reducing compounds synergistically [3].

Measuring the antioxidant activity of a particular compound is quite complicated and requires
further study in the future. The structure-activity relationship of natural phenolic antioxidants is
significantly affected by the test system, the biological targets to be protected, the modes of
inducing oxidation and the method used to determine oxidation. In addition, the other
components present in the test system can influence antioxidant activity [3] and it is possible that
the activity with a given test may not correlate with the results obtained by other tests [4]. Thus,
the results of antioxidant activity measurements need to be interpreted with particular caution.
The most commonly-used methods for determination of antioxidant capacity are summarised in
several recent reviews [3,5,6]. The major sources of natural antioxidants in the human diet are
presented in Table 1 and most commonly found natural antioxidants in plants in Table 2. The
antioxidative compounds in this study were lycopene, and selected flavonoids and phenolic acids.
They are reviewed in sections 3.1 and 3.2.

Table 1. Major sources of natural antioxidants in the human diet. Data from references [2,7,8].
Sources Examples
Beverages Beer, coffee, fruit juices, red wine, tea, cider
Cereals Bran, oat, rice, whole wheat products
Cocoa products Chocolate
Fruits Apples, bananas, berries, olives, citrus fruits, pears, grapes, strawberry
Legumes Beans, peanuts, soybeans
Herbs and spices Oregano, rosemary, sage, thyme, savory, ginger
Oilseeds Almonds, hazelnuts, sesame seeds
Vegetables Potatoes, tomatoes, parsley, onion, spinach, rhubarb
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Table 2. The most common antioxidant classes in plants. Data from references [2,7].
Antioxidant class Example(s)
Anthocyanins Delphinidin
Carotenoids Lycopene
Coumarines ortho-Coumarine
Essential oils Carvacrol, thymol
Flavonoids Quercetin, catechin, rutin
Lignans Sesamol
Phenolic acids Chlorogenic acid, ferulic acid, vanillic acid, caffeic acid
Stilbenes Resveratrol
Tannins Procyanidin, ellacid acid, tannic acid

3.1 Lycopene

Lycopene is a carotenoid, and it is a lipid-soluble antioxidant that is synthesised by many plants
and microorganisms but not by animals and humans [9]. It is responsible for the red colour of
many fruits and vegetables such as tomatoes.

In general, about 10-30% of dietary lycopene is absorbed by humans [10,11]. Several factors
affect the absorption of lycopene, including food matrix, cooking temperatures, and other food
components such as fiber, protein and lipid. Interactions of lycopene with other carotenoids or
other lipid soluble compounds are also important. The cis forms have been shown to be more
easily absorbed than the all-trans form [12-14]. Lycopene has been found to be more bioavailable
from processed tomato products than from raw tomatoes [10,13,15], which can be explained by
the increased cis forms of lycopene in processed tomato products. In addition, the heat processing
may break down cell walls, which weakens the bonding forces between lycopene and tissue
matrix, thus making lycopene more accessible. [16] The bioavailability and absorption can also
be enhanced by the ingestion/addition of dietary fats [16-18].

3.1.1 Structure, occurrence and concentrations

Lycopene is a C40 polyisoprenoid compound. The structure of all-trans lycopene is presented in
Figure 2. Lycopene has 13 double bonds and 11 of them are conjugated. The unique structure of
lycopene is responsible for its colour and antioxidant properties.

CH3

CH3 CH3 CH3 CH3

CH3 CH3 CH3

CH3

CH3

Figure 2. Structure of all-trans lycopene.



15

In nature, lycopene occurs primarily in the all-trans isomeric form, which is thermodynamically
the most stable [19]. However, due to the presence of double bonds in the structure, it can exist in
both the cis and trans isomeric forms. It can undergo oxidative, thermal and photodegredation.
Thus, when tomatoes are being processed to different products, lycopene can be degradated due
to isomerisation or oxidation. Degradation not only affects the colour but also the possible health
properties of lycopene and thus, stability measurements of lycopene are important. However,
lycopene has proven to be stable under the normal conditions of thermal processing and storage
for food [20].

The main dietary sources of lycopene are tomatoes and other tomato products. Lycopene can also
be found in watermelon, pink guava, pink grapefruit and papaya. The typical lycopene
concentrations in these vegetables and fruits are shown in Table 3 [11,21,22].

Table 3. Lycopene concentrations in fruits, vegetables and tomato products. Data from
references [11,21,22].

Fruits and vegetables Lycopene content (µg/g wet weight)
Papaya 20-53
Pink grapefruit 34
Pink guava 54
Watermelon 23-72
Fresh tomato 9-42
Tomato sauce 62
Tomato juice 50-116
Pizza sauce 127
Tomato ketchup 99-134
Tomato paste 54-1500

3.1.2 Health claims

The role of lycopene in human health has attracted considerable attention as more evidence
continues to suggest that it may protect against degenerative diseases such as cancer and coronary
heart disease. The research results are based on epidemiological, cell culture and animal test
studies. In 1995, an inverse relationship between consumption of tomatoes and the risk of
prostate cancer was demonstrated and particular attention was paid to lycopene in tomato [23].
Since then, several studies have demonstrated that the risk of cancer is reduced significantly with
increased intake of lycopene and increased serum levels of lycopene [24-26][25]. The role of
lycopene in the prevention of prostate cancer has been studied the most [23,27,28].

Epidemiological studies suggest that the consumption of heat-processed tomatoes may reduce the
risk of coronary heart disease by preventing the oxidation of low-density lipoprotein [11,23,29].
In a cross-sectional study comparing Lithuanian and Swedish populations, lower serum lycopene
levels were found to be associated with increased risk and mortality from coronary heart disease
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[30]. Lycopene has also been proven to protect human skin from UV radiation [31]. However, the
results of these studies have not been entirely consistent. It is clear that further research and
experiments to address the usefulness of lycopene in disease prevention, and its synergistic
effects with other nutrients, is needed. From recent reviews, updated and more detailed
summaries of the results of studies on the health-promoting effects of lycopene are available [32-
34].

3.2 Phenolic compounds

Phenolic acids and flavonoids are two main groups of a large and diverse group of phenolic
compounds which are considered to be secondary metabolites found ubiquitously in plants and
are derived from phenylalanine and tyrosine [35]. Phenolic compounds include simple phenols,
phenolic acids, coumarins, flavonoids, stilbenes, hydrolysable and condensed tannins, lignans
and lignins. This thesis focuses on phenolic acids and some subgroups of flavonoids. More
details about the other groups of phenolic compounds can be found in reviews [8,35].

3.2.1 Structures, occurrence and concentrations

Phenolic acids can be divided into acids with a simple hydroxycinnamic acid structure (e.g.
caffeic, p-coumaric and rosmarinic acids) and acids with a hydroxybenzoic acid structure (e.g.
gallic, vanillic and syringic acids). The flavonoid class can be divided into six subgroups
according to the type of heterocycle in their molecular structure: (i) flavonols (myricetin,
quercetin, kaempferol), (ii) flavones, (iii) isoflavones, (iv) flavanones, (v) flavanols (catechin,
epicatechin) and (vi) anthocyanidins [36]. As examples of different phenolic structures, the
phenolic acids and flavonoids studied in this thesis are shown in Figures 3 and 4, respectively.

In plants, phenolic compounds may act, for example, as contributors to plant pigmentation,
antioxidants, and protective agents against microbes, fungi or ultraviolet radiation. In food,
phenolic compounds may contribute to the taste, color, odour and antioxidative stability of food
[37]. Phenolic compounds are seldom found in the free form, except in processed food. Most
often, phenolic compounds are present as glycosides or esters and due to this, acid or enzymatic
hydrolysis is often used to change them into aglycones [38,39].
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The important dietary sources of phenolic compounds are vegetables, fruits, berries and
beverages. Of these, some significant individual sources are onion, apple, tea, red wine, juice and
various berries (e.g. cranberry, lingonberry black currant, blueberry and crowberry) [40]. In
addition, also herbs, nuts and cereals are sources of phenolic compounds. Table 4 presents some
dietary sources of selected groups of phenolic compounds and their total phenolic compound
concentrations [36]. It is important to notice that the concentrations presented in Table  4 are
measured from raw and unprocessed vegetables and fruits. However, studies have showed that
e.g. the flavonoid content decreases after normal domestic processing. For example, the effects of
frying, cooking or microwave heating on the concentration of conjugated quercetin in tomato and
onion were studied, and the processing decreased the concentration compared to unprocessed
sample [41]. Similar effects were also observed for quercetin in the processing of berries [42]. A
detailed database (U.S. Department of Agriculture) of flavonoids in selected foods is available
on-line from the internet [43].

Table 4. Some dietary sources of different types of phenolic compounds and their concentrations.
Data from reference [36].

Group of phenolic
compounds

Examples of
the group

Dietary source Phenolic compound concentration
[mg/100 g or mg/100 ml)]

Hydroxycinnamic
acids

Hydroxybenzoic acids

Flavonols

Monomeric flavanols

Caffeic
Chlorogenic
p-Coumaric
Ferulic acid
Gallic
Protocatechuic
Vanillic acid
Kaempferol
Myricetin
Quercetin

Catechin
Epicatechin

Apple
Blueberry
Coffee
Kiwi
Black currant
Blackberry
Raspberry
Apple
Blueberry
Broccoli
Yellow onion
Apricot
Black tea
Green tea
Red wine

50-600
2000-2200
350-1750
600-1000
40-130
80-270
60-100
20-40
30-160
40-100
350-1200
100-250
60-500
100-800
80-300

In several countries, the flavonoid intakes of humans have been estimated. The measured levels
of consumption of total flavonoid have ranged from 20 to 70 mg/day. These numbers give a
rough estimation of flavonoid intake, since only 3-4 subgroups of flavonoids were included in the
studies [44]. In Finland the average total intake of flavonoids was estimated in 1997 to be 55
mg/day. In a more recent study in 2007 [45], the mean flavonoid intake of middle-aged eastern
Finnish men was reported as 129 mg/day. In the latter study, 84% of the total content was due to
catechins, a group that was not included in the previous study. The phenolic acids have not been
studied so intensively and information on their intake is not available.
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3.2.2 Antioxidativity and health claims

The antioxidant activity of phenolic compounds depends primarily on the number and positions
of hydroxyl groups and other substituents in the structure. Important factors are the ease of
donation of the hydrogen atom from an aromatic hydroxyl group to a free radical and then the
stabilisation of the phenoxyl radical by delocalisation of unpaired electrons around the aromatic
ring [46,47]. More specifically, for phenolic acids the three following observations have been
made: 1) effective radical scavenging requires a free hydroxyl group and the presence of two
hydroxyl groups in the ortho position of the aromatic ring; 2) the more free hydroxyl groups
available, the higher the radical scavenging activity; and 3) the presence of electron-donating
substituent(s) (e.g. methoxy group(s)) next to aromatic hydroxyl group(s) enhances the hydrogen
donation ability [48,49]. For flavonoids the radical scavenging can be improved in a similar way;
more specifically the requirements are: 1) two hydroxyl groups in the ortho position in the B-ring
(see the alphabetical nomenclature from Figure 4); 2) a 2,3-double bond in conjugation with a 4-
oxo function in the C-ring; and 3) the 3- and 5-hydroxy groups with the 4-oxo-function in the
unsaturated C-ring [48,50]. In addition, for flavonoids, glycosylation decreases the activity of the
compounds compared to corresponding aglycone compounds [48].

For phenolic compounds, epidemiological studies have focused on flavonoids; thus, similar
studies with phenolic acids have not been done. During this decade, in numerous studies an
association between the consumption of food rich in phenolic compounds and a reduced risk of
certain diseases has been established [51]. The diseases of interest have been, among others,
cardiovascular diseases (CVD) [52-54], stroke [55,56] and cancer [57]. Significant associations
were observed for lung and colorectal cancer. On the other hand, there are studies that have not
found such a linkage. More information and research is needed to determine the concentrations of
different flavonoids in foods and to determine if there are synergistic effects with other nutrients.
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4 SAMPLE PRETREATMENT TECHNIQUES

After preliminary sample preparation (e.g. peeling tomato skins, drying them and making a
homogeneous sample by grinding), extraction is typically the next step in the sample preparation.
For all the extraction techniques the matrix and the analytes of interest determine the proper
sample pretreatment technique. In order to understand the extraction process, it is very important
to know the location of the analytes in the sample particle, because this has direct influence on
optimising the extraction conditions. In most straightforward cases, the analytes are adsorbed on
the surface of the sample particle or dissolved in the surrounding liquid. A more demanding case
is when analytes are adsorbed or dissolved in pores. The most challenging cases are when
analytes are adsorbed or dissolved in micro/nanopores or vacuoles, or chemically bonded to the
surface.

The locations of the analytes determine how many extraction steps are needed to remove the
analyte from the matrix. These different steps are: (i) the diffusion of the solvent into the matrix,
(ii) the desorption of analytes from the matrix (including the breaking of the bonds), (iii)
dissolving (solubilisation) of the analytes into the solvent, (iv) diffusion of the solvent with the
analytes from the matrix and (v) diffusion of the analytes through the stagnant solvent (e.g. the
particle is surrounded by a thin film of another solvent) to the surrounding bulk solvent [58].

In addition, for all extracting techniques, the solvation process is essential, since if the analyte is
not solvated in the extraction fluid/solvent, it will not be extracted. In the solvation process, the
solvent molecules destroy the attractive forces between analyte molecules by penetrating between
them and forming a layer around them. At the same time, new forces simultaneously act between
analyte and solvent molecules. The solubility, dipole moment, polarity, formation of hydrogen
bonds and sizes of the analyte and solvent molecules are the factors affecting the solvation
process [59].

Due to the multiplicity of food matrices, it is not possible to use only one sample preparation
technique. The traditional extraction methods, such as Soxhlet and solid-liquid extraction (SLE)
with different combinations of solvents, are frequently employed. The best techniques for the
analyses of solid food matrices include pressurised liquid extraction (PLE), supercritical fluid
extraction (SFE), microwave-assisted extraction (MAE) and sonication-assisted extraction
(SAE). In this study, three novel methods, namely SFE, PHWE and DSAE were used and these
methodologies are presented in the following chapters.

4.1 Supercritical fluid extraction

According to the International Union of Pure and Applied Chemistry (IUPAC) supercritical fluid
(SCF) is defined as a state of a compound, mixture or element above its critical pressure (pc) and
critical temperature (Tc). In a phase diagram of a pure substance (Figure 5), the critical point is
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marked at the end of the gas-liquid equilibrium curve, and the gray area indicates the supercritical
fluid region. At the critical point, the qualities of gas and liquid are united and the interface
between the two phases disappears. Above the critical point, only one phase exists, namely
supercritical fluid. Supercritical fluid extraction is an extraction technique that uses SCF as an
extraction solvent.

The physical properties of supercritical fluid resemble those of gas and liquid. The liquid-like
properties are high density and dissolving power. The gas-like properties are i.e. low viscosity,
low surface tension and high diffusion rate. Because SCF has no surface tension, it can easily
penetrate into a solid matrix. These unique properties of supercritical fluids make the extraction
faster than conventional extraction processes. The extraction can be more selective because the
extraction conditions can be controlled (section 4.1.1).

Figure 5. The phase diagram of a pure substance.

4.1.1 Factors affecting the extraction

In supercritical fluid extraction the most important parameters affecting the extraction are the
choice of the supercritical fluid and modifiers, the matrix and the extraction conditions such as
temperature, pressure, flow rate of the supercritical fluid and extraction time. In addition,
selectivity of the extraction can be increased by choosing the proper analyte collection system.
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4.1.1.1 Choice of a fluid

Several practical constrains limit the use of most supercritical fluids. These constrains can
include an impractical critical pressure or temperature, or high toxicity or flammability. The most
popular and frequently used supercritical fluid is carbon dioxide. It has a low critical temperature
(31.1°C) and in addition, it is cheap, non-toxic, non-flammable, chemically inert and it is
available in sufficiently pure grades. The disadvantage of carbon dioxide is that it is non-polar,
but with small additions of a more polar modifier, it can be used as an extraction fluid for polar
compounds too. In this literature review, from here forward, only applications concerning carbon
dioxide are discussed.

4.1.1.2 Modifiers

A small amount (1-10 volume-%) of organic solvent (called a modifier or co-solvent) is often
added to the sample to improve the dissolving power of non-polar carbon dioxide or to weaken
the interactions between analyte and matrix. Sometimes more than one modifier is needed, e.g.
one solvent makes the matrix to swell and the other dissolves the analytes from the matrix [60].
The modifier can be added straight to the extraction chamber or pumped as a co-solvent with the
help of a second pump. The most used modifiers are ethanol [61], methanol [62,63] and acetone.
In addition, vegetable oils have been used to increase recovery as well as to improve stability of
the analytes [64,65].

4.1.1.3 Matrix

The matrix has an essential role in the success of SFE. The recovery depends on both the rate of
analyte diffusion from the sample matrix to the supercritical fluid and the solubility of the analyte
in the supercritical fluid. In real samples, analyte diffusion is usually the limiting step. Therefore,
the extraction procedure usually includes a short static extraction first (5-10 min), followed by
dynamic extraction [66]. A reduction in particle size can speed up diffusion-limited extraction,
since a smaller mean particle size reduces the time required for diffusion. However, a very small
particle size enhances the formation of channels inside the extraction vessel.

The water content of food matrices is problematic since it can plug the restrictor with ice and
carry water into the collection trap. Thus the repeatability of the analysis suffers if the sample
contains water. The problem can be solved by adding a drying agent, e.g. magnesium sulphate, to
the sample or by lyophilising the sample prior to extraction. SFE is mainly used for extracting
solid samples. Prior to the extraction, samples should be dried and ground and/or mixed with an
inert agent (sea sand or alumina). Liquid samples are most often first absorbed onto a porous and
inert substrate.

4.1.1.4 Pressure, temperature, flow rate and extraction time

Dissolving power is dependent on the density of the fluid and this property can be controlled by
changing pressure and temperature. Higher pressure increases the density of SCF, leading to
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enhanced interaction between analyte and solvent molecules. It must be taken into account that
the higher the pressure, the greater the solvent power and thus, the lower the extraction
selectivity. An increase in temperature reduces the density of SCF and thus reduces the solvent
power. On the other hand it increases the vapour pressure of the compound. The flow rate of the
SCF is an important parameter when the extraction process is controlled by solubility. In such a
case, the flow rate determines the extraction rate. The extraction time can be long (> 1 h), when
100% recoveries are wanted; however, e.g. 90% recoveries can be achieved in substantially
shorter times (< 0.5 h).

4.1.1.5 Collection of extract

When the instrument is used in off-line mode, the analytes can be collected in two ways [67]. The
supercritical carbon dioxide (containing the analytes) is depressurised and the analytes can be
trapped in small amounts of solvents simply by bubbling. Another way to collect analytes is to
trap them in a solid adsorbent trap, which can be packed with e.g. C18 bonded silica or Florisil.
SFE can also be coupled on-line to an analytical instrument such as a gas or liquid
chromatograph [68,69].

4.1.2 Applications

Essential oils are one of the most important application areas in which SFE has been used as a
sample preparation method. Essential oils are not valued only for their nice aroma, but also for
their functional ingredients, for example, with antioxidant (oregano), antimicrobial (rosemary)
and antidepressant (St. John’s wort) activities. Supercritical carbon dioxide has been used to
extract essential oils from various herbs like rosemary [70], oregano [71], laurel (bay leaves)
[72], lemon palm (Melissa officinalis) [73], cumin [74], horsetail (Equisetum giganteum L.) [75],
fennel [76] or St. John’s wort (Hypericum sp.) [77].

SFE has also been used for extracting carotenoids from various food matrices. Carotenoids are
easily degraded by heat and oxygen, so SFE has been used to minimise the risks of activity lost.
Carotenoids have been extracted from carrots [64] and tomato-based products [78]. Particular
interest has been focused on lycopene, and it has been extracted from tomatoes and tomato-based
products such as ketchup, tomato puree and mashed tomatoes [64,65,78], as well as from
watermelon [79]. Lycopene has also been determined from tomato-based products, water melon
and papaya by coupling SFE on-line to HPLC via a monolithic column [68]. Table 5 shows some
of the SFE applications in analyses of fruits, vegetables and herbal samples. Information in more
detail is given in recent reviews of SFE and its applications to natural products [80], food [66],
vegetable substrates [81], antioxidants [58] and fruits and vegetables [67].
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Table 5. Selected SFE applications in analyses of fruits, vegetables and herbal samples.
Matrix Analytes of

interest
Extraction conditions
p[bar]       T[°C]

Modifier Reference

Herbal sample Essential oil 150             40 Ethanol [71]
Herbal sample Essential oil 250             60 Ethanol [70]
Herbal sample Essential oil 203             45 [74]
Herbal sample Flavonoids 350             70 Methanol [63]
Herbal sample Flavonoids 332             50 Methanol [82]
Orange juice Flavonoids 160             40 [83]
Vegetable oils PAHs 250             100 [69]
Caspacho Pesticides 304             50 Methanol [62]
Vegetables Pesticides 294             40 Acetone [84]
Tomato skins Lycopene 400         40-100 [85]
Tomato products,
some fruits

Lycopene 405             90 Methanol [68]

Watermelon Lycopene 207             60 Ethanol [79]

4.2 Pressurised hot water extraction

Pressurised hot water extraction (PHWE), which is a form of pressurised liquid extraction (PLE),
is a term for extraction that utilises water at temperatures between 100 °C (the boiling point of
water) and 374 °C (the critical temperature of water). The pressure is usually high enough to keep
the water in the liquid state; the necessary pressure to do so is only 15 bar at 200 °C and 85 bar at
300  °C  [86,87].  PHWE  is  also  referred  as  subcritical  water  extraction,  superheated  water
extraction, high temperature water extraction, extraction using hot compressed water and
extraction with water at elevated temperatures and pressures.

PHWE is usually performed in dynamic mode with water flowing constantly through the sample,
but static extraction is also possible. The extract can be collected in organic solvent or trapped by
e.g. a solid-phase trap. At the present, no commercial instrument is available and thus, the
equipment has been self-built or modified from other instruments. The difference from
commercial instruments for SFE and PLE or accelerated solvent extraction (ASE) is that PHWE
equipment can tolerate temperatures over 300°C. The high temperature makes demands on the
material of the extraction vessels and sealing-rings. The set-up of a self-made PHWE apparatus
with a solid-phase trap for extract collection mode is presented in Figure 6.



26

Figure 6. Configuration of PHWE equipment with a solid-phase trap.

4.2.1 Factors affecting the extraction

In pressurised hot water extraction the most important parameter affecting the extraction is the
temperature. The other significant parameters are pressure, flow rate of the water and extraction
time. In addition, the matrix needs to be taken into consideration, and selectivity of the extraction
can be increased by choosing the proper analyte collection system.

4.2.1.1  Temperature

At room temperature water has a high boiling point, dielectric constant and polarity. However,
when the temperature is increased, the properties of water change significantly. At higher
temperatures, the diffusion rate increases and the dielectric constant, viscosity and surface tension
decrease. The permittivity of heated water resembles that of an organic solvent, e.g. the dielectric
constants of water and methanol are 30 (at 220°C) and 33 (at ambient temperature), respectively.
Thus, water can dissolve a wide range of medium and low polarity compounds. The higher
temperature also increases the vapour pressures and accelerates thermal desorption of the
analytes. The disadvantages of excessively high temperatures are instrument corrosion or leaks,
degradation of labile compounds and unwanted reactions. For bioactive compounds, the
extraction temperature is usually between 100-170°C [88]. Typically, an increase in temperature
improves the recovery to a certain point, after which compounds can even start to degrade
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[88,89]. In addition, especially in extracting plant matrices, the temperature is preferably kept at a
moderate level, because at high temperature the extracts are very dirty.

4.2.1.2  Pressure, flow rate and extraction time

Pressure has only a minor effect on the dielectric constant of water and thus, pressure is usually
set high enough to keep the water in the liquid state. The importance of the pressure is in defining
if water is in a liquid or steam state. In addition, some samples may need higher pressures due to
the character of the matrix. In such cases, higher pressure can be used to push the water
efficiently through the sample. Flow rate has an effect on the recovery if the extraction is
solubility restricted. In such a case, a higher flow rate increases the recovery to a certain extent.
The extraction time can be long (> 1 h), when 100% recoveries are wanted, however, e.g. 90%
recoveries can be achieved in substantially shorter times (< 0.5 h).

4.2.1.3  Collection of extract

The extracted analytes can be collected in PHWE by bubbling into organic solvent [90] or by
solid-phase extraction (SPE) [91,92], solid-phase microextraction (SPME) [93], stir bar sorptive
extraction (SBSE) [93] or microporous membrane liquid-liquid extraction (MMLLE) [94].
PHWE can also be coupled on-line to e.g. a gas [95] or liquid chromatograph [96].

4.2.2 Applications

The main applications of PHWE are in environmental analysis. However, some applications of
PHWE in the field of food and plant materials can be found, and they focus on extracting
naturally occurring plant products (especially essential oils) and determining pesticide residues.
Pressurised hot water has been utilised in extracting essential oils from various herbs like oregano
[91,97], savory [98,99], peppermint [98], laurel [100], fennel [101], thyme [102], lime peel [90]
and basil [99]. From herbal samples, antioxidants [103] and nutraceuticals [104] have also been
extracted, as well as catechins and proanthocyanidins from winery by-products [105] and
quercetin from onion waste [106]. From fruits and vegetables chlorinated pesticides and
chlorobenzenes have been extracted [93].

4.3 Sonication-assisted extraction

In sonication-assisted extraction, ultrasound waves are utilised to enhance the extraction
procedure. Ultrasound waves have frequencies higher than 20 kHz and they are mechanical
vibrations in a solid, liquid or gas. Ultrasonic radiation is one of the auxiliary energies frequently
used to accelerate the extraction process. Sound waves must pass through matter and they involve
compression and expansion cycles during their passage through a medium. The expansion can
create bubbles in a liquid. These bubbles are compressed and expanded till they finally collapse.
As a result, high local temperatures and pressures are produced. This phenomenon is known as
cavitation [107]. This improves the contact between solid and liquid phases. The mechanical
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effects of ultrasound enhance penetration of the solvent into the sample matrix and accelerate the
mass transfer [108-110]. Ultrasound can also disrupt biological cell walls and facilitate the
release of contents. This has been proven by scanning electron micrographs. The two major
reasons for enhanced extraction by ultrasound energy are the efficient cell disruption and
effective mass transfer [111]. The synonyms for sonication-assisted extraction (SAE) include
ultrasound extraction, ultrasound-assisted extraction, ultrasonic-assisted extraction and
ultrasonication-assisted extraction. For dynamic sonication-assisted extraction (DSAE) the
synonyms in the literature include ultrasound-assisted dynamic extraction and continuous
ultrasound-assisted extraction.

Previously, sonication-assisted extraction was most often used in static mode. This was simply
achieved by, for instance, placing sample tubes in an ultrasound bath. Ultrasound has also been
used to accelerate or enhance among other things, homogenisation, dissolution, washing,
nebulisation and derivatisation. Dynamic extraction, which is becoming more popular, is usually
coupled on-line to, for example, a liquid chromatograph (chapter 5.2).

4.3.1 Factors affecting the extraction

The parameters that must be optimised depend on the source of the ultrasound radiation, namely
the ultrasound bath or ultrasound probe. For both of these, the composition and flow rate of the
solvent (when the system is dynamic), temperature of the water bath and extraction time must be
optimised. In an ultrasound bath, the position of the extraction vessel can be important to the
recovery; the probe position is significant. In addition, when using an ultrasound probe, the
radiation amplitude and percentage of duty cycle needs to be taken into consideration.
Nevertheless, the sample itself is also important. Its characteristics, such as moisture content and
particle size, also need to be considered.

4.3.2 Applications

Sonication-assisted extraction is a versatile extraction technique due to the large variety of
solvents that can be utilised. It is suitable for almost all kinds of matrices and analytes. In
bioanalytics, ultrasound is seldom used, because some of the polymers can degrade and proteins
are degraded into peptides. Some of the static ultrasound extraction applications in analyses of
fruits, vegetables and herbal samples are presented in Table  6. Reviews of extracting
nutraceuticals and bioactive components from plants and herbs are available [112,113].
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Table 6. Applications of the use of ultrasound in static mode in analyses of fruits, vegetables and
herbal samples
Matrix Analytes of

interest
Extraction conditions
T [°C] / t [min] / intensity [kHz]

Solvent Reference

Coconut Phenolic
compounds

30 / 15 / 25 50:50 EtOH/water [114]

Grapes Resveratrol 60 / 30 /47 80:20 EtOH/water [115]
Strawberries Phenolic

compounds
- / 2 / 20 0.4 M hydrochloric acid [116,117]

Red raspberries Anthocyanins <40 / 3.3 / 22 15:85 1.5 M HCl / 95% EtOH [117]
Soy beverages isoflavones 45 / 20 / - 50:50 EtOH/water [118]

4.4 Comparison of techniques

Extraction techniques for solid and semi-solid samples should essentially be exhaustive to assure
efficient recoveries from different types of samples. In general, techniques utilising higher
pressure or temperature allow a more efficient extraction of the analytes from the matrix by
improving the contact of the target compound(s) with the extraction solvent. Extraction time and
organic solvent consumption are both reduced, and sample throughput is increased. In this
chapter,  the  three  extraction  techniques  of  the  thesis,  namely  SFE,  PHWE  and  DSAE,  are
compared. The advantages and disadvantages of the pretreatment techniques are summarised in
Table 7.

Table 7. Advantages and disadvantages of pretreatment techniques.
Technique Advantages Disadvantages
SFE
(CO2)

+ CO2 is environmentally friendly, non-toxic,
non-flammable and cheap
+ Reduced use of organic solvents
+ Low operation temperatures possible

- CO2 is nonpolar and addition of modifier is
often needed
- Expensive instrument
- Optimising the method is demanding and often
matrix dependent

PHWE + Water is environmentally friendly, non-toxic,
non-flammable and cheap
+ Reduced use of organic solvents
+ Also suits to wet samples

- High temperature and pressure makes
demands on energy and material
- No commercial instrument available
- Not suitable for labile compounds
- Dirty extracts (if high temperature)

DSAE + Fast
+ Low costs (instrument, solvents, energy)
+ Not matrix or analyte dependent

- Potential formation of free radicals during
sonication of solvent
- Not well suited to bioanalysis

SFE usually operates at moderate temperatures and thus, thermal degradation and decomposition
of labile compounds can be avoided. SFE is particularly suitable for applications in which health
considerations (no solvent residues) or environmental regulations or aspects needs to be
considered. A few of these groups would be: flavours, fragrances, food supplements,
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nutraceuticals and pharmaceuticals. The main disadvantages are the expense of the instrument,
the need for a modifier and laborious optimisation.

The main applications of PHWE have been the extraction of organic pollutants from soil and
sediment samples and the extraction of flavours, fragrances and pesticide residues from food and
plant materials. The advantage of PHWE is that water, the solvent, is cheap and readily available.
The optimising is mainly dependent upon temperature. The main disadvantages are that there is
no commercial instrument available and the use of high temperatures demands lots of energy and
causes decomposition of labile compounds. In addition, the higher the extraction temperature, the
dirtier the extracts are.

Ultrasound is versatile and can be used in a variety of applications. It suits all kind of matrices
and analytes, excluding biomolecules. The main benefits are faster kinetics and an increase in
extraction yield. In addition, any solvent can be used in extraction. Ultrasound produces heat, so
temperature must be controlled. Ultrasound can reduce the operating temperature and make the
extraction suitable also for thermolabile compounds. Ultrasound baths or probes are relatively
cheap and easy to operate. One disadvantage is possible formation of free radicals during the
sonication.

When there are several interdependent parameters to be optimized, it is feasible to use a
designing programme on a computer for selecting the best extraction conditions [119,120]. By
optimising the extraction procedures using experimental design and combining this with formal
optimisation strategies, it has been possible to obtain optimum operating conditions with a
minimal amount of labour, time and cost. The programme can suggest several good choices for
the extraction, and in practise some compromises need to be made with optimal final conditions
being determined by the user.
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5 LIQUID CHROMATOGRAPHIC TECHNIQUES

Liquid chromatography (LC), the analytical technique used in this study, is a versatile separation
technique. Modern liquid chromatography uses relatively high pressures (100-350 bars) and
columns packed with small particles (size 3-5 µm) with an active surface. It is called high
performance liquid chromatography (HPLC),  or  simply  LC in  most  of  the  cases.   Several  LC
modes are available: reversed-phase liquid chromatography (RPLC), normal phase liquid
chromatography (NPLC), ion exchange chromatography (IEC), ion pair chromatography (IPC),
size exclusion chromatography (SEC), affinity chromatography (AC) and hydrophilic interaction
liquid chromatography (HILIC). The most widely used technique is RPLC.

In chromatography, the separation can be described by using resolution, Rs which describes the
separation of two adjacent compounds, and plate number, N, which describes the efficiency of
separation. Resolution is dependent on system efficiency, selectivity and retentivity as seen from
equation (1):

1
1

4 k
kNRs (1),

where N is plate number,  is separation and k is a retention factor.

Efficiency (plate number) is also dependent on column length and particle size of the packing
material, as equations (2) and (3) show:

H
LN (2),

pd
Hh (3),

where L is column length, H is plate height, h is relative plate height and dp is particle size of the
column packing material.

To describe the contribution of the factors affecting the chromatographic separation, several plate
height equations have been developed. A plate height equation expresses the correlation between
plate height and mobile phase velocity. Best known is the van Deemter equation, which is
presented in equation (4):

uC
u
BAH (4),

where A is Eddy-diffusion, B is longitudinal diffusion, C is mass transfer and u is the linear
velocity.
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The van Deemter equation is usually expressed graphically as the H=f(u) curve, which is a plot of
the plate height as a function of the mobile phase velocity. In addition to the van Deemter
equation, several other equations have been developed, including the Giddings Equation, the
Huber Equation and the Knox Equation [121]. Of these, the Knox equation is a simple and
effective method of examining the quality of a given column in practice [122].

The plate number, i.e. the efficiency of the separation, can be improved by using longer columns
or smaller particles. In particular, as also shown by the van Deemter equation, stationary
phase particle size is one of the most important factors affecting the separation.  For a given
column length, the plate number is inversely related to the particle size of the column packing.
The smaller the particles, the higher are the plate number and separation power. If the particle
size is decreased from 5 µm to 1.7 µm, the plate number and resolution increase by factors of 3
and 1.7, respectively. Due to narrower peaks, sensitivity also increases. The plate number is also
dependent on the flow rate of the mobile phase. There is a certain velocity, the so-called optimum
flow, at which the plate number is highest (and H is lowest). It should also be noted that
increasing the column length or decreasing the particle size substantially gives rise to high back
pressures, if optimum flow rates are applied. These pressures can be higher than a normal LC
instrument can tolerate (max 400 bar). As equations 2 and 3 show, it is possible to maintain the
plate number even when column length is decreased, if the particle size is also decreased. The use
of short columns is advantageous because the back pressure is lower and thus higher flow rates
can be applied, resulting in shorter analysis times. Columns packed with sub-2-micron particles
cannot be operated with conventional LC systems, while columns packed with somewhat larger
particles, e.g. with 3-3.5 m particles, can still be operated with conventional LC systems,
because the pressure is not excessive (< 350 bar). The utilisation of sub-2-micron particles
became possible only recently when instruments capable of high pressures (up to ca. 1000 bar)
became commercially available, and this modern LC technology was named ultra performance
liquid chromatography (UPLC) or ultra pressure liquid chromatography. The term ultra-fast
liquid chromatography is also sometimes used. In UPLC, the efficiency does not decrease at high
flow rates or linear velocities. The effects of selected LC parameters on speed, sensitivity and
resolution are shown in Table 8 [123].

Table 8. Effect of selected LC parameters on speed, resolution and sensitivity. ( = higher,
bigger, faster, better;   = smaller, lower, worse)

Speed Sensitivity Resolution
Column length
I.D.   -
Particle size   -
Flow rate   -
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In addition to development of columns packed with sub-2-micron particles, recent developments
in liquid chromatographic systems include coupling columns in series, operating at elevated
temperatures and utilising partially porous stationary phases and monolithic phases. In the quest
for even greater separation efficiency, comprehensive two-dimensional liquid chromatographic
techniques have recently been gaining popularity.

5.1 Comprehensive two-dimensional liquid chromatography

In the separation of highly complex mixtures, a single chromatographic dimension is often
inadequate for complete separation. Therefore, the development of two-dimensional (2D) LC has
gained a great deal of attention during the past years. In 2D-LC, the sample is subjected to two
different separation mechanisms. In comprehensive mode, all fractions pass through the whole
analysing system. This is the essential difference from heart-cutting liquid chromatography (LC-
LC), in which only selected fractions are analysed by the second column.

For comprehensive two-dimensional liquid chromatography (LC LC), several types of interfaces
have been developed to join the two LC columns. The valve interface with two loops [124-127],
as presented in Figure  7, is the most common. Other types of interfaces include solid-phase
trapping [127-130], set-ups with parallel second dimension columns [127,131-133], and stop-
flow interfaces  [134].  The  basic  set-up  for  LC LC in Figure 7 consists  of  two  LC pumps,  an
injector, two columns interfaced by a switching valve with two identical sample loops and a
detector. The columns can be placed in an oven for temperature programming. In practice, the
effluent from the first column is collected to the first sampling loop for a predetermined period.
In the meantime, the effluent fraction from the second sampling loop is directed to the second
column. After this, the valve is switched to the second position and the roles of the sampling
loops are changed. Modulation time, i.e. sampling frequency, is the time period that the valve is
in position one or two, and it is determined by the analysis time of the second column. To
maintain the separation achieved in the first dimension, a sufficiently large number of fractions
have to be taken from a peak eluting from the first column. Thus, fast 2D analyses are essential in
LC LC. Another option is to broaden the first dimension peaks by using a very low flow rate.
However, operating at a flow rate below van Deemter’s optimum substantially reduces the peak
capacity of the first dimension. A few studies on optimum sampling rate have been done [135-
140]. Preferably, each peak should be sampled 2-4 times. However, this is not always possible in
practice. The modulation times in LC LC vary typically between 30-120 s and the time is kept
constant during the whole analysis.
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Figure 7. The basic set-up of LC LC, W = waste.

Method development for the two dimensions in comprehensive LC is a matter of several
compromises. Prior to coupling, the methods in both dimensions should be optimised with
respect to the sample characteristics and taking into account all parameters that influence peak
capacity such as orthogonality, sampling frequency and compatibility of the dimensions.

Selection of column dimensions and flow rates is crucial in an LC LC system. Usually, the flow
rate of the first column is low (10-200 µl/min) and small inner diameters (<2 mm) are preferable.
The second dimension column should have an inner diameter that is the same as or, preferable,
larger than that in the first column. The flow rate in the second column should be at least 10 times
higher than that of the first dimension. High flow rate creates pressure and thus, monolithic
columns or short columns (1-5 cm) with small particles (1.5-2.5 µm), preferable partially porous
particles, are favoured. Monolithic columns have low back pressures, and high flow rates can be
used. However, the higher the flow rate, the more the fraction is diluted. In addition, the high
solvent consumption produces lots of waste.

For the visualisation of data special software is needed. LC LC data is generally presented as
two-dimensional colour plots, in which the retention times of the first and second columns are
placed on the x- and y-axes, respectively. The height of the peak can be represented with a colour
scale or contours. The data can also be viewed in three dimensions, with the z-axis representing
the detection response.
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In the evaluation and development of a LC LC methodology, the important concepts are
comprehensiveness, orthogonality and peak capacity, which are discussed below.

5.1.1 Comprehensiveness and orthogonality

The requirement for comprehensiveness of two-dimensional LC separation is fulfilled when the
whole sample is subjected to two different separations and the separation obtained by the first
column is essentially maintained in the second column [141]. In addition, equal percentages of all
sample components have to pass through both columns and eventually reach the detector [142].

In LC LC, the orthogonality between the two dimensions is crucial. A 2D separation is
orthogonal if the two separation mechanisms used are independent of each other and show
distinct retention profiles or, in other words, provide different selectivities [142,143]. It should be
noted that orthogonality not only depends on the separation mechanisms, but also on the
properties of the analytes and the separation conditions. Successful orthogonal combinations can
be achieved when appropriate stationary and mobile phases are carefully chosen with respect to
the physicochemical properties of the sample constituents, including size, charge, polarity,
hydrophobicity etc.

Despite the importance of the concept of orthogonality, only a few reports discuss this subject
from a mathematical point of view [143,144]. Several diverse approaches to orthogonality
determination have been developed, but no uniform method is at the present available for the
determination of the orthogonality of a specific system. In practice, two-dimensional systems that
are fully non-correlated seldom exist.

One approach to describe the orthogonality is the geometrical method, as presented in Figure 8
[144]. In this procedure, the normalised retention data are first plotted onto a two-dimensional
separation space. The area is assigned to each data point, representing a normalised peak area.
Thus, a grid as presented in Figure 8 is  formed.  Then  the  orthogonality  is  defined  as  a
normalised area covered by peaks in the grid. The greater the coverage, the higher is the
orthogonality. In Figure 8A, the 10% area coverage represents 0% orthogonality. In contrast, in
Figure 8C, the area coverage is 63%, representing 100% orthogonality.
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Figure  8. Orthogonality geometrically represented. The figures describe the hypothetical
separation of 100 analytes in a 10  10 normalised separation space. (A) Non-orthogonal system,
(B) hypothetical ordered system, full area coverage and (C) random, ideally orthogonal system.
From reference [144].

One way to evaluate the orthogonality in practice is to calculate normalised retention times
(equation 5) for the target analytes [144] in the two columns and then plot them onto a 2D
retention space.

minmax

min
)( RTRT

RTRTRT i
normi (5),

where RTi is the retention time of an analyte. RTmax and RTmin are  retention times of  most  and
least retained compound in the data set, respectively.

The correlation coefficient can be used together with the plot to illustrate the possible correlations
between first and second dimensions. The normalisation has two purposes: (1) it allows
comparing different chromatographic data in a uniform 2D retention space regardless of
absolutely retention times and (2) it removes the void spaces, i.e. the spaces where no peak elute,
from 2D separation plot.

5.1.2 Peak capacity

The separation capability in LC LC is described by the peak capacity, which is defined as the
maximum number of peaks that can be fit side by side between the first (or unretained) and last
peak of interest, with resolution unity between all these peaks [145]. The peak capacity delivers a
measure of the maximum number of compounds that can be resolved during a single
chromatographic analysis. Unlike the plate number, the peak capacity can be calculated both for
one- and two-dimensional systems. However, the sample compounds are typically not uniformly
distributed throughout the chromatogram, and thus, the peak capacity should be significantly
larger than the number of sample constituents. The peak resolution is severely compromised
when the number of compounds present in the sample is more than 37% of the peak capacity, as
has been determined by statistical theory [146]. In order to resolve 98% of randomly distributed
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sample components, the peak capacity must exceed the number of peaks 100-fold [147]. The
peak capacity for gradient separations is generally higher than for isocratic analysis, since the
bandwidths are significantly narrower.

When the separation is orthogonal the total peak capacity, nc, tot of the LC LC system is achieved
by simply multiplying the peak capacity of dimensions one and two (equation 6):

nn,tot = nc,1  nc,2 (6),

where the nc,1 and  nc,2 are the peak capacities in column 1 and 2, respectively.

The peak capacities of the gradient elution mode and isocratic modes can be calculated from
equations (7) [148] and (8)[149], respectively.

W
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where  tR,n and  tR,1 are the retention times of the last and the first eluting peaks and W is the
average 4  peak width.
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where N is the plate number and tR,n and tR,1 are the retention times of the last and the first eluting
peaks.

However, during loop collection in the transfer step, remixing of separated components occurs
and the actual peak capacity is not as high. In practice, it corresponds to the amount of fractions
in the time period used. The calculated peak capacities are estimations of the separation
efficiency and they often tend to overestimate the separation power of the system in real analyses.

5.1.3 Modes of comprehensive two-dimensional liquid chromatography

When designing a two-dimensional separation, it is important to consider the factors that
influence separation selectivity (stationary and mobile phase, temperature) and peak capacity
(solvent or temperature gradients in both dimensions) [129,150,151]. It is important to match the
column dimensions and the flow rates, in order to obtain fractions of the correct size and to
sample them fast enough. In addition, the mobile phases in the first and second dimensions
should be compatible and the solvent strength should be such that it favours peak focusing and
suppresses band broadening [152]. Table 9 shows the compatibility of different LC modes.
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Table  9. The compatibility of different LC modes. Explanations: +++ easy to combine, +
possible, but not convenient, - difficult; Abbreviations see pages 6-7.

NPLC RPLC IEC/IPC SEC
GPC   GFC

NPLC +++ + + +++       +
RPLC + +++ +++ +            +++
IEC/IPC - +++ +++ - +++
SEC GPC
              GFC

+++
+

+
+++

+
+++

+++       +
+            +++

5.2 Coupling of extraction on-line to liquid chromatography

A recent trend in the development of analytical methodologies is the integration of the sample
preparation step directly with the chromatographic system [153,154]. On-line coupling refers to
connecting two systems via a transfer line to form one closed unit. The on-line coupling of an
extraction to chromatography has several advantages over off-line methodology. The main
advantages are the improved sensitivity, minimal sample contamination and the possibility for a
totally automated analytical system. The improved sensitivity makes it possible to minimise the
amount of sample needed for the analysis. The on-line systems are also ideal for labile samples
because  the  analyte  is  directly  transferred  into  the  analysis  after  release  from  the  matrix.
Moreover, contact with atmospheric air, moisture and light is avoided in a closed on-line system.
Thus, an on-line system is well suited for the reliable determination of labile antioxidative
compounds.

To couple an extraction unit to liquid chromatography, some extra parts are needed. Most often
the coupling goes via transfer lines and valve(s). In addition, extra pump(s) are needed for the
dynamic extraction or transport of the extract to the chromatographic column. The most common
on-line systems have been developed for liquid samples and they include SPE-LC [155,156],
membrane extraction [157,158], and dialysis-LC [159]. For the analysis of solid samples, more
complex systems are required. The extraction systems that have been coupled on-line to LC
include SFE [68,107,160,161], PHWE [96,162], dynamic microwave-assisted extraction
(DMAE) [163,164] and DSAE. In most of the systems, intermediate trapping with e.g. SPE is
utilised for extra clean-up and concentration of the extract.

5.2.1 Factors affecting the coupling

In the development of on-line systems, several factors have to be considered, and often some
compromises have to be made. In on-line systems, the amount of sample is more critical than in
off-line systems. Both the concentrations of target analytes and matrix compounds should be
considered. The reason for this is that in an on-line configuration, the whole extract is transferred
to the chromatographic column. This means that the sensitivity of the on-line system is very high,
leading easily to overloading of the analytical column. Thus, to avoid overloading the LC
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column, the sample size must be sufficiently small. However, the use of a small sample size
increases the importance of good homogenisation of the sample.

In the on-line connection with LC, careful selection of the amount and type of extraction solvent
is crucial.  Large solvent volumes can cause serious deterioration of peaks shapes in subsequent
LC analysis. If necessary, the volume of the extract must be reduced before the transfer. It is also
important that the extraction solvent is compatible with the LC system. In addition, the extraction
solvent should have weak eluent strength in the LC column in order to avoid serious peak
broadening. In most of the on-line systems developed for the analysis of solid samples, an
intermediate trap is used in between the extraction system and LC. Typically, this intermediate
trapping is done with a solid-phase trap. It serves as an extra clean-up step, and it makes it
possible to reduce the solvent volume or change the solvent for one that is more LC compatible.
By careful selection of the SPE material, e.g. by the use of ion-exchange, the selectivity of the
whole system can be increased substantially.

It should also be noted that the on-line system must be cleaned thoroughly between runs,
otherwise memory effects can disturb the subsequent analyses. The cleaning is done by pumping
suitable solvents through the system, and e.g. the solid-phase trap should be changed at frequent
intervals.

5.3 Applications

This chapter is divided into three parts. The first part presents the applications of high and ultra
performance liquid chromatography in the analysis of lycopene and phenolic compounds. The
sample matrices are of plant and food origin. In the second part, the applications of LC LC to
herbal extracts, essential oils and beverages are presented. The last part reviews applications of
systems in which extraction is on-line coupled to liquid chromatography.

5.3.1 High and ultra performance liquid chromatography

Lycopene has been determined by LC using columns of C30 [165-167] or C18 [168,169] and the
most popular matrix has been tomato [165,166,169]. In addition, lycopene has been analysed
from vegetables and fruits [167-169]. Most often the detection has been by UV (450-470 nm).
For other studies and more details, a recent review has been published [170].

LC still has the leading position in the analysis of phenolic compounds. In general, LC methods
use C18 columns and binary gradient programs. Most frequently the detection is done by UV or a
photodiode array, but in the case of identification, mass spectrometry (MS) has proven its power.
Phenolic compounds have been analysed from beverages [171,172], herbs [173,174], fruits [175],
berries [176] and vegetables [177]. More applications can be found in recent reviews [37,178].

Ultra performance liquid chromatography has proven its efficiency and more applications with
difficult matrices are gradually being published.  At the moment there are only a few examples of
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phenolic compounds analysed by UPLC with such matrices as plant material [125,179,180],
beverages[181,182], olive oil [183] and chocolate [184].

5.3.2 Comprehensive two-dimensional liquid chromatography

Applications of LC LC  in  the  analysis  of  herbal  extracts,  essential  oils  and  beverages  are
presented in Table 10. More about other applications can be found in recent reviews
[151,152,185].

Table 10. Applications of LC LC to herbal extracts, essential oils and beverages
Sample Conditions; Column (L x i.d.[mm],particle size)/Flow[µl/min]

First dimension                                Second dimension
Ref.

Citrus oil
 extract

NP: diol 250 x 1.0, 5µm/30 (G) RP: C18 50 x 4.6, 3.5 µm/5000 (G) [186]

Lemon oil
extract

NP: diol 250 x 1.0, 5µm/30 (G) RP: C18 50 x 4.6, 3.5 µm/4000 (G) (1 [131]

Lemon oil NP: Silica 300 x 1.0, 5µm/20(I) RP:C18Chromolith 25 x 4.6/4000(G) [124]

Orange oil,
 red orange
 juice

NP: Silica 300 x 1.0, 5µm/10(G) RP:C18Chromolith 100x4.6/4700(G) [187]

Orange oil NP: CN 250 x 1.0, 5µm/10(G) RP:C18Chromolith 100x4.6/5000(G) [188]

Mandarin NP: Silica 300 x 1.0, 5µm/10(G) RP:C18Chromolith 100x4.6/4700(G) [189]
Beer, tea RP: PEG 150 x 4.6, 5µm/300(I) RP: C18Chromolith 50 x 4.6/2000(G)(2 [127]

Beer, wine RP: C18 150 x 0.5,5µm/10(G) RP:ZR-Carbon 50x2.1,5µm/1000(I)(1,3 [190]

Beer, wine RP:Ph 50 x 3.9, 5µm/300(G) RP:C18Chromolith 100x4.6/2000(G)(2 [129]

Plant extract RP:CN 200 x 2.0, 5µm/40(G) RP: C18 50 x 2.0, 5µm/700(G) [126]

Plant extract IEC:SAX 200 x 2.0, 5µm/40(G) RP: C18 100 x 4.6, 5µm/2000(G) [191]

Plant extract RP: C18 150 x 2.1, 3µm/100(G) RP: Amino 50 x 2.0, 3µm/1800(G) [192]

Plant extract RP: CN 150 x 4.6, 5µm/133(G) RP: C18 Chromolith 50 x 4.6/3000 (G)
IEC: SCX 150 x 4.6, 5µm/133(G)

[193]

(G) = gradient run, (I) = isocratic run, CN = cyano, Ph = phenyl
(1 Two same, parallel columns were used in the second dimension
(2 Fractions were trapped in X-Terra columns
(3 Temperature 120°C
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5.3.3 On-line coupled extraction and liquid chromatography

Examples of applications of on-line coupling techniques, especially in the area of food matrices,
are still limited in number. Here the applications of SFE, PHWE and DSAE coupled to LC in
food matrices are reviewed. By SFE-LC, proanthocyanidins have been analysed from grape seeds
[194], hyperforin from St. John’s wort [195], lycopene from food products [68] and polyaromatic
hydrocarbons (PAH) from vegetable oils [69]. N-methylcarbamates have been determined in
foods by PHWE-LC [162] and DSAE-LC [120]. In addition, DSAE-LC has been applied to
extraction of cadmium from vegetables and fruits [196,196].
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6 EXPERIMENTAL

Chemicals, materials, equipment and analytical procedures used in the experiments are described
in this chapter. More complete information can be found in Papers I-VI.

6.1 Chemicals and materials

Chemicals and materials used in the research are listed in Table 11. In addition, the plants and
beverages that were used as samples for the experiments are listed in Table 12.

Table 11. Chemicals and materials used in the experiments (I-VI)
Compound Manufacturer /

Supplier
Comments Paper

Acetic acid Riedel-deHaen Solvent, HPLC grade 99.8% II
Acetic acid J.T.Baker Solvent, HPLC grade, glacial, 99-100% III-VI
Acetone Lab-Scan Analytical

Sciences
Solvent, HPLC grade I

Acetonitrile Lab-Scan Analytical
Sciences

Solvent, HPLC grade (far UV) I,III-VI

-Tocopherol Sigma ~670 mg D- .tocopherol/g I
Ammonia Ridel-deHaen Solvent, HPLC grade, 25% water

solution
IV,VI

-Apo-8 -́carotenal Fluka Internal standard, ~98% I
Caffeic acid Sigma-Aldrich Standard compound III-VI
Carbon dioxide Messer, AGA Used in SFE I
Catechin Sigma-Aldrich Standard compound IV,VI
Citric acid Merck V
Chlorogenic acid Sigma-Aldrich Standard compound III,V
Dichloromethane Lab-Scan Analytical

Sciences
Solvent, HPLC grade, stabilised ~50
ppm amylene

I

Epicatechin Sigma-Aldrih Standard compound IV,VI
Ethanol Primalco Oy Solvent, 99.5 wt% I-III,V
Ferulic acid Sigma-Aldrich Standard compound III-VI
Gallic acid Sigma-Aldrich Standard compound IV-VI
Gentisic acid Sigma-Aldrich Standard compound IV,VI
Hexane Lab-Scan Analytical

Sciences
Solvent, HPLC grade, 95% I

Isoquercitrin Sigma-Aldrich Standard compound IV
Kaempferol Sigma-Aldrich Standard compound IV
Lycopene Sigma Standard compound, from tomato 90-

95%
I

Methanol J.T. Baker Solvent, HPLC grade I-VI
Myricetin Sigma-Aldrich Standard compound IV
Nitrogen AGA For evaporation I-VI
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Table 11, continued
N,O-bis(trimethylsilyl)-
trifluoroacetamide

Sigma-Aldrich BSTFA, derivatisation agent III

Orthophosphoric acid Merck Solvent, 85% V
p-Coumaric acid Sigma-Aldrich Standard compound III-VI
Protocatechuic acid Sigma-Aldrich Standard compound IV,VI
Pyridine Merck Solvent III
Quercetin Sigma-Aldrich Standard compound IV
Rosemary extract Teriaka Oy I
Rosmarinic acid Extrasynthèse Standard compound III
Rosmarinic acid ICN Biomedicals Inc. Standard compound II
Rutin Sigma-Aldrich Standard compound IV
Sea sand Riedel-deHaen Acid washed and calcined sea sand,

grain size 0.1-0.3 mm
I,II

Sinapic acid Sigma-Aldrich Standard compound IV,VI
Sodium chlorine Merck III
Sodium metabisulphite Merck III
Sodium sulphate J.T.Baker 12-16 mesh I, III
Syringic acid Sigma-Aldrich Standard compound III-VI
Tetrabutylammonium bromide Sigma-Aldrich TBA, ion pair regent IV
Tetrapentylammonium
bromide

Sigma-Aldrich TPA, ion pair reagent IV,VI

Trifluoroacetic acid Merck TFA, solvent, HPLC grade V
Vanillic acid Sigma-Aldrich Standard compound III-VI
Water Distilled and deionised I-VI

Table 12. Samples used in the studies (I-VI)
Sample From Comments Paper
Basil Local supermarket III,V
Black currant juice Local supermarket IV
Black currant wine Local liquor store Hilikunmakkee musta IV,VI
Blueberry juice Local supermarket IV
Oregano Local supermarket III,V
Red grape juice Local supermarket IV,VI
Red wine Local liquor store Merlot, Italy 2002 VI
Red wine Local liquor store Tempranillo, Spain 2002 IV
Rosemary Local supermarket III,V
Sage Local supermarket II,III,V
Spearmint Local supermarket III,V
Tomatoes Local supermarket Finnish or Spanish I
Thyme Local supermarket III,V

6.2  Equipment and procedures

The commercial instruments used in the studies are listed in Table 13. In GC-MS analysis (III),
an HP-1701 capillary column was used (retention gap: 3 m x 0.53 µm i.d., deactivated and 18 m
x 0.25 µm i.d., phase thickness 0.18 µm (BGB Analytik, Switzerland /Agilent Technologies,
USA)). Other equipment is presented in chapters 6.2.1-6.2.4. The LC columns used in the one-
dimensional experiments are listed in Table 14 and those used in the two-dimensional
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experiments (as the second column) in Table 15. Some of the columns are listed twice because
some columns were used under two different sets of conditions. In addition, some laboratory-
packed precolumns were used. More details about experimental conditions can be found in
Papers I-VI.

Table 13. Commercial instruments used in the studies
Equipment Model and Manufacturer Comments Paper
SFE instrument ISCO SFX 3560, Lincoln,

USA
6-ml extraction vessels, one pump I

Mass
spectrometer

Esquire, Bruker Daltonics,
Germany

ESI, positive mode II

GC-MS HP 6890N, 5973 N
quadropole MS, Agilent,
USA

EI 70 eV, HP-1701 III

HPLC 1100, Hewlett-Packard,
Germany

I-IV

HPLC 1050, Hewlett-Packard,
Germany

III, V,
VI

Mass
spectrometer

MicroTOF, Bruker
Daltonics, Germany

ESI, negative mode III-V

UPLC Acquity, Waters, USA VI

Table 14. LC columns with experimental conditions used in the one-dimensional separations
Column type/
Manufacturer

Analytical conditions:
eluents/flow[ml/min]/ T [°C]/detection [nm]

Dimensions/
particle size

Paper/
Analytes

Devosil C30/ Nomura
Chemical Co, Japan

ACN, CH2Cl2 (I) / 0.7 / ambient / DAD 280,
350, 470

250 x 4.6 mm i.d. /
5µm

I, Isomers of
lycopene

Luna C18/
Phenomenex, USA

ACN, CH2Cl2 (G) / 0.3 / 20 / DAD 280, 350,
470

150 x 2.0 mm i.d. /
3µm

I, Total
lycopene

Luna C18/
Phenomenex, USA

20% MeOH and 0.8%(v/v) acetic acid in
water, MeOH (G) / 0.5 / 20 / DAD 284

250 x 3.0 mm i.d. /
5µm

II, Phenolic
compounds

Atlantis C18/ Waters,
USA

20%  MeOH  and  0.8%(v/v) acetic acid in
water, MeOH (G) / 0.1 / 35 / DAD 280

150 x 2.1 mm i.d. /
3µm

III, Phenolic
acids

SCX / Hamilton, USA 17  mM  acetic  acid,  ACN  (G)  /  0.05  /
ambient / DAD 280

150 x 1.0 mm i.d. /
3µm

III, Phenolic
acids

Atlantis C18/ Waters,
USA

0.5%  (v/v)  acetic  acid  in  water,  ACN  (G)  /
0.1 / 40 / 280

150 x 2.1  mm  i.d.  /
3µm

IV, Phenolic
compounds

Xbridge C18/ Waters,
USA

0.5% (v/v) acetic acid in water, MeOH (G) /
1.0 / ambient / 280

75  x  4.6  mm  i.d.  /
2.5µm

V, Phenolic
acids

Atlantis C18/ Waters,
USA

0.5%  (v/v)  acetic  acid  in  water,  ACN  (G)  /
0.1 / ambient / 280

150 x 2.1 mm i.d. /
3µm

VI, Phenolic
acids

Acquity HSS C18/
Waters, USA

0.5%  (v/v)  acetic  acid  in  water,  ACN  (G)  /
0.6 / ambient / DAD 220, 280, 330

100 x 2.1 mm i.d. /
1.8µm

VI, Phenolic
acids
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Table 15. LC columns with experimental conditions used as the second column in the two-
dimensional separations

Column type/
Manufacturer

Analytical conditions: eluents/flow[ml/min]/ T [°C]
/detection [nm] / other

Dimensions/
particle size

Paper/
Analytes

Ultrasphere CN /
Beckman

0.5% (v/v) acetic acid in water,  ACN (I)  /  1.9 /  45 /
DAD 280 / MS(TOF)

75 x 4.6 mm i.d.
/ 3µm

III
Phenolic
acids

Luna NH2/
Phenomenex, USA

0.5% (v/v) acetic acid in water, ACN (I) / 1.5-2.6 / 45
/ DAD 280 / MS(TOF)

50 x 3.0 mm i.d.
/ 3µm

III
Phenolic
acids

Ultrasphere CN/
Beckman

0.5% (v/v) acetic acid in water,  ACN (I)  /  2.3 /  40 /
DAD 280, 330 and 365

75 x 4.6 mm i.d.
/ 3µm

IV
Phenolic
compounds

Luna NH2/
Phenomenex, USA

0.5% (v/v) acetic acid in water,  ACN (I)  /  1.7 /  40 /
DAD 280, 330 and 365

50 x 3.0 mm i.d.
/ 3µm

IV
Phenolic
compounds

Xbridge C18/ Waters,
USA

0.05%(v/v) acetic acid in water, 15 mM  TPA in
ACN (I) / 1.35 / 40 / DAD 280, 330 and 365

50 x 3.0 mm i.d.
/ 2.5µm

IV
Phenolic
compounds

Xbridge C18/ Waters,
USA

0.05%(v/v) acetic acid in water pH=5.8, 15 mM
TPA in ACN (I) / 1.2 / ambient / DAD 280

50 x 3.0 mm i.d.
/ 2.5µm

VI
Phenolic
acids

Chromolith
SpeedROD RP-18e/
Merck, Germany

0.05%(v/v) acetic acid in water pH=5.8, 10 mM
TPA in ACN / 3.0 / ambient / DAD 280

50 x 4.6 mm i.d. VI
Phenolic
acids

Acquity BEH C18/
Waters, USA

0.05%(v/v) acetic acid in water pH=5.8, 15 mM
TPA in ACN (I) / 0.8 / ambient / DAD 280

50 x 2.1 mm i.d.
/ 1.7µm

VI
Phenolic
acids

Acquity BEH C18/
Waters, USA

15 mM TPA in acetic acid in water pH=5.8, B=ACN
(G) /0.8 / ambient / DAD 280

50 x 2.1 mm i.d.
/ 1.7µm

VI
Phenolic
acids

ACN = acetonitrile, MeOH = methanol, DAD = diode array detector, T = temperature, MS = mass spectrometer,
TOF = time-of-flight, TPA = tetrapentylammonium bromide, (I) = isocratic, (G) = gradient

6.2.1 Pressurised hot water extraction

The laboratory-made PHWE device was already presented in Figure 6, and it was built from two
Jasco PU-980 HPLC pumps (Tokyo, Japan), a Fractovap series 2150 GC oven (Carlo Erba,
Milan, Italy), a modified 30-15 HF4-HT high-temperature three-way valve, two 15-11AF1 on/off
valves (High Pressure Equipment Co., Erie, PA, USA), a manually adjustable pressure restrictor
(Jasco, Tokyo, Japan), an extraction vessel (100 x 5 mm i.d., Keystone Scientific Inc.,
Bellefonde, PA, USA) and stainless steel capillaries. The solid-phase trap (50 x 2.1 mm i.d.) was
packed with C18 or cyclohexyl material (~54µm, 54 Å, IST, International Sorbent Technology
Ltd., Mid Glamorgan, UK).
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The extraction proceeded by the following steps (II):

1) 0.15 g of dried sage was packed into the extraction vessel and filled with sea sand.
2) The vessel was closed and connected to the capillaries in the oven. The water flow was set

to 1 ml/min and pressure was adjusted to 100 bar.
3) The system was tested for leaks and the temperature was set to the desired value.
4) The herb was extracted for 60 min.
5) Total extract was collected in a volumetric flask and was evaporated to a total volume of

~50 ml. When the extracted analytes were collected in a solid-phase trap, acetic acid was
pumped (Figure 6, pump 3) to improve the recovery. The trap was dried with nitrogen
and eluted with 2 ml of methanol (flow rate 1 ml/min).

6) After the extraction, the solid phase trap and capillaries were further flushed with
methanol for 2 min and dried with nitrogen.

6.2.2 Dynamic sonication-assisted extraction

The dynamic sonication-assisted extraction system consisted of a Jasco PU-980 pump (Tokyo,
Japan), an extraction vessel (30 x 5 mm i.d., Krotek, Finland) made of polyether ether ketone
(PEEK) and an ultrasound bath (Bransonic Model 3510-MTH, output 42 kHz, Branson
Ultrasonics, USA). The connections were PEEK capillaries. The system is presented in chapter
6.2.4 in Figure 10 (on the upper left). For the optimisation, MODDE 4.0 software (Umetrics,
Umeå, Sweden) was used.

The off-line extraction proceeded by the following steps (III):

1) 100 mg of dried herb was packed into the extraction vessel.
2) The vessel was closed and connected to the solvent pump and placed in the ultrasound

bath. The solvent flow was set to 0.25 ml/min.
3) The temperature of the ultrasound bath was adjusted to the desired value and the system

was tested for leaks.
4) The herb was extracted for 15 min.
5) The extracts were collected in a volumetric flask and the volume was made up to 10 ml

with deionised water.
6) The capillaries were rinsed with methanol after the analysis.

6.2.3 Comprehensive two-dimensional liquid chromatography

The basic set-up of LC LC was presented in Figure  7. Slightly different configurations have
been used in different studies (III, IV, VI). The effluent from the first column is collected in the
first sampling loop for a predetermined period (modulation time). In the meanwhile, the effluent
fraction from the second sampling loop is directed to the second column. After this, the valve is
switched to the second position and the roles of the sampling loops are changed. In paper IV, the
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effluent from the first dimension could also be directed straight to the detector through two three-
port valves (E90-230, VICI Valco, USA). This modified valve configuration is presented in
Figure 9.

Figure 9. The modified valve configuration of the LC LC system in Paper IV.

Liquid chromatographs for the first and second dimensions were HPLC 1100 (III, IV) or HPLC
1050 (VI) and HPLC 1050 (III) or Jasco PU-980 pump (IV,VI). When the Jasco pump was used,
only isocratic runs were possible. The dimensions were interfaced with a ten-port high-pressure
two-position interfacing valve (C2-1000EP, VICI Valco, USA). The valve was controlled by a
laboratory-written program receiving a start-up signal from a Hewlett-Packard Chemstation. The
loops for the LC LC system were made from stainless steel capillaries. For data handling, a
conversion program (Marriott, RMIT, Melbourne, Australia) was used to transfer raw data into a
two-dimensional array. Visualisation was performed in Transform (Noesys, Research Systems,
International, Crowthorne, UK).
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6.2.4 Coupling  dynamic  sonication-assisted  extraction  on-line  to  liquid
chromatography

The constructed DSAE-LC system is presented in Figure 10. The extraction sub-system was the
same as in section 6.2.2 and the liquid chromatograph was an HPLC 1050. The system had two
three-port valves and four Jasco PU-980 pumps. The analytes from the extract were adsorbed
onto a laboratory-made trap column (30 x 2.1 mm i.d.), which was packed with strong anion
exchange (SAX) material (Isolute, IST, UK). The other tested solid-phase materials were
polymer-based HLB (hydrophilic-lipophilic balance), MAX (mixed-mode anion exchange and
reversed-phase, Oasis, Waters, USA) and silica-based CH (cyclohexyl, Isolute, IST, UK)
materials.

Figure 10. Set-up of DSAE-LC. Numbers 1-3 in the circles refer to extraction steps described in
the following.
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The on-line extraction proceeded by the following steps (V):

1) The solid-phase trap was conditioned with methanol (2 min, 2 ml/min) and 10 mM acetic
acid (5 min, 1 ml/min).

2) The DSAE (60% ethanol, 15 min, 0.25 ml/min, and temperature of the water bath 45°C)
was the same as described in 6.2.2, with the exception of the sample amount, which was
4-6 mg. The extract was diluted (1:1 v/v) with water and directed through the solid-phase
trap.

3) The loop in valve 1 was filled with acidic solution for the desorption of trapped analytes.
The LC analysis was turned on and valve 1 was switched to the second position. Then the
eluent from the HPLC 1050 system was redirected through the loop and solid-phase trap
to the analysing column.

4) The valve 1 was turned back to the original position after 2 min and a new analysis could
be started from step 1.
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7 RESULTS AND DISCUSSION

The  results  are  discussed  in  five  parts.  The  first  part  summarises  the  results  of  sample
pretreatment and the second presents the results of storage and stabilisation experiments. Parts
three and four discuss the results of liquid chromatographic experiments and on-line coupled
DSAE-LC. The last part presents the quantitative and qualitative results for the herbs and
beverages.

7.1  Sample pretreatment techniques

In Papers I, II and III, sample pretreatment was the main focus of the studies. The separations of
the extracts were done by LC. In addition, in Paper IV the sample pretreatment (extraction) was
coupled on-line to liquid chromatography. The main purpose for experiments with extraction
techniques has been to develop a novel, efficient extraction method for the analytes and matrices.
The studies focused on extraction techniques that use less organic solvent or an extraction
solvent/fluid that is environmentally friendlier. The methods developed are also economically
better in the sense of reducing working time and solvent expenses. Table 16 summarises the
main properties of the extraction methods used in the studies (I-III). In the same table, the same
parameters for three traditional methods (Solid-Liquid Extraction (SLE), maceration and
hydrodistillation), which were used for comparison, are also summarised.

Table 16. Comparison of SFE, PHWE, DSAE, Solid-Liquid Extraction (SLE), maceration and
hydrodistillation

Extraction
technique

SFE
(I)

SLE
(I)

PHWE
(II)

Maceration
(II)

DSAE
(III)

Hydro-
distillation (III)

Sample Tomato
skins

Tomato skins Sage Sage Herbs Herbs

Analytes Lycopene Lycopene Phenolic
compounds

Phenolic
compounds

Phenolic
acids

Phenolic acids

Extraction
time [min]

50 30 60 2160 15 180

Extraction
temperature [°C]

110 Ambient 100 Ambient 45 100

Solvent CO2 Acetone and
dichloro-
methane

Water 70% Ethanol
in water

60%
Ethanol
in water

Water

Solvent
consumption [ml]

75 30 60 35 3.75 50

Modifier [ml] 0.5 - - - - -
Sample
amount [g]

0.3 0.2 0.15 5 0.1 0.5
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In sections 7.1.1-7.1.3 the results of each extraction technique are discussed. The optimised
parameters were extraction time (SFE, DSAE), temperature (SFE, PHWE, DSAE), solvent
(DSAE), flow rate of the solvent (DSAE) and modifier (SFE). For comparison, the sample
amounts are also included in the table.

7.1.1 Supercritical fluid extraction

Supercritical fluid extraction with nonpolar carbon dioxide as an extraction fluid was very well
suited to extraction of non-polar lycopene (I). In the study, different extraction temperatures (60-
110°C), time (5-80 min) and addition of a modifier were tested for powdered tomato skins. Since
the experiments proved that the smaller particle sizes of the powdered tomato skins enhanced the
extraction recovery, powdered tomato skins were used in further experiments.

The effect of temperature on the relative recoveries of lycopene from tomato skins with different
extraction  times  can  be  seen  in Figure 11, showing that the highest relative recovery was
achieved at 110 °C and that extraction was complete in 60 min. Even more importantly, no
change was observed in the composition of the lycopene isomers.

Figure 11. Relative recoveries of lycopene from tomato skins at 60, 85 and 110 °C. The pressure
and flow of CO2 were 400 atm and 1.5 ml/min. 100% recovery represents the best recovery
obtained.

Six different modifiers were studied, namely acetone, methanol, ethanol, hexane,
dichloromethane and water. The significance of a modifier on recovery of lycopene is shown in
Figure 12 and it can be seen that all of the modifiers (excluding water) accelerated the extraction.
Acetone gave the highest recovery and speeded up the extraction, so that 94% of lycopene was
already recovered in 15 min. Water was a poor modifier, improving recovery by only 2% of
recovery relative to acetone and thus, it is not shown in Figure 12. In general, the organic
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solvents that are miscible with water gave higher recoveries, while the immiscible ones gave
lower recoveries. It is noticeable that the extraction curve of ethanol differs from the curves of
other modifiers. One possible explanation is that the water present in solvents and tomato powder
forms an azeotropic mixture with ethanol. It is often said that SFE is best suited for nonpolar
compounds and for more polar compounds a polar modifier is needed. However, this study
proved that extraction of nonpolar compounds also benefits from addition of a modifier.
Depending on the sample, the solvent can make the matrix swell and help to dissolve the
analytes. In addition, small amounts of water trapped inside the matrix can require the addition of
a polar modifier.

SFE was compared with a traditional extraction technique, solid-liquid extraction (SLE). SFE
gave higher relative lycopene recoveries than SLE done with acetone and dicloromethane (100%
vs 86%). The benefits of SFE were that the system is automatic and less time is consumed in the
working stages. However, by using SLE several parallel extractions can be carried out at the
same time and the lower extraction temperatures are beneficial since the formation of lycopene
isomers can be reduced. It also has to be considered that SFE is a matrix-dependent extraction
technique and a different matrix would need a new optimisation procedure.

Figure 12. Relative recoveries of lycopene from tomato skins with the addition of different
modifiers. The temperature, pressure and flow of CO2 were 110°C, 400 atm and 1.5 ml/min,
respectively. 100% recovery represents the best recovery obtained.

7.1.2 Pressurised hot water extraction

Pressurised hot water was used for extraction of relatively polar antioxidative compounds in sage
(II). Different extraction temperatures (70-150°C), times (5-70 min) and methods for collection
of the analytes by a solid-phase trap were tested for sage. Generally, the conditions for extraction
are optimised to achieve the highest recovery of the target compound(s). In this study, the
extracts were evaluated by their antioxidant activities measured by IC50 (concentration of sample
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producing a 50% reduction in radical absorbance) values. (II)  The smaller  the IC50 value is the
higher the antioxidant activity of a compound.

In PHWE experiments the pressure was kept high enough to keep the water in the liquid state.
The highest recovery of rosmarinic acid, the antioxidative compound present in large quantities
in sage, with the tested temperatures (70, 100 and 150°C) was achieved at 150°C. However, the
antioxidant activity was highest at 100°C and thus, this temperature was chosen for further
experiments.  The  volume  of  the  total  extract  was  60  ml  and  in  order  to  detect  small
concentrations of other phenolic compounds it had to be concentrated. The possibility to use a
solid-phase trap was studied, because evaporating aqueous extract was very time consuming. The
extract trapped to cyclohexyl material gave higher antioxidant acitivity value than the extract
trapped to C18 material. The sage extract contains huge amounts of rosmarinic acid, which has
proven to be a strong antioxidant. Thus, it was surprising that the better trapping material (i.e. the
material that gave smaller IC50 values) retained less rosmarinic acid. From this, it can be
concluded that other compounds, e.g. the compounds eluted on a 20-30 min timescale on the LC
chromatograms, have a greater influence on antioxidant activity than rosmarinic acid. These
compounds were better adsorbed in cyclohexyl material. The antioxidant activity was improved
by pumping (pump 3, Figure 6) 10% acetic acid (pH=2.15) with extract before trapping. The
acidic conditions improved the retention of compounds (e.g rosmarinic and carnosic acids) on the
trapping material due to suppression the dissociation of the compounds. Moreover, the
antioxidant activity of carnosic acid, for example, is significantly higher in an acidic medium
[197-199].

Extracts obtained by PHWE were compared to those obtained by conventional extraction
methods. The composition of the extracts clearly varied with the solvent employed and its
polarity. The solvents were water (hydrodistillation), 70 % ethanol in water and methanol. From
Figure 13 it can be seen that water extracted only polar compounds, while 70% ethanol in water
could already extract some of the less polar compounds. Methanol also extracted the less polar
compounds; however, the concentration of rosmarinic acid was highest with 70% ethanol in
water maceration [II].

Compared to hydrodistillation, PHWE had better extraction power at the same temperature
(100°C). There are two explanations for this. Firstly, the high pressure has only a minor effect on
the solvation power of water; nonetheless, it can help the water to penetrate better into the herb
matrix. When the hydrodistilled material was further treated with the 70% ethanol in water
maceration procedure, it gave a similar chromatogram to that in Figure 12C, including as well
compounds carnosol, carnosic acid and methyl carnosate. Thus, in hydrodistillation, the water
cannot penetrate deep enough into the plant matrix to dissolve the less polar compounds.
Secondly, PHWE is a dynamic process and fresh solvent runs through the sample, while in
hydrodistillation, the same water volume is circulated in the system and at some point it becomes
saturated with the analytes.
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The results of this study do not reveal which compounds are most responsible the antioxidant
activity. To clarify this, the antioxidant activity measurement system should have been coupled
on-line to liquid chromatography. This was done later by the cooperation group [200,201]. Using
these on-line measurements, more information on antioxidant activity for each individual
compound can be obtained.

Figure 13. LC chromatograms of extracts obtained by A) hydrodistillation, B) maceration with
70% ethanol in water, and C) sonication-assisted methanol extraction. Compounds: 1)
rosmarinic acid, 2) carnosol, 3) carnosic acid and 4) methyl carnosate.

The benefits of laboratory-built PHWE equipment are that it can be easily modified and the
extraction solvent is a true “green choice”. However, the equipment is not always easy to use, as
leaking and blockages can occur. The equipment can be left alone only for short periods of time
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(~30-45 min) and the number of extractions done per day is restricted by the length of the
working day. The final volume of the extract in PHWE is high (60 ml) unless a solid-phase trap
is used. The second best choice (maceration with 70% ethanol in water) is very time consuming,
but on the other hand several parallel extractions can be done at the same time. In addition, the
solvent used in maceration is also a “green choice” particularly in food applications.

7.1.3 Dynamic sonication-assisted extraction

Dynamic sonication-assisted extraction was used for extraction of phenolic acids (III,  V). The
different extraction temperatures i.e. the temperature of the ultrasound bath (30-55°C), the time
(5-40 min), the extraction solvent (i.e. the percentage of ethanol in water, 20-100%) and the flow
rate of the solvent (0.1-0.4 ml/min) were tested for Lamiaceae herbs. The extraction method was
optimised with the help of Modde software (III) and the same extraction procedure was also used
in the on-line coupled system (V). Ethanol (in water) was chosen as solvent to avoid toxic solvent
residues in the extract.

From the herbs, oregano was chosen as the test matrix due to its high content of phenolic
compounds. The Modde software suggested 19 experiments that we performed in duplicate. In
the experiments, the peak area of the rosmarinic acid and the total area of the peaks eluting before
rosmarinic acid (the more polar acids) in the chromatograms were followed. The values for the
areas were fed into the software and ANOVA tables were formed. From these the significance of
each extraction parameter was evaluated. The temperature of the ultrasound bath and the
extraction time had the most significant effects on recovery of rosmarinic acid from oregano. In
addition, flow rate and quadratic terms of temperature  time and amount of ethanol  time had
an influence on the recovery. Figure 14 shows  the  response  surfaces  of  rosmarinic  acid  as  a
function of flow rate and temperature, and flow rate and ethanol percentage. In general, with
extreme conditions the recoveries were relatively low and the program suggested that the
optimum conditions were near the middle point of the tested values. The temperature of the
ultrasound bath was chosen to be as low as possible due to difficulties in maintaining extreme
temperatures during the whole extraction period.
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Figure 14. Response surfaces made by MODDE software for the extraction of rosmarinic acid
from oregano as a function of A) flow rate and ethanol% and B) flow rate and temperature.

The results of DSAE were compared with traditional extractions, namely hydrodistillation,
shaking with methanol or ethanol and refluxing with methanol. DSAE gave the highest
recoveries while the second highest recoveries were achieved by hydrodistillation and shaking
with methanol, both giving 82% relative recoveries compared to DSAE. The short extraction
time and low solvent consumption (i.e. small final volume of the extract) are the main advantages
of DSAE. However, the system is not automatic and parallel extractions demand more pumps.
The traditional extractions take more time and consume more solvents, but several parallel
extractions can be done simultaneously (shaking with methanol).

7.2 Experiments on storage and stabilisation

Since it was known that the concentration of lycopene decreases as a function of time [202,203],
the effects of storage conditions and addition of a stabiliser on the concentration of lycopene were
studied  (III). In the storage experiments, powder (from tomato skins) was stored in a lighted
laboratory or in darkness (in desiccators in nitrogen or air atmosphere, +4°C) for 9-60 days. From
the results, the following conclusions could be made:

1) The decrease in lycopene concentration was faster with smaller particle size
2) Light did not significantly influence the decrease in lycopene concentration (after 30 days

0.6% lycopene remained in powder stored in darkness in air atmosphere vs 3% remaining
in powder stored in a lighted laboratory in air atmosphere)

3) The atmosphere had the biggest effect on lycopene concentration (after 30 days 18%
lycopene remained in powder stored in darkness in a nitrogen atmosphere vs 0.6%
remaining in powder stored in an darkness in air atmosphere).
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Lycopene concentration has been observed to decrease even when the tomato pulp has been
stored frozen under a vacuum [204]. This suggests an autocatalytic reaction and the results here
agreed with this, as the lycopene concentration also kept decreasing when stored in a nitrogen
atmosphere.

The effects of stabiliser addition ((+)- -tocopherol or rosemary extract) on lycopene stability
were compared with samples without stabiliser. The results suggested that no stabiliser was
needed when lycopene was stored as a solid. However, the stability of lycopene stored in solvent
was improved through the addition of (+)- -tocopherol or rosemary extract.

7.3 Liquid chromatographic techniques

This chapter summarises the results of experiments using one- and two-dimensional
chromatographic techniques for the separation of phenolic compounds in herbs and beverages. In
Papers I and II, development of sample preparation techniques was the main goal and
conventional LC systems were used for those studies. Comprehensive two-dimensional liquid
chromatography was the analysis technique used in Papers III, IV and VI. In addition,
experiments  and  calculations  of  the  separation  powers  of  HPLC,  UPLC,  HPLC HPLC and
HPLC UPLC were done and compared (VI).  The  results  of  one-  and  two-dimensional  LC are
discussed separately.

7.3.1 One-dimensional liquid chromatography

In Paper I, nonaqueous RPLC was used for the separation of lycopene and its isomers. When
total lycopene was analysed, a C18 column was sufficient, but for isomer separation a C30 column
was needed.  Due to nonaqueous solvents, the pressure was moderate and made it possible to use
higher flow rates. The analysis time was below 22 min.

In Paper II, conventional RPLC separation was used for the analysis of PHWE extracts. A
relatively long column was used and gradient elution was developed to separate analytes from
each other and from the matrix (Table 14). The analysis time was long (70 min), as was already
shown in Fig. 13.

The separation power of one-dimensional LC (HPLC vs. UPLC) was evaluated for phenolic
compounds in beverages (VI). There is a dramatic difference in the analysis time, as can be seen
from the chromatograms in Figure 15. The HPLC run takes over 50 minutes, while the UPLC
run is finished in 5 minutes. The analysis time of the UPLC could have been shortened even from
this. The peaks were narrower in the UPLC chromatogram and this increased the sensitivity and
improved the baseline separation for some of the compounds. However, the baseline separation
was not achieved for vanillic and caffeic acids and in addition, some coelution with the matrix
compounds occured for protocatechuic acid, vanillic acid and epicatechin. The peak capacities
for HPLC and UPLC were 69 and 42, respectively (calculated by equation (7)). The peak
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capacity of UPLC was lower than that for HPLC, although the separation was better with UPLC.
This discrepancy was due to the time window, which was 7 min for UPLC and 56 min for HPLC.
When the analysis time was taken into account and peak capacities were calculated per unit of
time, the new values for HPLC and UPLC were 1.3 and 6.0, showing the superiority of UPLC.

Figure 15. Chromatograms of red wine (Merlot) obtained by A) HPLC and B) UPLC. The
compounds are: 1) gallic acid, 2) protocatechuic acid, 4) catechin, 5) vanillic acid, 6) caffeic
acid, 7) syringic acid, 8) epicatechin, and 9) p-coumaric acid. For conditions, see Paper VI.

7.3.2 Comprehensive two-dimensional liquid chromatography

Based on the one-dimensional separations, a C18 column  was  also  tested  as  a  first  column  in
LC LC systems (III, IV, VI). Another column under study was a strong cation exchange column
(III). The strong cation exchange column, used in ion-exclusion mode, gave wide peaks
(narrowest peak 2.1 min) and would have allowed more sample fractions per peak to be
transferred to the second dimension separation than the C18 column. However, the poor
resolution of the column would not have been compensated for by extra sampling fractions. Thus,
the  C18 column was chosen for the first dimension separation. The selection of column
dimensions  and  flow  rates  for  the  first  column  was  a  compromise  between  sample  capacity,
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separation efficiency, and volume of transferred fraction. Several target analytes were present at
relatively low levels, and to get adequate sensitivity the first column needed sufficient capacity;
thus, a column with an i.d. of 2.1 mm was chosen. Good separation was obtained when the flow
rate was 0.1 ml/min, which is already somewhat lower than normally applied for this type of
column. The fraction volumes then varied from 60 to 200 l.  The fraction volume could be
decreased  by  decreasing  the  flow rate.  However,  this  would  mean  that  the  flow rate  would  be
significantly lower than the optimum, leading to seriously decreased separation efficiency. The
column selection for the second dimension (III, IV) and the modulation, selectivity correlation,
peak capacity (III, IV, VI)  and  separation  power  (VI) of 2D systems are discussed in the
following chapters.

7.3.2.1 Column selection, modulation time and selectivity correlation

When designing the LC LC system, the choice of columns and flow rates is crucial. Thus,
several column combinations were tested (III, IV, VI) and these are presented in Table 17. The
selectivity of the two columns should be different and this can be achieved by using columns
with two different retention mechanisms (e.g. C18 and  NH2). For the second dimension, the
columns tested were: amino (III, IV), cyano (III, IV),  C18 (IV,VI)  and C18 monolith (VI), the
latter two with an ion-pair reagent. The most important goal for selecting the second dimension
column was to obtain sufficient separation in as short time as possible. A modulation time of less
than one or two minutes was the goal in each setup.

Table 17. The column combinations tested in comprehensive two-dimensional liquid
chromatography

Analytes Sample Column combinations
1st column              2nd column

Paper

Phenolic acids Lamiaceae
herbs

Atlantis C18 Ultrasphere CN
Atlantis C18        Luna NH2

III

Phenolic
compounds

Beverages Atlantis C18 Ultrasphere CN
Atlantis C18        Luna NH2
Atlantis C18        Xbridge C18 with TPA

IV

Phenolic acids Beverages Atlantis C18 Xbridge C18 with TPA
Atlantis C18 Chromolith SpeedROD RP-18e with TPA
Atlantis C18        Acquity BEH C18 with TPA, isocratic
Atlantis C18        Acquity BEH C18 with TPA, gradient

VI

In the analysis of phenolic acids from Lamiaceae herbs in Paper III, the amino column tested had
a retention mechanism of reversed or normal phase, or even ion-exchange, depending on the
amount of organic solvent and pH. However, the retention of the compounds was too strong with
all eluent compositions (2.5 min). In contrast, the retention on the cyano column was much
weaker and compounds eluted within one minute with satisfactory separation. Thus, it was
chosen for the final separation in the analysis of phenolic acids in herbs.
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In the analysis of phenolic acids and flavonoids from beverages in Paper IV, the tested amino
column retained the flavonoids (under the optimum conditions of phenolic acids) for too long.
With the cyano column there were problems with the separation of some compounds and in
addition, the consumption of acetonitrile was high (1 ml/min). Thus, a C18 column using an ion-
pair reagent was tested. For the phenolic acids, the use of an ion-pair reagent with the C18 column
worked well, but in these conditions the last flavonoids (myricetin, quercetin and kaempferol) co-
eluted at the column hold-up volume and because of this they could not be quantified. However,
these three compounds were well separated in the one-dimensional chromatogram and no
interfering matrix compounds eluted at the same time. Thus, two three-port valves were added to
the  system  and  the  last  eluting  flavonoids  were  directed  straight  to  the  detector  after  the  first
column (the system is depicted in chapter 6.2.3, Figure 9).

In the analysis of phenolic acids from beverages in Paper VI, a monolithic C18 column with an
ion-pair reagent was also tested. In addition, in a combination of HPLC UPLC, a small particle
size C18 column with an ion-pair reagent was studied. The results are discussed in chapter 7.3.2.2.

The importance of the modulation time has been studied for each set-up. The effect of
modulation time with oregano extract is presented in Figure 16 (III). When the modulation time
was too long, the resolution of the first dimension was significantly lost and the peaks became
wider  (Fig. 16A). When the modulation time was too short (Fig. 16C), the wrap-around effect
occured, i.e. the analytes were tailing, because they eluted with the second fraction instead of the
first one. The optimum modulation time for this set-up was 35 s (Fig. 16B).

The selectivities of the column combinations were evaluated by calculating normalised retention
times for the analytes by equation (5) [144] in the two columns and plotting them on a 2D
retention space. In addition to the visual examination, the correlation coefficients were calculated
(chapter 5.1.1) and they were 0.371(III) and 0.02(IV). The different selectivities of the columns
were also studied visually from the plot of normalised retention times (III) and a contour plot of
the standard solution (IV), as seen in Figures 17 and 18, respectively.
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Figure 16. Effect of modulation time on the separation of selected analytes in oregano extract.
Modulation times (A) 60 s, (B) 35 s, and (C) 30 s.

Figure 17. The normalised retention times for the analytes on cyano and C18 columns. (III)
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Figure 18. Contour plot of LC LC separation of the standard solution. Compounds: 1) gallic
acid, 2) protocatechuic acid, 3) gentisic acid, 4) catechin, 5) vanillic acid, 6) caffeic acid, 7)
syringic acid, 8) epicatechin, and 9) p-coumaric acid, 10) ferulic acid, 11) sinapic acid, 12) rutin
and 13) isoquercitrin. For conditions see Paper IV.

7.3.2.2 Comparison of different second dimension separation systems

In Paper VI, 2D separation efficiency was evaluated for phenolic acids from beverages.
Combinations of RPLC IPC were tested in both HPLC HPLC and HPLC UPLC modes (Table
17). The conditions for the first and second columns were based on the earlier studies (III, IV).
In the HPLC HPLC system, C18 (packed with 2.5 µm particles) and monolithic columns were
tested in the second dimension, in isocratic mode. For the HPLC UPLC, a C18 column (packed
with 1.7 µm particles) was used in both isocratic and gradient modes. The amounts of ion pair
reagent and acetonitrile were adjusted separately for each column and the values varied between
10 and 15 mM for TPA and 10 to 25% for acetonitrile. For each column, a Knox curve was
experimentally measured and plotted (Figure 19). From the curves, the optimum flow rate that
gives the minimum plate height H (and the maximum plate number N) could be determined. The
optimum flow rates for each column were relatively low: 0.4, 1.2 and 0.6 ml/min for the Xbridge,
Chromolith and Acquity BEH C18 columns, respectively. However, as can be seen from Figure
19 the separation efficiency was not markedly reduced even with higher than optimum flow rates
and thus, flow rates above the optimum were used to ensure a rapid second dimension analysis.
The modulation times for HPLC HPLC and HPLC UPLC were 90 and 120 s, respectively. The
chromatograms obtained from these three columns (with four different conditions) for the
standard solution of phenolic compounds are seen in Figure 20.
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Figure 19. Knox curves for the three different columns used for second dimension.

Figure 20. The second dimension separation of the standard solution of phenolic compounds
obtained by A) HPLC C18 (2.5 µm) isocratic, B) HPLC monolithic and isocratic, C) UPLC C18

(1.7 µm) isocratic and D) UPLC C18 (1.7 µm) gradient.
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These chromatograms suggested that UPLC is superior to HPLC in the second dimension.
Indeed, even in isocratic mode UPLC gave very good separation, all the ten compounds studied
could be at least partially separated and the peaks were very sharp. In HPLC, only seven of these
compounds could be separated. Also, slightly different retention of the compounds in different
C18 was observed. The average peak widths for isocratic (Fig. 20 C) and gradient (Fig. 20 D)
modes were 7.8 and 3.2 s, respectively, while in LC the average peak widths for C18 (Fig. 20 A)
and monolithic C18 (Fig. 20 B) columns were 7.4 and 6.2, respectively. However, when the first
and second columns were coupled to form the comprehensive two-dimensional system, the
difference was less pronounced. Figure 21 shows the separation obtained with the four systems
tested using a wine matrix.

In the 2D setup, the introduction of a relatively large volume of effluent (200 µl) from the first
dimension caused larger peak broadening for the UPLC column than for the HPLC column. The
peak widths increased from 7.8 to 16.1 s in isocratic mode and even in gradient mode the band
broadening took place (from 3.7 to 9.8 s). The optimum amount of acetonitrile for the UPLC
column was 10%. This is lower than the starting percentage of the first dimension (12%
acetonitrile), and thus, more band broadening occurred during the transfer than during UPLC.
The broadening was especially notable for the last-eluting compounds, since the acetonitrile
concentration in the first dimension rose to 25% in 50 minutes. In addition, the inner diameters of
the first and second columns were the same, and this caused additional band broadening.

The optimum amount of acetonitrile in second dimension in the HPLC C18 column was 21% and,
because this percentage was higher than the starting percentage of the first dimension, no severe
band broadening was observed. However, the peak widths were larger in the 2D setup; 9.0 s and
7.4 s for C18 and monolithic columns, respectively. In general, the band broadening could have
been reduced by using a lower flow rate in the first dimension and thus having a smaller fraction
volume. However, this would have also considerably increased the analysis time, which already
was about one hour. The lower flow rate would also have required the first column to have a
smaller inner diameter, otherwise separation efficiency would be substantially reduced. In
addition, the sensitivity of the method would also have decreased when the columns with smaller
i.d.’s were used.

Of the four tested combinations, the best separation was achieved using a monolithic C18 column
(Fig. 21 B) in the second dimension, as can be visually determined from Figure 21. In addition,
the peak capacity value of this system was highest (chapter 7.3.2.3). In general, the baseline was
more stable when a monolithic column was used, obviously because the pressure change was
moderate during the modulation. The major drawback is the large solvent consumption due to
high flow rate (3 ml/min). In the UPLC setup, the speed of the second dimension was restricted
by the pressure limit of the modulation valve.
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Figure 21. Comparison of HPLC HPLC and HPLC UPLC separation of a red wine sample.
Second dimension separation was obtained by A) HPLC C18 (2.5  µm)  isocratic,  B)  HPLC
monolithic and isocratic, C) UPLC C18 (1.7 µm) isocratic and D) UPLC C18 (1.7 µm) gradient.
Peak identification, see Fig. 15.

7.3.2.3 Peak capacity

In order to evaluate the separation capability in LC LC separations, the peak capacity of each
LC LC analysis was calculated using equations (6) - (8) (chapter 5.1.2). The peak capacity of the
gradient elution strongly depends on all the experimental conditions (such as temperature, flow
rate and eluent composition, as well as column parameters and sample properties) that can affect
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retention time or peak width. The peak capacity calculated by equation (8) overestimates the
number in practice and thus, the peak capacity in the first dimension is calculated by dividing the
analysis time by the modulation time. The peak capacity of the second dimension is usually quite
low, mainly due to the very short analysis time. According to equation (7), all the parameters that
affect the plate number or retention times also influence peak capacity. Figures 16 and 17 and the
correlation coefficients showed that the selectivities of the columns were not significantly
correlated i.e. the target analytes were scattered on the 2D retention plane and thus, equation (6)
could be used in calculating the total peak capacity of the systems. The calculated values for
HPLC HPLC and HPLC UPLC for the studies are summarised in Table 18. The values are also
presented as peak capacity per unit of time, i.e. dividing the peak capacity by the analysis time,
which better represents the peak capacity of the total system.

Table 18. Peak capacities of comprehensive two-dimensional LC systems (III, IV, VI)
Paper Method Peak capacity

1st          2nd
Total peak capacity /time

III HPLC HPLC (packed) 105      7 735                11.9
IV HPLC HPLC (packed) 44         13 572 8.7
VI HPLC HPLC (packed) 44        13 572                10.4

HPLC HPLC (monolith) 44        14 616                11.2
HPLC UPLC (isocratic) 33        10 330                  6.0
HPLC UPLC (gradient) 33        14 462                  8.4

The peak capacity of a good LC column is around 100-200. From Table 18, it is clear that higher
peak capacities can be obtained with the 2D system than with one column only. As a comparison,
the peak capacities in the on-line and off-line DSAE-LC system (VI) were 100 and 120,
respectively.  Similarly, the peak capacities per unit of time for one-dimensional system were 5
and 6. This means that more peaks can be separated with a 2D system within the same analysis
time. In comparison with the one-dimensional separations with conventional HPLC and UPLC,
the peak capacities per unit of time were 1.3 and 6.0, respectively.

7.4  On-line coupled dynamic sonication-assisted extraction and liquid
chromatography

In Paper III, the phenolic acids of herbs were analysed by LC LC-MS-TOF and the extractions
were done off-line. In order to improve that analysis, in terms of achieving higher sensitivity and
shorter sample pretreatment and analysis times, an on-line system for coupling the DSAE to LC
was developed (V). Direct coupling of DSAE to LC was not possible since the volume of the
DSAE extract was relatively large (3.75 ml) and the extraction solvent (60% ethanol) had a high
elution strength. Thus, an intermediate solid-phase trap was used. In the system, the extract was
directed through an SPE trap where the analytes were retained. Then the analytes were eluted to
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the LC column. The SPE trap had three functions: to change the solvent, to increase
concentration and to clean up the sample. The optimisation of the on-line system included
selecting the solid-phase material and choosing the eluents and their volumes for conditioning the
trap and for the elution of the analytes. The on-line and off-line systems were compared e.g. in
terms of peak width, symmetry and resolution. The DSAE was used with parameters optimised in
off-line mode (chapter 6.1.3).

7.4.1 Optimisation of the solid-phase trapping

The solid-phase materials for the on-line experiments were chosen based on the off-line tests. The
polymer sorbents HLB and MAX both retained the analytes well, but for the on-line coupling the
retention was too strong, since the elution of analytes required a large amount of organic solvent.
The solvent directed to liquid chromatography from an extraction unit must have low elution
strength in order to focus the analytes in narrow zones at the beginning of the RPLC column. Of
the silica-based materials, SAX was superior since gallic acid was only partially retained by CH
while in SAX the retention was quantitative.

A trapping column packed with SAX material was selected for on-line experiments. The baseline
and recoveries were not stable when the trap was conditioned only with methanol and water, but
they improved significantly when water was changed to 10 mM acetic acid. The extraction
solvent from DSAE (60% ethanol in water) was too strong for trapping and it had to be diluted to
half after the extraction. The set-up of DSAE-LC was shown in Figure 10.

For the elution of analytes from the trap, different proportions of acidic solutions
(orthophosphoric, citric, acetic, trifluoroacetic or formic acid) and different amount of organic
modifiers (methanol or acetonitrile) were examined. 0.2 M orthophosporic and citric acids were
the most prominent, but in further tests, citric acid gave two peaks in the chromatogram and was
rejected. The pH of the orthophosporic acid was adjusted to 2.5 to avoid the dissolution of silica.
The addition of organic solvent was tested (range 2-20%) and its use did not significantly
influence recovery. However, the peaks in the chromatogram became broader with the organic
solvent, and thus, 0.2 M orthophosporic was used without organic solvent for the elution. The
optimum volume for the elution was determined (range 130-1000 µl), and 500 µl was found to be
the most suitable. The recoveries of the analytes varied from 90% (gallic and chlorogenic acids)
to 106% (ferulic acid). No peaks were detected in the breakthrough or memory effects
experiments.

7.4.2 Comparison of the on-line and off-line systems

The on-line system was compared with off-line extraction and LC analyses in order to find out if
the transferred and relatively large volume of the extract caused extra band broadening. The
calculated values for peak widths, symmetry and resolution are presented in Table 19. The
numeric values proved that the peak widths are slightly, but not markedly, greater in the on-line
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system. However, the values showed that the symmetry of the peaks was better in the on-line
system.  There  was  no  significant  difference  in  the  resolution.  This  is  also  seen  from  the
chromatograms of standard solution (10 µg/ml) obtained with the on-line and off-line systems
shown in Figure 22.

Table 19. The peak widths, symmetries and resolutions of the on-line and off-line measurements.
Compound Peak width

on-line [min]
Peak width
off-line [min]

Symmetry
on-line

Symmetry
off-line

Resolution
on-line

Resolution
off-line

1 Gallic acid 0.16 0.13 0.9 0.71
2 Chlorogenic acid 0.17 0.14 0.86 0.78 35.1 36.5
3 Vanillic acid 0.17 0.14 1.02 0.9 2.4 3.4
4 Caffeic acid 0.19 0.16 0.89 0.84 1 1.3
5 Syringic acid 0.19 0.16 0.94 0.94 3 3.2
6 p-Coumaric acid 0.24 0.19 0.95 0.86 7.4 9.6
7 Ferulic acid 0.23 0.18 0.93 0.87 3.6 4.3

Figure 22. Chromatograms of the standard solution. Upper: on-line DSAE-LC; lower: LC
without DSAE. For compounds and numbering, see Table 19. Gradient: 0 min 5% B, 2 min 5%
B, 6 min 25% B, 13 min 40% B. Eluent A 0.5% acetic acid (v/v) in water and eluent B methanol.
Flow rate 1.0 ml/min and detection wavelength 280 nm.
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The on-line and off-line systems were also compared by analysing herb samples. Figure 23
shows the chromatograms from sage obtained by both systems. The sample is concentrated by
the on-line system, which can be seen from the intensities of the peaks. Thus, a smaller sample
amount is sufficient. In addition, gallic and syringic acids were identified with the on-line but not
the off-line system. The selective solid-phase trapping served as an efficient clean-up step and
thus improved the baseline and the separation of analytes and possible co-eluting compounds.

Figure 23. Chromatograms of sage samples extracted by DSAE. A) Extraction done off-line (100
mg, total solvent volume 10 ml), B) extraction through the SAX trap, extract collected after the
trap (5 mg, total solvent volume ~200 µl) and C) analysis with the on-line system. For
compounds and numbering, see Table 19. For conditions, see Fig. 22. The peaks with an asterisk
have been cut off.
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7.5 Quantitative and qualitative results of herbs and beverages

The quantitative and qualitative results of liquid chromatographic analyses are discussed in this
chapter. The results are divided according to the matrix into two parts. The first part focuses on
herbs (III, VI) and the second on beverages (IV, VI).

7.5.1 Herbs

The herbs belonging to Lamiaceae family (basil, oregano, rosemary, sage, spearmint and thyme)
were quantified by LC LC-MS(TOF) (III) and DSAE-LC(UV)(VI). The results are presented in
Tables 20A and B.

Table 20A. The quantitative results [µg/g dry weight] for phenolic compounds in basil, oregano
and rosemary.

Basil Oregano Rosemary
Compound  LC LC-

MS(TOF)
DSAE-
LC(UV)

 LC LC-
MS(TOF)

DSAE-
LC(UV)

 LC LC-
MS(TOF)

DSAE-
LC(UV)

1 Gallic acid ND 4 ND 3 <50 10
2 Chlorogenic acid <50 17 240 176 120 5
3 Vanillic acid 140 16 <50 8 <50 119
4 Caffeic acid <50 153 <50 92 80 154
5 Syringic acid <50 32 <50 38 <50 19
6 p-Coumaric acid <50 12 <50 41 <50 35
7 Ferulic acid <50 5 <50 <2 <50 6
8 Rosmarinic acid 3080 NA 5980 NA 9160 NA

ND = not detected, NA = not analysed

Table 20B. The quantitative results [µg/g dry weight] for phenolic compounds in sage, spearmint
and thyme.

Sage Spearmint Thyme
Compound  LC LC-

MS(TOF)
DSAE-
LC(UV)

 LC LC-
MS(TOF)

DSAE-
LC(UV)

 LC LC-
MS(TOF)

DSAE-
LC(UV)

1 Gallic acid <50 6 <50 9 <50 6
2 Chlorogenic acid 230 172 310 18 <50 30
3 Vanillic acid <50 <4 <50 <4 <50 12
4 Caffeic acid 110 257 250 285 290 299
5 Syringic acid <50 3 <50 3 120 62
6 p-Coumaric acid <50 17 <50 17 <50 14
7 Ferulic acid <50 48 <50 13 <50 <2
8 Rosmarinic acid 9960 NA 5620 NA 9960 NA

The quantitative analysis of LC LC-MS(TOF) (III) was done by using extracted ion
chromatograms (EIC) of the deprotonised ions [M-H]- and summing the peak areas of each
compound. The most significant difference in the methods was in the calibration curves. The
linearity range in the LC LC-MS(TOF) is much narrower than that of DSAE-LC(UV). The
concentration ranges in calibration curves for the LC LC-MS(TOF) and DSAE-LC(UV) were
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0.5 - 5 mg/l and 6 - 2600 ng, respectively. The correlation coefficients were better for DSAE-
LC(UV), being 0.995 (compared to 0.9828-0.9978 for LC LC-MS(TOF)). The quantitative
results of the two different LC methods agreed well. For example, when a compound in LC LC-
MS(TOF) had a concentration below 50 µg/g, the concentration of the compound in DSAE-
LC(UV) was also below 50 µg/g, with the exception of caffeic acid in basil and oregano and
vanillic acid in rosemary. Most probably the concentrations of these two compounds were
overestimated in DSAE-LC system due to co-eluting compounds and hump in the baseline. The
benefit of an on-line system is absolutely the increased sensitivity; however, the concentration of
rosmarinic acid was far too high to be analysed by the system.

The LC LC-MS(TOF) method was also compared with LC-MS(TOF). In LC-MS, a common
problem is ion enhancement or ion suppression caused by co-eluting matrix compounds. These
matrix effects can cause serious problems in the quantitative analysis. The degree of ion
enhancement or suppression was studied by comparing the external calibration method with the
standard addition method, which can be considered a suitable method to compensate for the
effects caused by the matrix.  Both calibrations were linear, but the calibration slopes were quite
different, indicating enhancement or suppression of signals. Thus, in LC-MS for each type of
herb a separate calibration by the standard addition method would be required. The quantitative
results for caffeic and chlorogenic acids from sage by LC-MS (external calibration), LC-MS
(standard addition calibration) and LC LC-MS were compared. For chlorogenic acid there was
no significant change in concentration, but for caffeic acid the difference was considerable. The
results of LC-MS (standard addition calibration) and LC LC-MS were at the same concentration
level, but the concentration by LC-MS (external calibration) was more than double, indicating ion
enhancement. There are no matrix compounds near chlorogenic acid and it is well separated,
whereas for caffeic acid, other compounds co-eluted at the same position causing matrix effects
in one-dimensional LC-MS. This is also seen for thyme matrix in Figure 24.

Only a few quantitative results for phenolic acids in herb extracts have been presented in the
literature and to our knowledge the results presented here are the first to have been determined by
LC LC and DSAE-LC. Comparison of our results with other studies requires caution, because
the results may differ due to agricultural and geographical conditions, and may depend on which
part of the plant is examined (leaves, flowers or the whole herb) and whether the plant has been
used fresh or dried. In addition, information of the plant origin is not always available.
Nonetheless the concentration levels of the rosmarinic acid in our studies were 3100 – 10000
µg/g; in increasing order, basil<rosemary~thyme=sage, while in another study the order was
different, being sage<thyme<rosemary<basil, although the concentrations were at the same level
(5250- 11500 µg/g) [174]. Otherwise the results were similar with the exception of a caffeic acid
(in basil) and chlorogenic acid. In another study, the amounts of caffeic acid were much higher in
all herbs and in addition, oregano included a significant amount of p-coumaric acid (2150 µg/g)
[205].
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Figure 24. Contour plot of LC LC separation of thyme. Identified compounds: 1) gallic acid, 3)
chlorogenic acid, 6) vanillic acid, 7) caffeic acid, 8) syringic acid, 9) p-coumaric acid, 13) ferulic
acid and 17) rosmarinic acid. For numbering and conditions, see Paper III.

The LC LC system was also used to give qualitative information about herbs. The profiles of the
herbs could be set side by side and compared, as in Figure 25. The compounds in the figure
remained unknown, but the m/z values could be determined by MS-TOF and some suggestions
about the properties of the compounds, based on MS-TOF information and the retention
behaviour in LC LC could be made. Moreover, gas chromatography-mass spectrometry (GC-
MS) was used for additional conformation of the identification. For example, compound 7 in Fig.
25E in the spearmint extract has an m/z value of 387.16 amu. It elutes relatively early from the
C18 column, between chlorogenic and caffeic acids, even though it has a fairly large molar mass,
and thus it must be a polar compound. Peak number 3 (m/z=305.06 amu) was not found in the
GC-MS analysis, indicating that after the silylation, it is too non-volatile to be analysed by GC
because it did not elute from the GC.
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Figure 25. Contour plots of LC LC of the herb extracts (BPC). 1) m/z=387.15, 2) m/z=473.12,
3) m/z=305.06, 4) m/z=322.08, 5) m/z=292.01, 6) m/z=225.11 and 7) m/z= 387.16 amu. For
conditions, see Paper III.

7.5.2 Beverages

The beverage samples were red wine (IV, VI), black currant wine (IV, VI) and red grape juice
(IV, VI). The quantitative results are presented in Table 21. In addition, the black currant and
blueberry juices were analysed, but since they contained only a few phenolic compounds their
results are not presented here; however they can be found in Paper IV.

Table 21. The quantitative results [µg/ml] for red wine, black currant wine and red grape juice
obtained by LC LC(UV)(IV) and UPLC(VI).

Red wine
Tempranillo / Merlot

Black currant wine Red grape juice

Compound LC LC(UV) UPLC LC LC(UV) UPLC LC LC(UV) UPLC
1 Gallic acid 34 36 16 3 <5 6
2 Protocatechuic acid - 5 - 6 - -
3 Gentisic acid - - - 26 - -
4 Catechin 39 19 27 - 6 14
5 Vanillic acid - 9 - 5 - 6(1

6 Caffeic acid 9 6 10 7 - 1
7 Syringic acid - 3 - 1 <5 2
8 Epicatechin NS 39 - - 27 13
9 p-Coumaric acid 13 2 <5 7 <5 1
10 Ferulic acid - - 5 1 - -
11 Rutin - NA <5 NA - NA
12 Isoquercitrin <5 NA 10 NA 23 NA

NA = not analysed, NS = not separated,(1 matrix interference
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The quantitative analysis of LC LC(UV) (IV) was done by calculating the peak volumes of the
two-dimensional contour plots. The software for the quantification was developed previously and
used for the quantification of two-dimensional gas chromatographic data [206]. Usually, the UV
responses  are  very  linear  and  high  correlation  coefficients  are  achieved.  In  this  study,  three
compounds (gentisic, syringic and p-coumaric acids) gave correlation coefficients lower than
0.990 (but higher than 0.980). This is presumably not caused by the UV detection, but by the
quantification method. The volume of the peak is not always so easy to determine and if some
overlapping (with another analyte, matrix compound or solvent) occurs, the volume of the peak is
not so accurate.

The red wines in the studies were different, but the black currant wine and red grape juice were
the same label. There are some differences in the results, e.g. the quantification of catechin and
epicatechin by LC LC(UV) was very challenging, because the compounds elute very close to the
solvent front and some background disturbances (from the solvent or matrix) interfere with the
precise determination of the peak volume. This is shown in Figure 26. On the other hand, the
results for the compounds that are well separated and do not suffer from interferences (gallic,
syringic and p-coumaric acid) agreed very well with results from the UPLC method. Thus, the
quantification method of LC LC(UV) is more vulnerable to minor interferences. However, the
quantification method of UPLC is also not completely reliable as some compounds can co-elute
exactly at the same time and are not necessary observed in the chromatogram. These co-eluting
compounds distort the quantification results.

Figure 26. Contour plot of red grape juice merged with one-dimensional chromatogram.
Compounds: 1) gallic acid, 4) catechin, 7) syringic acid, 8) epicatechin, 9) p-coumaric acid, and
isoquercitrin. For conditions see Paper IV.
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8 CONCLUSIONS

Three efficient extraction methodologies, namely, SFE, PHWE and DSAE, were developed for
the extraction of antioxidants from different types of samples. For the separation of the target
compounds, liquid chromatographic methods were developed.

The extraction techniques developed proved to be advantageous over traditional methods, such as
SLE and maceration, in several respects. Most importantly, the SFE, PHWE and DSAE gave
higher relative recoveries than the conventional extraction techniques. In the extraction of
lycopene from tomato skins, supercritical carbon dioxide proved to be an excellent extraction
fluid. An important observation of the study was that a nonpolar compound (lycopene) may also
need a modifier to improve recovery. However, SFE is a matrix-dependent technique, and
extraction from other lycopene sources (e.g. ketchup or tomato puree) would need at least some
modification of the method used here. In the optimisation of the PHWE system for the extraction
of antioxidative compounds from sage, the extraction temperature proved to be the most critical
parameter. The PHWE efficiency was evaluated by measuring the antioxidant activity of the
extract. Although the highest recovery of the known antioxidative compound was achieved at
150°C, the antioxidative activity was highest at 100°C. The extract was collected in a solid-phase
trap in order to ease further handling. In the optimisation of the DSAE system, Modde software
was utilised in the selection of optimum conditions for the extraction of phenolic acids in herbs.
The extraction procedure developed was used in both off-line and on-line modes. The recovery of
rosmarinic acid, the main phenolic acid present in most of the herbs studied, was affected the
most by the temperature of the ultrasound bath, the extraction time, the flow rate and the
quadratic terms of temperature  time and the amount of ethanol  time.  In  general,  the  more
extreme conditions gave lower recoveries. The short extraction time and low solvent
consumption were the main advantages of DSAE. The off-line extractions are easy to perform
even by an inexperienced user. However, the system is not automatic and parallel extractions
would demand more pumps.

Stability experiments were carried out for lycopene. The concentration of lycopene decreased
faster with smaller particle size. On the other hand, light did not significantly influence the
stability of the lycopene, although the atmosphere had a major effect. The decrease of lycopene
even when stored in a nitrogen atmosphere suggested an autocatalytic reaction. The addition of a
stabiliser had no effect when lycopene was stored as a solid. However, the stability of lycopene
stored in solvent was improved through the addition of (+)- -tocopherol or rosemary extract.

Conventional LC was utilised in the separation of antioxidants of SFE and PHWE extracts. The
conventional methods worked adequately in these studies, however, it was obvious that for the
separation of phenolic antioxidants conventional LC was not satisfactory in terms of separation
efficiency and speed. Thus, two novel separation systems, namely UPLC and LC LC, were



76

developed for the determination of these compounds in herbs and beverages. In LC LC, different
systems were developed, namely HPLC HPLC and HPLC UPLC, utilising different LC modes
in the two dimensions. In the optimisation, the columns were chosen to give different selectivities
in the two dimensions. The selectivities of different column combinations were evaluated by
calculating normalised retention times for the analytes and plotting them on a 2D retention space.
In addition, the correlation coefficients were calculated. The results showed that the optimised
systems were not significantly correlated. The modulation time, which is a crucial part of the
optimisation in LC LC separation, was studied carefully to obtain efficient separation. The
modulation time, which is dependent on the second dimension separation time was kept below
120 s in all of the systems studied. This allowed sufficient sampling of the first dimension
separation. To evaluate the separation efficiency, peak capacities were calculated for the systems
and the values were compared to those for one-dimensional LC separation. The 2D peak
capacities varied from 330 to 735 and were higher than in 1D separation systems. The values
were also calculated as peak capacity per unit of time, which better depicted the peak capacity of
the total system.

The optimised separations with HPLC HPLC and HPLC UPLC were compared with each other,
using four different systems. In all of the studied systems, the first dimension was based on
reversed-phase LC and the second on IPC.  The best  separation was achieved by HPLC HPLC
when using the monolithic C18 column in the second dimension. This system gave the highest
peak capacity per unit of time. The baseline was more stable when monolithic column was used,
obviously because the pressure change was moderate during the modulation. The major drawback
was the large solvent consumption due to high flow rate (3 ml/min). The HPLC UPLC system
suffered most from the peak broadening caused by the transfer of the effluent. The relatively
large volume caused larger peak broadening in the UPLC column than in the HPLC column.
Additional peak broadening occurred in UPLC due to a higher percentage of organic solvent in
the first column than in the second. The broadening was particularly notable for the last-eluting
compounds. To further evaluate the LC LC systems developed, the separation power was
compared to that obtained with one-dimensional HPLC and UPLC. Of the one-dimensional
systems,  UPLC  gave  better  separation  than  HPLC.  It  was  also  faster  and  the  sensitivity  was
better. However, the LC LC systems gave clearly higher separation efficiency. The peak
capacities per unit of time for HPLC, UPLC, HPLC HPLC and HPLC UPLC were 1.3, 6.0, 11.2
and 8.4, respectively.

In addition to the LC LC system, an integrated DSAE-LC system combining extraction, clean-up
and analysis was developed for the determination of phenolic acids from herbs. Solid-phase
trapping was used in combining the DSAE and LC. Special attention was paid to selecting the
solid-phase material and choosing the eluents and their volumes for conditioning the trap and for
the elution of the analytes. The system developed had higher sensitivity and shorter sample
pretreatment and analysis times than off-line systems. In addition, the on-line and off-line
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systems were compared e.g. in terms of peak width, symmetry and resolution. The peak widths
were slightly, but not remarkably, bigger in the on-line system. However, the symmetry of the
peaks was better in the on-line system. There was no significant difference in the resolution. The
benefit of the on-line system developed was the increased sensitivity; however, the concentration
of rosmarinic acid was far too high to be determined by the system.

Quantitative analysis was carried out both in one- and two-dimensional LC systems. The
quantitative results for the herbs were obtained using by LC LC-MS(TOF) and DSAE-LC(UV).
In LC LC the calibration curves were made by using extracted ion chromatograms (EIC) of the
deprotonised ions and summing the peak areas of each compound. The quantitative results of the
two LC methods agreed well. The LC LC-MS(TOF) method was also compared with LC-
MS(TOF). The degree of ion enhancement or suppression was studied by comparing the external
calibration with the standard addition method. For LC-MS(TOF) the results showed enhancement
or suppression of signals and thus, in LC-MS for each type of herb, a separate calibration by the
standard addition method would be required. The quantitative results for the beverage samples
were  done  by  UPLC  and  LC LC(UV). The quantification of compounds in LC LC(UV) was
very demanding, since the peak volumes were used in making the calibration curves. If a
compound eluted close to the solvent front or near some background disturbances (from the
solvent or matrix), the precise determination of the peak volume was difficult. The correlation
coefficients were higher with UPLC system.

In summary, the novel methodologies developed in this study proved to provide several
advantages over conventional methodologies. The extraction systems gave high recoveries and
were environmentally friendly and fast. The novel liquid chromatographic methods developed in
this study proved to give very high separation efficiencies. Furthermore, due to more efficient
separation, matrix effects with mass spectrometric detection were minimised in the LC LC
system. The one-dimensional system did not allow sufficient separation of target analytes from
the matrix. The on-line DSAE-LC with selective clean-up efficiently removed interfering matrix
compounds and allowed reliable measurement of phenolic acids concentrations even with one-
dimensional LC. The LC LC data-handling is challenging and in the future, more attention needs
to be paid to making it more user friendly.
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