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Abstract 

 

Non-targeted analysis is an analytical approach which attempts to measure changes in the 

abundance of as many metabolites as possible (both known and unknown) in a single sample.  

Methodologies to perform this demanding task require regular improvement to keep pace 

with on-going technological advances in chromatography and mass spectrometry.  Thus a 

major goal of this thesis was to develop improved, non-targeted methods using modern LC-

high resolution mass spectrometry (HRMS) instrumentation and then explore their utility in 

investigating complex metabolite profiles of tea extracts. 

A reversed-phase (RP) ion-trap MS method was initially developed to detect and classify 

proanthocyanidins (PAs) in oolong and black tea extracts, resulting in several new PAs being 

identified.  Two new LC-HRMS methods were then developed; the first utilising hydrophilic 

interaction liquid chromatography to resolve mostly polar primary metabolites such as amino 

acids and nucleosides; the second using RP and ultra-high pressure liquid chromatography to 

maximise the chromatographic resolution of mostly semi non-polar secondary metabolites 

such as flavonoids.  Both of these methods, when combined with multivariate statistical tools, 

could successfully differentiate not only tea type (green, oolong and black tea), but also 

detect metabolites distinguishing the country of origin of the teas.  These two LC-HRMS 

methods were applied to monitor biochemical changes occurring during oolong tea 

manufacturing, revealing significant changes in volatile precursors, phenolics and 

nucleotide/nucleoside composition at the high temperature de-greening step, along with 

significant changes in plant hormones and free amino acid levels during the fermentation 
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process.  These samples were also investigated using a direct analysis in real time MS 

(DART-MS) technique which also revealed a unique acid/base cluster of geranic acid and 

caffeine as a key feature of changes in volatile composition during the fermentation stages of 

manufacturing. 

This project has developed complementary LC-HRMS non-targeted methods and 

demonstrated their value for profiling a wide array of metabolites, and when coupled with 

univariate and multivariate statistical techniques, shown their benefit for detecting both 

known and unknown compounds for further investigation.  These methods could be applied 

to a range of sample types, such as foods or biological fluids, to further understand the 

complex biochemistry. 
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Introduction 

 

The overall aim of this PhD thesis was to develop non-targeted mass spectrometric based 

methods to monitor a wide range of chemical components, and then apply these methods to 

sample sets of tea to investigate effects such as fermentation level, manufacturing processes, 

and ‘country of origin’.  As such, this thesis describes the development and utilisation of a 

range of liquid chromatography and mass spectrometry techniques for both targeted and non-

targeted analysis of tea.  Methods have been developed and applied to a range of commercial 

tea samples from around the world and also to samples collected from throughout a season of 

oolong tea manufacturing at the Zealong tea estate, Hamilton, New Zealand.  The non-

targeted analyses generated complex datasets which have been investigated using 

multivariate data analysis tools such as principal component analysis (PCA) and partial least 

squares discriminant analysis (PLS-DA).  The data acquired have been analysed and 

interpreted to identify key metabolites differing between sample sets from different locations, 

and key changes in metabolic profiles occurring during the tea manufacturing process. 

 

Technological advances in instrumentation offer new opportunities for improved chemical 

analysis.  However, to realise the potential of this new technology it is essential that 

analytical methodologies used are frequently improved to ensure the benefits of the new 

technology are fully utilised.  As such, many analytical methodologies have a ‘limited 

lifetime’ of providing the highest quality results available before they are superseded.  These 

advances have significantly improved the resolving power of both the chromatographic and 

mass spectrometric tool-kits available for the analyst, and along with advances in computing, 
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have reduced the costs of these analytical systems, making them more available to the 

average laboratory.  Utilisation of this increased resolving power for complex samples such 

as crude plant extracts, along with improvements in data-extraction tools, have driven the 

increasing popularity of comprehensive non-targeted analysis techniques, which are not 

limited by prior assumptions about which metabolites should be measured in an experiment.  

Given the extensive existing body of background knowledge about the metabolite 

composition of tea, an investigation of tea and its manufacture provided a good opportunity 

to assess the value of these methodological advances and also improve our understanding of 

the factors and processes determining the composition of tea. 

 

In preparing the thesis there are several points that are clarified here in the Introduction to 

assist the reader to understand the direction and scope of this thesis.  Firstly, the overall scope 

has been shaped by two main factors; a), the development of oolong tea production in New 

Zealand provided an opportunity to investigate this process, and evaluate the New Zealand 

products in the context of the international tea industry and, b) access to advanced mass 

spectrometric instrumentation offered the prospect of making new discoveries about 

significant metabolites in tea. 

Also, while gas chromatography-mass spectrometry (GC-MS) is one of the more commonly 

used techniques in tea research (see Chapter 1), it has not been employed within this thesis as 

the available instrumentation did not offer any technological advances over those used in 

previous studies.  Further, prior to commencing the PhD I had gained thirteen years’ 

experience using GC-MS to measure volatiles from a wide range of sample matrices (plasma, 

meat, urine, animal fat, milk, butter, and a range of different plant species).  This research has 

been reported in a number of scientific studies investigating factors such as diet, breed, 
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castration and season, on the levels of flavour compounds in consumer products.  Of these I 

had senior authored one publication (Fraser, Lane, Kirk, Keogh, & Cummings, 2007) and co-

authored a further 7 on meat flavour and a further 4 publications on milk flavour.  During 

these studies, GC-MS methods were also developed to monitor the formation, transportation 

and excretion of key flavour compounds, for which I senior authored four and co-authored a 

further 3 publications (Fraser et al., 2004; Fraser, Lane, Morris, & Cullen, 2006; Fraser et al., 

2003; Fraser, Lane, Yu, Morris, & Cullen, 2008).  Thus, this combination of extensive 

existing GC-MS tea literature and my previous experience with this technique has resulted in 

GC-MS becoming a ‘low priority method’ on the list of possible chapter topics to be explored 

during this PhD thesis. 

The research presented in the thesis begins with a chapter on tannins detected in tea extracts 

by liquid chromatography-mass spectrometry (LC-MS), more specifically, the 

proanthocyanidin (PA) class of tannins.  This chapter topic was selected as a starting point to 

the thesis due to the lack of a published comprehensive study into the PA composition of 

oolong and black tea in the literature, and the opportunity to build on my previous LC-MS 

experience contributing to studies of flavonoids and PAs in a range of forage species 

(Hancock et al., 2012; Meagher, Lane, Sivakumaran, Tavendale, & Fraser, 2004; 

Sivakumaran et al., 2004; Sivakumaran et al., 2006; Spencer et al., 2007; Tibe, Meagher, 

Fraser, & Harding, 2011). 

As mentioned above, the recent acquisition of several new, state-of-the-art, advanced LC-MS 

instruments at AgResearch offered new capabilities for investigating the metabolites of tea, 

and, for me personally, the opportunity to advance my skills in analytical and data analysis 

methodology, and scientific interpretation of data.  This has shaped the bulk of the thesis 

(Chapters 3, 4, 5, and 6).  Utilisation of this new instrumentation has required new methods to 

be developed to maximise the number of components detected, with a focus on promising 



4 
 

techniques (such as ultra high performance liquid chromatography (UHPLC)) and areas 

identified from the literature review (high resolution mass spectrometry (HRMS) and non-

targeted analysis). 

Thus, these circumstances and opportunities have helped to shape the flow and scope of the 

overall thesis, described chapter by chapter, as outlined below. 

 

Chapter 1 consists of a critical review of recent literature covering MS-based analytical 

methodologies commonly applied to tea research.  This literature review appears in the thesis 

as submitted and subsequently published in Critical Reviews in Food Science and Nutrition 

(Fraser et al., 2013a).  Following this is an addendum (Section 1.5) covering relevant studies 

published since the literature review was written and published.  The addendum has been 

written with a similar structure and style to the review paper, although more attention is given 

to the results where the publications are similarly aligned to this thesis topic. 

Chapter 2 (as briefly mentioned above) demonstrates the ability of LC-MS/MS to effectively 

detect and provide characterising data on a range of PAs in a complex crude tea extract.  This 

chapter appears in the thesis as submitted and subsequently published in the Journal of Food 

Composition and Analysis (Fraser et al., 2012a).  The publication demonstrates the 

effectiveness of liquid chromatography on a hydrocarbon-coated silica phase to resolve a 

complex set of monomeric and polymeric PAs, combined with MS/MS detection, to classify 

a range of PAs based on fragmentation patterns.  Using this approach it was possible to 

extend the knowledge of PAs in tea extracts, reporting for the first time the detection of PA 

tetramers in black tea and PA trimers and tetramers in oolong tea. 
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Chapter 3 reports the development of a non-targeted Hydrophilic Interaction Liquid 

Chromatography (HILIC) method coupled to a high resolution mass spectrometer.  The 

developed method was then applied to characterise key metabolites differentiating extracts 

from a range of commercially available green, oolong and black teas from around the world.  

This chapter appears in the thesis as submitted and subsequently published in Food 

Chemistry (Fraser et al., 2012b) and further unpublished preliminary data relevant to the 

publication is provided and discussed in the Conclusions and Appendix chapters (Chapters 7 

and 9).  This study highlights the potential of HILIC and HRMS, combined with multivariate 

statistics, to provide characterising data on key metabolites, and to detect differences in 

primary and secondary metabolite levels related to both tea type and country of origin. 

Chapter 4 describes the development and application of a non-targeted reversed phase (RP) 

UHPLC separation method, again coupled to high resolution mass spectrometry, to study the 

biochemical composition of commercially available green, oolong and black teas from 

around the world.  This chapter appears in the thesis as submitted and subsequently published 

in Food Research International (Fraser et al., 2013c) and further unpublished preliminary data 

relevant to the publication is provided and discussed in the Conclusions and Appendix 

chapters (Chapters 7 and 9).  The publication highlights the effectiveness of non-targeted RP 

UHPLC-HRMS analysis combined with multivariate statistics, to detect an array of semi-non 

polar biochemical markers, many of which were different to the HILIC-HRMS methodology 

(reported in Chapter 3), for classifying characteristics such as country of origin. 

Chapter 5 covers the application of Direct Analysis in Real Time Mass Spectrometry 

(DART-MS) to monitoring the oolong tea manufacturing process.  This chapter appears in 

the thesis as submitted and subsequently published in Food Chemistry (Fraser et al., 2013b).  

This study reports significant changes in mass spectrometric profiles generated from the leaf 

surface during the tea manufacturing process, demonstrating the potential of DART-MS to 
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rapidly monitor the progress of complex manufacturing processes.  We also report the 

observation of an interesting previously unpublished acid/base clustering phenomenon 

generated by the DART ion source, which provides an insight into metabolic changes during 

key stages of tea manufacture. 

Chapter 6 reports a non-targeted study of the aforementioned oolong manufacturing process 

using the methods developed and outlined in Chapters 3 and 4 (HILIC and RP-UHPLC 

chromatography coupled with HRMS).  This chapter appears in the thesis as submitted and 

subsequently published in Food Chemistry (Fraser et al., 2014).  Quality control data for this 

Chapter is reported and discussed in the Appendix (Chapter 9).  The results show that non-

targeted LC-MS can be used to detect a diverse range of significant biochemical changes 

occurring during fermentation and processing stages of oolong tea manufacturing.  This 

approach could potentially provide important quality control information to the manufacturer 

to ensure their final product contains the attributes desired by consumers. 

Chapter 7 summarises the prior scientific chapters (Chapters 2-6) and refers occasionally, to 

data in the Appendix (Chapter 9) which was generated during the method development stages 

but not considered critical, or due to journal space restrictions, was not included in the final 

publications.  Finally, conclusions are drawn on the body of the thesis and future work 

suggested and discussed. 

Chapter 8 contains the references for all chapters, displayed in the required format. 

Chapter 9 is an Appendix providing additional data along with brief commentary.  This data 

was acquired during the research and is supplementary to that presented in the publications 

which provide the body of the thesis, but which may be of interest to future investigators. 
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The contents of this thesis demonstrate the expansion of analytical methodologies utilising 

different chromatographic modes and mass spectrometers available, and explores their 

effectiveness for expanding the current knowledge on the complex biochemical composition 

of tea extracts.  The methodologies presented here can also be applied to a wide range of 

sample types such as other foods, forage grasses, biological fluids such as urine, milk, plasma 

etc. 
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Chapter 1 
 

As submitted and subsequently published in Critical Reviews in Food Science and Nutrition, 

2013, 54, 924-937,  (DOI:10.1080/10408398.2011.619670). 

 

1. Analysis of low molecular weight metabolites in 

tea using mass spectrometry-based analytical 

methods 

 

Karl Frasera,b, Scott J. Harrisona,c, Geoff A. Lanea, Don E. Ottera, Yacine Hemarb, Siew-

Young Quekb and Susanne Rasmussena 

a AgResearch Ltd, Palmerston North, New Zealand 

b School of Chemical Sciences, Auckland University, Auckland, New Zealand 

c School of Biological Sciences, Auckland University, Auckland, New Zealand 

 

Corresponding Author: 

Karl Fraser, Forage Biotechnology, Grasslands Research Centre, AgResearch Ltd, Private 

Bag 11008, Palmerston North 4410, New Zealand.  Tel.: +64-6-351-8222. E-mail: 

karl.fraser@agresearch.co.nz   
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1.1. Abstract 

Tea is the second most consumed beverage in the world after water and there are numerous 

reported health benefits as a result of consuming tea, such as reducing the risk of 

cardiovascular disease and many types of cancer.  Thus there is much interest in the chemical 

composition of teas, for example; defining components responsible for contributing to 

reported health benefits; defining quality characteristics such as product flavour; and 

monitoring for pesticide residues to comply with food safety import/export requirements.  

Covered in this review are some of the latest developments in mass spectrometry-based 

analytical techniques for measuring and characterising low molecular weight components of 

tea, in particular primary and secondary metabolites.  The methodology; more specifically the 

chromatography and detection mechanisms used in both targeted and non-targeted studies, 

and their main advantages and disadvantages are discussed.  Finally, we comment on the 

latest techniques that are likely to have significant benefit to analysts in the future, not merely 

in the area of tea research, but in the analytical chemistry of low molecular weight 

compounds in general. 

 

 

Keywords: 

Polyphenols; Electrospray ionisation; Alkaloids; UHPLC; GC-MS; LC-MS 
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1.2. Introduction 

 

There are many instrumental techniques for analysing the composition of tea and the scope of 

this review is to cover specifically the mass spectrometric based methodologies used in 

detecting and measuring low molecular weight primary and secondary organic 

compounds/metabolites in tea.  Mass spectrometric analyses have an advantage over many 

other instrumental techniques as they can provide useful characterising information as well as 

the ability to detect and measure a wide range of compounds, thus significantly increasing the 

amount of information that can be generated about a sample.  The application of mass 

spectrometry (MS) has increased recently mainly due to the reduced cost of these 

instruments, but also because of their greater ease of use along with an increase in the types 

and combinations of mass analysers available.  There is extensive literature on the 

determination of major secondary metabolites such as the polyphenolics and volatiles in teas, 

for which liquid chromatography (LC) or gas chromatography (GC) respectively predominate 

(Pripdeevech & Machan, 2011; Wang & Ho, 2009).  Thus we have biased this review 

towards literature that involves the coupling of separation techniques such as LC and GC 

with MS, as this can significantly increase the amount of knowledge that can be gained from 

a sample. 

 

Tea is a beverage originating from China that has been consumed for thousands of years.  It is 

a product made from the leaf and bud of the plant Camellia sinensis L. and is the second most 

consumed beverage in the world after water (Cabrera, Artacho, & Gimenez, 2006).  This 

makes tea a very important commodity for some developing countries in terms of 

employment and export earnings, for example Sri Lanka where tea production was 
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responsible for 1.2% of gross domestic production in 2007 (De Costa, 2010).  The worldwide 

production of tea in 2007 was almost 3.9 million tonnes with the majority of production 

occurring in China, followed by India, Kenya and Sri Lanka (Alkan, Korpulu, & Alkan, 

2009) and the average per head consumption of tea is approximately 500 ml/day (Kuhnert, 

2010). 

Generally tea can be broadly classified according to its production method as either 

unfermented (green tea), semi-fermented (oolong tea), fully fermented (black tea) or post-

fermented (pu-erh tea) (Zhao, Chen, Huang, & Fang, 2006).  Black tea is drunk worldwide 

but mostly in North America, Europe, and North Africa.  Green tea is widely consumed in 

Japan, Taiwan, Korea, China, and Morocco while oolong tea is popular in China and Taiwan.  

Of tea production and consumption worldwide, approximately 76-78% is black tea, 20-22% 

is green tea and less than 2% is oolong tea (Cabrera et al., 2006). 

Tea is a rich source of polyphenolics, particularly flavanoids, which are effective antioxidants 

found throughout the plant kingdom (McKay & Blumberg, 2002).  Flavanoids are phenol 

derivatives synthesised in substantial amounts (0.5-1.5%), with a wide diversity (more than 

4000 identified) and are widely distributed among plants (Vinson, Dabbagh, Serry, & Jang, 

1995).  The main flavanoids present in green tea are catechins (flavan-3-ols) such as 

epigallocatechin-3-gallate (EGCG, Fig. 1.1), epigallocatechin (EGC), epicatechin (EC), and 

epicatechin-3-gallate (ECG).  Figure 1.1 also shows a polymerised catechin theaflavin-3’-

gallate which is a predominate component of black tea, along with other theaflavins and 

thearubigens (McKay & Blumberg, 2002).  Other major theaflavins in black tea are 

theaflavin, theaflavin-3-gallate, and theaflavin-3,3’-gallate (Wang & Ho, 2009).  Theaflavins 

and thearubigens are responsible for the characteristic colour and flavour of black tea 

(Graham, 1992).  Other phenolics found in tea include the flavonols, principally quercetin 

(Fig. 1.1) and kaempferol and to a lesser extent myricetin, and they generally occur as mono, 



12 
 

di and tri O-glycoside conjugates (Lin, Chen, & Harnly, 2008).  Tea is an important source of 

gallic acid, a hydroxybenzoic acid.  The amount of gallic acid in tea increases during the 

fermentation process of tea manufacturing owing to its liberation from catechin gallates.  

Chinese pu-erh teas contain the highest levels of gallic acid (approximately 15g/kg dry 

weight) compared to other types of tea (Lin, Lin, Liang, Lin-Shiau, & Juans, 1998).   

 

Figure 1.1: Common metabolites reported in tea 
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Tea contains caffeine which is present across an average concentration range of 20-40 mg/g 

(Lin, Tsai, Tsay, & Lin, 2003), along with very small amounts of the other common 

methylxanthines, theobromine and theophylline.  The amino acid theanine (5-N-ethyl 

glutamine, (Fig. 1.1)) is unique to tea (Graham, 1992) and is present at many times the level 

of any other amino acid in the plant (Syu, Lin, Huang, & Lin, 2008). 

 

1.2.1. Tea Processing 

After harvest, the leaves soon begin to wilt and oxidise if not dried quickly after picking.  

Green tea production is characterised by allowing a partial wilting step followed by a quick 

heating process to stop any post-harvest fermentation.  This fermentation process is an auto-

oxidation catalysed by the enzyme polyphenol oxidase present in the leaf and is extremely 

important for the production of both oolong and black tea.  The enzymes convert the 

flavanols in the leaf into the polyphenolic compounds, such as the theaflavins and 

thearubigens, which contribute to giving black tea its dark colour.  For oolong and black tea, 

the level of oxidation is monitored and stopped at the required predetermined stage by 

heating to deactivate the polyphenol oxidase.  A schematic illustrating the steps involved in 

the production of the three major types of tea is shown in Figure 1.2 (Balentine, 1992; 

Tomlins & Mashingaidze, 1997). 
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Figure 1.2: Principle differences between green, oolong and black tea processing 

 

Pu-erh tea manufacturing is slightly different and is typically done via one of two methods.  

Raw pu-erh tea is traditionally processed by pressing large unoxidised leaves that are then 

fermented for several years at room temperature.  Ripened pu-erh teas have the leaves post-

fermented with microorganisms (such as Aspergillus niger) for several months under 

optimum conditions prior to being pressed (Chen, Lin-Shiau, & Lin, 2009). 

 

1.2.2. Reported health benefits of drinking tea 

There have been many studies investigating the purported health benefits of consuming tea, 

particularly so over the last decade where people have generally become more aware of 
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health issues and functional foods that may provide significant health benefits upon regular 

consumption.  The health benefits related to tea appear to be linked to the polyphenols 

present, although the types and levels of polyphenols in the major tea types can vary 

significantly due to the different manufacturing processes.  Numerous biological studies have 

concluded that EGCG is the most beneficial polyphenolic to human health.  However, other 

phenolics such as gallic acid have also demonstrated significant health benefits (Arab & 

Liebeskind, 2010; Gupta, Siddique, Beg, Ara, & Afzal, 2008; Lambert & Elias, 2010; Moon, 

Lee, Choi, Kim, & Cho, 2007). 

There is a vast amount of recent literature around claimed benefits of green tea consumption 

to human health and the list of reported beneficial effects are long and will only be mentioned 

in passing in this article.  Several reviews (Cabrera et al., 2006; Chacko, Thambi, Kuttan, & 

Nishigaki, 2010; Clement, 2009; Sinija & Mishra, 2008) on this area over the past few years 

have summarised evidence for health benefits such as; decreased risk of a wide range of 

cancers such as breast, prostate, liver, ovarian, gastro-intestinal, and lung cancer; decreased 

incidence of cardiovascular events and stroke; beneficial effects for patients with type II 

diabetes; increased plasma antioxidant levels for improved protection against reactive oxygen 

species; increased metabolism and anti-obesity effects. 

The benefits of consuming oolong tea have not been as extensively studied as for those of the 

more common green and black teas, however, some reported health benefits include; 

increased metabolic rate and fat oxidation in men (Rumpler et al., 2001) and decreased 

obesity (He et al., 2009); decreased effects of dermatitis (Uehara, Sugiura, & Sakurai, 2001); 

inhibition of the growth of human stomach (Hibasami et al., 2000) and colon cancer cells 

(Hibasami, Jin, Yoshioka, Ina, & Ohnishi, 2003); inhibition of allergic reactions (Sano, 

Suzuki, Miyase, Yoshino, & Maeda-Yamamoto, 1999) and aid in the control of diabetes 

(Hosoda et al., 2003). 
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Recent literature reviews into the beneficial effects of black tea consumption (Arts, 2008; 

Gupta et al., 2008; Ruxton, 2009) have stated that many of the same effects reported for 

green tea consumption can be obtained by consuming black tea such as; reduced risk of 

coronary heart disease and stroke; inhibition of lung, ovarian, breast, and renal cancer; 

improvements in cognitive function; and increased anti-oxidant levels to name a few. 

 

While laboratory studies show great potential for positive health effects of tea consumption, 

the human clinical evidence is still limited and many of the published human studies state 

contrasting results, particularly in the area of cardiovascular disease and cancer.  Future 

human studies must carefully define tea preparations, intake levels and sample populations to 

define the actual magnitude of health benefits and give firm conclusions about its bioactive 

value to humans. 

 

1.2.3. The requirement for analytical methodologies 

Tea is a crop of significant commercial value consumed by humans and as such common 

applications of analytical methods are principally for monitoring the quality and safety of the 

product (Le Gall, Colquhoun, & Defernez, 2004; Ochiai et al., 2005).  Methods for 

determining components and their concentrations have been developed for a multitude of 

reasons, such as to improve the understanding of how components contribute to flavour, shelf 

life, quality and colour, or to detect and quantify contaminants such as pesticides or 

mycotoxins.  Even more so, they are critical for understanding which component or class of 

compounds are responsible for potential health benefits that are associated with tea products 

and also their relation to processing methods.  Analytical methodologies can be used in 

elucidating the mechanisms of action and to discover good predictive biomarkers.  In 
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addition, by improving our understanding of the biochemistry of tea, there is potential for 

using analytical technologies to authenticate products, for example by confirming the country 

of origin, tea type, and purity of the final product (Engelhardt, 2006). 

 

1.2.4. Mass Spectrometry 

Mass spectrometry is defined as a detection technique that uses the difference in mass/charge 

ratio (m/z) of ionised molecules to separate them from each other (de Hoffmann, 2000).  

Mass spectrometry is useful for quantification of molecules and determining their molecular 

weight, as well as giving chemical, and structural information about molecules and the 

history and principles of operation of mass spectrometers have been well described in the 

literature (de Hoffmann, 2000; Griffiths, 2008; Gross, 2004).  A mass spectrometer generally 

consists of an ion source, a mass-selective analyser, and an ion detector (Steinmann & 

Ganzera, 2011).  Since mass spectrometers create and manipulate gas-phase ions, they are 

required to operate at high-vacuum and require extraction and acceleration ion optics to 

transfer ions from the source region into the mass analyser.  The most common mass 

analysers currently available are the quadrupole (Q), ion-trap (IT) and time of flight (ToF), or 

combinations of these analysers such as IT-ToF, Q-ToF, or triple-quadrupole (QqQ); 

however, these tandem MS instruments are more expensive than the single stage mass 

analysers (Allwood & Goodacre, 2010). 

As MS systems require ions in the gas phase, the traditional coupling of chromatography and 

MS systems has been GC-MS, as the molecules are already in the gas phase after 

chromatography.  The two main techniques used for charging molecules in GC-MS are 

electron impact ionisation (EI) and to a much lesser extent chemical ionisation (CI) (Kind & 

Fiehn, 2010).  EI involves the molecules entering a ‘stream’ of electrons fired at 70 electron 
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volts (eV) within a high vacuum where they become charged, generating a molecular ion and 

fragments in a reproducible and reliable manner related to the structure of the molecule 

(McLafferty & Turecek, 1993).  This consistent fragmentation means that mass spectral 

fragmentation libraries can be created and searched and there are several commercial libraries 

available for use on any GC-MS instrument generating data at 70 eV.  Generally, EI 

generates characteristic fragmentation patterns which can enable identification or at least 

provide evidence regarding chemical classification.   However, with some classes of analytes, 

when the molecule fragments it does not generate a detectable molecular ion, causing 

problems when seeking confirmation of their identity, for example, within the class of long 

chain alkanes such as dodecane or tetradecane.  CI is a soft ionisation technique for GC-MS 

involving the collision of analyte molecules with charged ‘reagent’ ions such as methane or 

ammonia contained in the ion source area, and subsequent charge transfer to the target 

molecule (Munson & Field, 1966).  This charge transfer method generally provides only 

limited fragmentation and a more intense molecular ion, which enables better determination 

of the molecular weight of the target species. 

 

The development of suitable ionisation sources for interfacing liquid chromatography with 

MS such as electrospray ionisation (ESI) and atmospheric pressure chemical ionisation 

(APCI) has enabled MS to be used to measure a much wider range of compounds, from low 

molecular weight sugars to high molecular weight intact peptides and proteins, not just 

volatiles or semi-volatiles as for GC-MS (Smith, Loo, Edmonds, Barinaga, & Udseth, 1990).  

These ionisation techniques use high voltage to charge the compound and large quantities of 

nitrogen and heat to aid in evaporation/desolvation of the mobile phase containing the 

compound (Gaskell, 1997) (although many ESI applications are not heated).  Another 

ionisation mechanism is to fire an ionising beam at a surface to generate the ions via charge 
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transfer.  This technique can be used in applications such as direct electrospray ionisation 

(DESI) where an ESI probe is placed above a sample and the spray directed at the surface of 

the sample to generate ions from the surface.  Another ionisation method which is generally 

used for higher molecular weight components is matrix assisted laser desorption ionisation 

(MALDI), where a compound/mixture is mixed with another ‘matrix’ compound such as 

dihydroxybenzoic acid and allowed to dry and form a thin layer of co-crystals (Zenobi & 

Knochenmuss, 1998).  This layer is then irradiated with a high energy laser which, with the 

aid of the matrix, generates ions for detection.  However, a major limitation of this technique 

is that it cannot be coupled directly with chromatographic systems.  The ionisation techniques 

described above are known as soft ionisation and are capable of ionising the majority of 

molecules without causing fragmentation to generate what is known as the ‘molecular ion’; 

this enables a molecular weight of the component to be measured.  By altering source and 

instrument settings however it is possible to get some fragmentation occurring.  Some 

fragmentation in the source area can be achieved by increasing the acceleration of the ions 

through the partial vacuum region which causes collisions with other neutral gas phase 

molecules and some fragmentation.  The generation of mostly molecular ions is very useful 

in tandem MS systems as they can both measure the ‘molecular ion’ and then isolate and 

fragment the ion in a controlled collision cell to either generate structural information or 

confirmation of the analyte, or to measure concentrations very selectively and sensitively. 
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1.3. Modern MS based chromatographic instruments used in the 

analysis of tea 

 

As mentioned earlier, the application of MS in tea research has increased in recent years.  

With LC- and GC-MS, the amount of data generated by these hyphenated techniques can 

significantly increase the amount of information that can be gained from a sample.  For 

example Figure 1.3 shows the use of concurrent detection by LC-UV and MS/MS for the 

selective detection and characterisation of a component in a crude green tea extract.  The 

collection of multiple levels of MS data can aid in the discrimination between similar 

compounds and assist in compound classification and characterisation to a much greater 

degree than UV data alone.  As shown, there are more components detectable in the MS total 

ion chromatogram (TIC) than in either of the two selected UV wavelengths (Fig. 1.3).  By 

using the selectivity of the MS, it is possible to detect and confirm that the component 

monitored is the target of interest via the MS2 and MS3 spectral fingerprints, confirming the 

presence of gallocatechin 3-O-gallate. 
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Figure 1.3: Comparison of the different detection techniques used to monitor the HPLC 

separation of a crude green tea extract.  The peak on the m/z 459 channel is gallocatechin 3-

O-gallate, and its MS2 and MS3 spectra are shown. 
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GC separation is a mature technology and since the development of capillary GC columns 

has provided much higher chromatographic resolution (better separation) than the best LC 

columns.  Gradual improvements continue to advance the technique as column manufacturers 

continue to increase the durability and temperature ranges of the phases; for example, the 

development of metal columns for high temperature analysis of triglycerides.  Instrument 

manufacturers have developed improved systems to enable higher pressure ‘fast GC’, and 

over the last few years the technique of two dimensional (2D) GC, where two 

chromatographic columns of differing selectivity’s are used together to resolve co-eluting 

components, has become more widely accepted. 

The recent development of smaller particle sized LC columns (sub 2 µm) providing much 

improved chromatographic resolution for LC, along with improved hardware to pump liquids 

at very high pressures (ca 18,000 psi), has seen the resulting ultra high pressure liquid 

chromatography (UHPLC) technique begin to dominate as the LC method of choice.  The 

smaller particles give a far greater number of theoretical plates and thus superior 

chromatographic resolution compared to the older 5 µm particle size columns (Nguyen, 

Guillarme, Rudaz, & Veuthey, 2006).  Many vendors are now producing UHPLC columns of 

differing phases that can tolerate pressures greater than 11,000 psi (Table 1.1), and with the 

growing market new phases become available frequently.  The analyst can now select shorter 

columns with equivalent resolution to the older 5 µm columns (e.g. a 50 mm sub 2 µm 

column has equivalent resolution to a 150 mm 5 µm column) which enables shorter run times 

and thus increased throughput, or use a similar length column and gain considerable 

improvements in peak capacity and chromatographic resolution of complex mixtures.  

Another advantage of these sub 2 µm columns is that the elution width of retained 

components is much narrower than with conventional columns (ca 3 seconds vs. 15-20 

seconds), resulting in an increased signal to noise ratio and thus sensitivity.  However, 
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UHPLC does require fast scanning detectors to ensure enough data points are collected across 

the peak (Guillarme, Schappler, Rudaz, & Veuthey, 2010b). 

Vendor Available phases Particle size 

Agilent C18, C8, CN, phenyl 1.8 µm 

ES Industries C18, PFP, HILIC, diol, silica 1.8 µm 

Grace-Davison C18, HILIC, silica 1.5 µm 

Interchim C18, HILIC 1.7 µm 

Knaeur C18, C18-aq, C8, PFP, biphenyl, CN, silica 1.9 µm 

Macherey-Nagel C18, C8 1.8 µm 

Restek C18, C8, PFP, biphenyl, CN, silica 1.9 µm 

Thermo C18, C8, C4, PFP, CN, phenyl, amino, WAXa, 
SAXb, silica 

1.9 µm 

Waters C18, C8, phenyl, HILIC, amide 1.7 and 1.8 µm 

 

a Weak anion exchange; b Strong anion exchange 

Table 1.1:  Summary of common commercially available sub 2 µm particle size UHPLC 

phases available rated for >11,000 psi 

 

1.3.1. Targeted vs non-targeted analyses 

There are a variety of different analytical techniques to consider when developing an analysis 

and they all come with their own unique pros and cons.  Often these techniques are biased 

towards a specific class of compound, for example using a photodiode array detector (PDA) 

to detect analytes will result in detecting only compounds that contain an appropriate ultra 

violet/visible light absorbing chromophore.  Generally when performing quantitative studies 

on particular known compounds the analyst will choose a more specific targeted detection 
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method over a non-targeted method, and while this will usually give more accurate and 

sensitive results, changes in concentrations of compounds that are not specifically monitored 

will not be detected.  Quantification requires baseline separation of all target analytes and as 

such can result in long runtimes and low throughput.  Thus fast, sensitive, less-biased 

detectors such as MS have become more popular as they become more available.   

Instrumental 
technique 

Example of application Reference 

Targeted   

GC-MS Pesticide screening of green tea (Ochiai et al., 2005) 

LC-ITMS Identification and comparison of phenolics 
in oolong tea 

(Dou, Lee, Tzen, & Lee, 2007) 

LC-MS Analysis of flavonoids in tea of different 
origins 

(Sultana et al., 2008) 

LC-QqQMS Analysis of mycotoxins in tea products  (Monbaliu, Wu, Zhang, Van 
Peteghem, & De Saeger, 2010) 

LC-QqQMS Rapid analysis of catechins (Guillarme, Casetta, Bicchi, & 
Veuthey, 2010a) 

   

Untargeted   

GC-MS Predict rankings of Japanese green tea (Pongsuwan et al., 2007) 

LC-ITMS Analysis of phenolics in green and black 
tea 

(Del Rio et al., 2004) 

LC-ITMS Characterising galloylquinic acids of green 
tea 

(Clifford, Stoupi, & Kuhnert, 
2007) 

DAPCI-MS Differentiation of tea by surface desorption (Chen et al., 2007) 

MALDI-ToF Analysis of theaflavins and thearubigins 
from black tea 

(Menet, Sang, Yang, Ho, & 
Rosen, 2004) 

LC-Q-ToFMS Characterization of Pu-erh tea using 
chemical profiling 

(Xie et al., 2009) 

 

Table 1.2:  Instrumental techniques used in analysing tea metabolites 
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Table 1.2 lists the chromatographic and MS-based detection techniques commonly used in 

the analysis of compounds found in tea and some common examples of the applications. 

Non-targeted methods allow detection of a much wider array of components, although maybe 

not to the same analytical accuracy or sensitivity, but are still biased by the nature of the 

extraction, separation and detection systems used (Dettmer, Aronov, & Hammock, 2007).  

For example, GC-MS can only be used with volatile compounds (or compounds that can be 

made volatile by derivatisation) that are able to withstand the high temperatures used in GC-

MS without degrading.  However if a derivatisation step is required, the complexity of the 

analysis increases as; a) there are many different options for derivatising compounds, 

generally all with their own bias towards particular classes of compounds, b) there can 

potentially be multiple derivative peaks for a single component, and c) the derivatives may be 

unstable and degrade before analysis, affecting quantification (Kopka, 2006).  Another issue 

with non-targeted analysis is the volume of data to be processed and interpreted, although 

software packages for multiple chromatographic alignment, peak picking, library building, 

and application of multivariate statistics are now being produced by many companies 

(Neumann & Böcker, 2010). 

 

1.3.2. Targeted analyses and techniques 

GC-MS: 

GC-MS is an important technique for quantification of volatiles and has been well utilised in 

studies of characteristic volatiles of tea (Schuh & Schieberle, 2006; Wang, Kubota, 

Kobayashi, & Juan, 2001a; Wang, Kurasawa, Yamaguchi, Kubota, & Kobayashi, 2001b; 

Wang, Yoshimura, Kubota, & Kobayashi, 2000).  In this section we review recent or 

significant examples of the application of targeted GC-MS to tea. 
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An example of an application of quantitative GC-MS is the study of Wang et al. (2001b) on 

the change in glycoside content of tea leaves during black tea manufacturing processes.  

Trifluoroacetate derivatives of the mono- and disaccharides were chromatographed separately 

on capillary columns coated with either DB-5 stationary phase (non-polar) or HP-50 (medium 

polarity) stationary phases to fully resolve the complex mixture of isomers.  Aroma 

concentrates of the final black tea product were made by steam distillation.  Extracts and 

derivatives were run through the GC-MS in scan mode to record full scan spectra for both 

component confirmation and quantification.  They observed that total glycoside contents in 

the leaves decreased throughout the manufacturing process, with a 3 fold decrease in 

concentration of disaccharides after the leaves have been exposed to the rolling process, 

consistent with cell rupturing and release of plant glycosidase enzymes.  Many low molecular 

weight volatile alcohols such as benzyl alcohol, linalool, and geraniol were detected in the 

aroma concentrates, sourced from the hydrolysis of their respective glycosides during the 

manufacturing process.  They suggest that the “character of black tea aroma is mainly 

determined by the composition of aglycon moieties in the fresh tea leaves”, and thus the 

hydrolysis of these glycosides are important to the formation of black tea aroma.  Whilst they 

achieved good quantification of derivatised endogenous glycosides, the need to run extracts 

separately through different polarity chromatographic columns decreases sample throughput.  

However, the throughput of this method could be improved using recently developed 2D GC 

techniques as samples would only need to be run once (Cortes, Winniford, Luong, & Pursch, 

2009). 

More recently Schuh and Schieberle (2006) used GC-MS to quantify differences between tea 

leaves and infusions prepared from Darjeeling black tea.  They identified 24 aroma 

compounds contributing to the tea aroma by a GC-odour port sniffing experiment, and then 

quantified these in both the infusion and tea leaves using stable isotope dilution assay with 
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synthesized isotopically labelled standards.  Quantification by GC-MS with isotopically 

labelled standards is a very accurate method as the standards can be spiked into extracts and 

will have virtually identical properties to the target compounds, although the major problem 

with this type of methodology is the availability of commercial isotopically labelled 

standards, or the time required to synthesize them.  They observed that the level of geraniol 

was 32 times greater in the infusion compared to the leaves.  Although it is known that 

glycosides of geraniol occur in green tea leaves, the authors suggest it is unlikely that these 

are the precursors in the black tea product as any plant enzymes will have been deactivated 

by the final firing process of the fermented tea leaves, thus the precursors are still unknown 

for these increased levels. 

Much of the recent quantitative literature utilising GC-MS for the analysis of tea is concerned 

with the detection and quantification of pesticides, due to import and export regulations 

setting maximum residue limits of pesticides (Kuang et al., 2010; Ochiai et al., 2005; 

Schurek, Portolés, Hajslova, Riddellova, & Hernández, 2008; Steiniger, Lu, Butler, Phillips, 

& Fintschenko, 2010) in food products.  Although these compounds are not primary or 

secondary tea metabolites, it is an important area of recent MS based tea research (Huang, Li, 

Chen, & Yao, 2007) and the methodology used could be applicable to other low abundance 

metabolites.  As tea is a complex matrix, most studies have concentrated on the extraction, 

purification and enrichment of the sample although several authors have examined advanced 

instrumental techniques to aid detection within these ‘dirty’ matrices and we highlight two of 

the more recent publications below. 

Advanced instrumentation was utilised to develop a method to detect 36 pesticides in tea 

using SPME combined with GC × GC/ToF MS (Schurek et al., 2008).  They were unable to 

satisfactorily chromatographically resolve all the target pesticides with one dimensional GC, 

but were able to resolve all target compounds with GC × GC, and achieved improved signal 
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to noise ratios with the 2D method.  The method showed good sensitivity, mass accuracy and 

resolution, important factors in component confirmation and for identifying unknowns.  It is 

worth noting that to collect the very narrow peaks of GC × GC (10-20 times narrower than 

conventional GC peaks) the detector acquisition rate had to be increased to 125 Hz to obtain 

enough data points, a data collection rate that is not possible with common scanning detectors 

such as ion-traps or quadrupoles. 

Steiniger et al. (2010) recently published a method for determining pesticide residues in green 

tea using GC-ITMS.  They investigated the efficiency of using a modified QuEChERS 

(acronym for quick, easy, cheap, effective, rugged and safe) extraction and the improved 

selectivity and specificity of an ITMS to quantify 22 pesticides in tea extracts.  A QuEChERS 

extraction is done by homogenising the sample and shaking with extraction reagent (which 

can be adjusted depending on the target compounds), centrifuging, and then passing through 

a solid phase cartridge before chromatography (Lehotay, De Kok, Hiemstra, & Van 

Bodegraven, 2005).  The functionality of ITMS instruments to select a precursor ion and 

fragment into product ions provided more precise quantification and higher confidence in the 

identities of the pesticides.  The downside of ITMS is that the number of components that can 

be sequentially scanned is limited by the cycle speed of the trap and the chromatographic 

peak width.  Consequently, the analyst must ensure there are enough data points across the 

peak to enable accurate peak area measurements and quantification.  For optimal results, the 

ITMS precursor ion parameters should be segmented which requires reliable 

chromatographic separation and retention times. 

GC-MS continues to be a well utilised technique in the quantitative analysis of teas, and the 

further development of methodology and technology for 2D GC and faster scanning detectors 

such as Q-ToF MS systems and QqQ will aid in future technical advances. 
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LC-MS and LC-MS-UV: 

There is a wealth of publications on quantitative studies of tea using LC-MS and LC-MS 

combined with standard online detectors such as UV and fluorescence (Chen, Cao, & Liu, 

2011a; Del Rio et al., 2004; Dou et al., 2007; Guillarme et al., 2010a; Sultana et al., 2008).  

When using dual detection systems the MS data are often used for collecting qualitative 

information while the UV/fluorescent data are used for quantification.  In this section we 

review recent or significant examples of the application of targeted LC-MS to tea. 

Del Rio et al. (2004) published one of the more highly cited publications using LC-MS 

identified and quantified phenolics and purine alkaloids in tea.  The authors used a slow 

reversed phase gradient on a long (250 × 4.6 mm) C12 column, splitting the column effluent 

so only 20% of the flow entered the ESI source.  Samples were run in both positive (+ve) and 

negative (–ve) mode to enable the detection of both the phenolics (–ve) and purine alkaloids 

(+ve) such as caffeine and theobromine.  The ITMS collected MS/MS information was used 

to aid in compound elucidation, and data collected simultaneously by PDA detection were 

used for quantification.  The concentrations of the phenolics in green and black tea samples 

were then compared.  Green tea phenolics belonged predominantly to the flavan-3-ols class, 

while black tea phenolics were predominately the condensation products of the flavan-3-ols, 

the thearubigins.  Although technically advanced for the time, this methodology has generally 

been improved and superseded by UHPLC and faster scanning and more sensitive MS 

instruments. 

Sultana et al. (2008) performed a quantitative analysis of flavonoids from tea samples of 

different origins by LC-PDA and LC-MS.  A thorough evaluation of extraction methods was 

performed and they determined that the chemical composition could be changed by varying 
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the extraction technique, in particular the degree of thermal epimerisation of catechin and 

epicatechin.  They selected microwave assisted extraction as the method of choice for 

delivering the highest extraction yields for the quantification of catechins within the shortest 

time, and with no epimerisation problems.  Whilst using two detection systems, UV and MS, 

they found higher signal to noise for UV than MS, which they commented was in 

contradiction to their previous findings in wine (Stecher, Huck, Popp, & Bonn, 2001) where 

the MS gave higher sensitivity than the UV.  Several possible reasons for this are that the 

instrumentation used may have been contaminated or not performing well, or that the 

different extraction technique could be extracting components that co-elute and affect the 

ionisation efficiency of the target metabolites in the MS chromatogram.  Upon investigating 

samples of different origin with the LC-MS method they found differences but made no 

interpretation of these. 

Recently, Guillarme et al. (2010a) used both UHPLC-MS QqQ and UV detection for 

quantification of the 8 predominant polyphenols in black tea extracts.  After intensive 

optimisation of UHPLC parameters such as column, flow rate and gradient, the eight 

polyphenols in a standard mixture could be resolved within 30 seconds, with a total run time 

of 2 minutes per sample.  However, when the method was applied to tea samples the complex 

matrix affected chromatographic results and the authors had to resort to a slower method with 

a longer chromatography column.  They concluded that “when dealing with complex 

matrices such as tea extracts, however, which could possess hundreds of constituents, the 

resolving power becomes more important than throughput”.  The authors compared the QqQ 

and UV measurements and concluded that while the ‘gold standard method for routine 

analysis’ (UV) was robust, the QqQ method of detection gave benefits of both sensitivity and 

selectivity over UV detection. 
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Recently, Chen et al. (2011) developed a multi-residue method for rapid determination of 

pesticide residues in tea by UHPLC-MS QqQ.  They utilised a modified QuEChERS 

extraction and a long 150 mm UHPLC column to give excellent chromatographic resolution 

for the 65 pesticides monitored.  The method had a relatively short analysis time of 18 

minutes, excellent sensitivity, and good linearity across a wide dynamic range.  While the 

authors could have chosen a shorter and faster UHPLC column given the highly complex 

matrix being analysed, they considered the greater chromatographic resolution available the 

better, thus the choice of a longer UHPLC column aided in minimising ion suppression in the 

ESI source from co-eluting non-target compounds. 

Continued improvements in quantitative LC-MS instrumentation with respect to speed, 

sensitivity, and dynamic range, combined with the reduced price of these instruments have 

seen this technique become widespread and common place, and the development of UHPLC 

technology has strengthened the robustness and applicability of LC-MS analysis for 

quantification. 

 

1.3.3. Non-targeted analyses and techniques  

 

GC-MS: 

GC-MS is a powerful technique for profiling sample composition and generating data on 

unknown and known volatile components.  The mass spectra collected can be used to search 

against commercial libraries to assist in identifying unknown components.  In this section we 

review recent or significant examples of the application of non-targeted GC-MS to tea. 
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A common application of non-targeted GC-MS has been to determine if it is possible to 

predict the quality of tea samples from chromatographic profiles.  Ponguswan et al. (2007) 

utilised solvent extraction, chemical derivatisation and GC-MS to profile green tea samples 

and predict quality rankings via their profiles with multivariate statistics.  They were able to 

develop a model for predicting rankings from the GC-MS profiles, with higher ranking 

samples containing elevated levels of amino acids, quinic acid, phosphoric acid, ribose and 

arabinopyranose, while the lower ranked samples had higher levels of sugars such as fructose 

and glucose.  While this methodology aided in predicting green tea quality rankings on a 

small number of generally primary metabolites, the authors did not mention the components 

associated with the health benefits of tea consumption such as the phenolics.  

These authors then developed a pyrolysis GC-MS method to again predict quality rankings 

via their profiles and multivariate statistics in the same green tea sample set as above 

(Pongsuwan, Bamba, Yonetani, Kobayashi, & Fukusaki, 2008b).  They were again able to 

develop a model for predicting rankings from the pyrolysis products measured by GC-MS, 

which had a lower level of prediction error and higher predictivity than the solvent extraction 

and GC-MS method described above.  While the data generated from this pyrolysis technique 

is useful in building predictive models for quality rankings or grading applications, it does 

not provide the same amount of qualitative information about chemical profiles than the less 

destructive methods as most of the components measured are breakdown products from 

multiple precursors. 

Wang and Ruan (Wang & Ruan, 2009) investigated chemical components in green tea and 

their relationship with perceived quality.  They combined the data from several different 

analytical methods and utilised statistical analyses such as Pearson’s linear correlations and 

principal component analysis (PCA) to investigate the component/quality relationship.  Free 

amino acid concentrations were measured by HPLC.  Volatiles were extracted and quantified 
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by steam distillation extraction (SDE) and GC-MS and chlorophylls and carotenoids were 

measured by UV spectrophotometry.  The volatile composition and quantities varied widely.  

However, the combined results showed the three main contributing components to the PCA 

were total free amino acids, pentanal and EGCG and the model was able to predict the quality 

score with 77% probability.  The relationship of sweetness to the amino acid levels, 

especially theanine (Ekborg-Ott, Taylor, & Armstrong, 1997), and the contribution of the 

catechins to astringency (McDowell & Owour, 1992) have been reported previously.  These 

authors then investigated the chemical components in oolong tea and their relationship with 

perceived quality via the same methods (Wang et al., 2010a).  Again the volatile composition 

and quantities varied widely, however, the combined results showed the three main 

contributing components to the PCA were glutamic acid, total catechins, and 

benzeneacetaldehyde and the model was able to predict the quality score with 78.5% 

probability.  The results showed that oolong tea could be partially classified by cluster 

analysis based on PCA.  They measured many components known to correlate with quality 

attributes such as theanine, however the levels did not correlate with quality as observed in a 

previous study (Ekborg-Ott et al., 1997).  While they had some success in predicting the 

quality of the samples with combined analyses, there are many major components still being 

excluded from the dataset, such as sugars and procyanidins. 

 

Several non-targeted studies have investigated the use of GC-FID and GC-MS in 

differentiating tea types by profiling the volatile composition (Kato & Shibamoto, 2001; 

Kumazawa & Masuda, 2002; Pripdeevech & Machan, 2011; Wang et al., 2008a). 

An early example by Kato and Shibamoto (2001) investigated the major volatile constituents 

in green teas from various Southeast Asian countries.  They used GC-FID to measure levels 
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of volatiles extracted from tea by SDE and GC-MS to identify the major components.  About 

100 components were detected in the samples, and although they chose to quantify only 11 of 

these, they were able to detect a relationship between increased tea quality and increased 

levels of linalool and hexanal, and determine that the teas from Laos and Myanmar contained 

heterocyclic compounds, such as pyrazines, which were formed during high temperature 

processing.  The detection of the pyrazines in these samples is an excellent early example of 

the potential of non-targeted analysis and its application to sample differentiation. 

Wang et al. (2008) used a combination of solid-phase microextraction (SPME) and GC-FID 

to discriminate teas with different degrees of fermentation, by profiling volatiles and 

performing GC-MS for component identification and GC-odour port sniffing to characterise 

the components flavour.  Higher levels of volatiles were measured in the fermented compared 

to unfermented tea.  They identified approximately 70 components and their flavour 

attributes.  Only a small number showed significant differences in composition between the 

unfermented and semi/fully-fermented teas.  However, they were able to differentiate the teas 

by combining several volatile components, particularly trans-2-hexenal, benzaldehyde, 

methyl-5-hepten-2-one, methyl salicylate and indole.  They also monitored the catechin 

content via LC-UV but could not differentiate green and oolong teas via this measurement in 

their sample set. 

More recently, Pripdeevech (2011) used GC-MS to fingerprint the volatile composition of 

non-fermented and semi-fermented teas from Thailand, identifying between 50-70 volatile 

components in the different oils extracted by SDE.  They observed higher levels of volatiles 

in the fermented teas compared to non-fermented teas, in particular much higher levels of cis-

jasmone, trans-nerolidol and indole in the fermented, and decreased levels of hotrienol, a 

compound associated with the green fresh aroma of tea. 
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While these techniques have been successful in differentiating between tea type, generally 

only a limited number of components have been selected, with very little crossover of 

components between the studies.  This suggests that there is significant variation in the 

volatile profiles of tea, and the studies reported above were detecting the variety within the 

experimental sample sets used rather than consistent volatile biomarkers for fermentation and 

tea type.  Because GC-MS will not detect most of the major secondary metabolites such as 

flavanoid glycosides due to their low volatility, the methodology is highly biased towards 

lower molecular weight volatile components. 

 

 

LC-MS: 

Many studies have reported the detection and identification of components in tea beyond the 

list of standard metabolites using LC-MS.  More recent studies have begun to develop 

methods for differentiating and profiling tea types, detecting many more metabolites than just 

the phenolic components.  Potential applications of these methodologies are to grade tea 

quality or determine the geographical origin of tea samples.  In this section we review recent 

or significant examples of the application of non-targeted LC-MS to tea. 

 

Several studies have investigated the potential of using LC-MS to profile tea metabolites and 

relate the measurements to the composition of different tea types or effects of processing 

methods.  Xie et al. (2009) utilised a UHPLC-Q-ToFMS approach for a rapid (10 minute) 

reversed phase analysis of extracts to evaluate the quality of green, black and pu-erh tea.  

They were able to differentiate the three tea types by multivariate statistics utilising all peaks 
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observed in the chromatogram, and could resolve the teas on the basis of simple 

spectroscopic measurements of pigments such as theaflavins, thearubigins and theabrownin.  

Following on from this, they investigated the effects of consumption of pu-erh tea on urinary 

profiles, detecting a perturbation in the urinary profile upon ingestion, and significant delays 

in the profile returning to baseline (over a two week period), suggesting an on-going 

alteration of the resident gut microflora.  The differentiation of tea samples by all peaks in the 

MS chromatogram (which include pigment peaks) was to be expected as samples could be 

differentiated by spectrophotometric analysis alone.  However, the analysis while extensive 

was not comprehensive as only components eluting by reversed phase chromatography and 

detectable in +ve ESI mode were monitored. 

Ku et al. (Drynan, Clifford, Obuchowicz, & Kuhnert, 2010) used a metabolomic approach 

with analysis by LC-ITMS to monitor changes in the effects of manufacturing type and 

number of post-manufacturing fermentation years on pu-erh tea composition.  The reversed 

phase chromatographic run time was 40 minutes and the MS was operated in –ve ESI mode 

only; 377 peaks were detected, and 343 of them were affected by the ripening process used in 

pu-erh tea manufacturing.  They found significant negative correlations between post-

fermentation year and levels of polyphenolic compounds such as EGCG, EGC and ECG.  By 

using an ITMS instrument, they were however limited by the scan speed cycle of a trap 

filling instrument, thus limiting chromatography speed.  Again, the authors potentially missed 

significant components by only operating the MS system in one polarity mode, and with one 

chromatographic phase. 

 

Tea quality has traditionally been assessed by skilled specialists who evaluate the products 

quality on several attributes, such as the appearance of the leaves and the taste and aroma of 
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the brew.  Recently, there has been considerable interest in using analytical methods to 

correlate instrumental measurements with taste panel tea quality assessments, with LC-MS 

techniques being investigated to predict the quality of tea samples.  Pongsuwan et al. 

(Pongsuwan et al., 2008a) used UHPLC-ToFMS to develop a high-throughput technique for 

the comprehensive analysis of Japanese green tea and to relate the results of metabolite 

profiling to the quality ratings of tea samples.  Samples were run on a reversed phase UHPLC 

column with a 10 minute runtime in both –ve and +ve ESI mode, similar to the methodology 

used by Xie et al. (2009) above.  They excluded processing the +ve ESI data as they found 

poor stability of ionisation, whereas Xie et al only operated in +ve ESI data and made no 

mention of ionisation stability issues.  Many co-eluting compounds were observed but after 

chromatographic peak detection with peak picking software they extracted 1560 components 

from the chromatogram.  They found that both high and low grade tea gave the same 

chromatographic peaks; however there were differences in intensities of the components.  

Most components were reported as “unknown” although they were able to generate a model 

to predict tea quality based on the metabolite profile, with significant biomarkers of Japanese 

green tea quality being EGC, EGCG and ECG.  However, their assessment of quality factors 

was incomplete as some components important to quality such as caffeine (Luypaert, Zhang, 

& Massart, 2003) can be detected only in +ve ESI mode. 

One of the problems in the LC-MS analyses of crude plant extracts is the complexity of the 

extracts (Sumner, Mendes, & Dixon, 2003).  Without further purification steps such as solid 

phase extraction, the extract will contain a wide range of both highly polar and non-polar 

compounds, such as salts, mono- and disaccharides, small organic acids and long chain fatty 

acids (Dettmer et al., 2007).  There is generally a wide concentration range between primary 

and secondary metabolites in such crude extracts, so when a sensitive method is required it is 

unavoidable that high levels of some components will be injected into the chromatographic 
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system.  These highly complex extracts can potentially quickly contaminate the ion source 

interface and cause decreasing signal intensity.  A key strategy employed to avoid rapid 

contamination of the mass spectrometer in reversed phase chromatography is to divert the 

solvent front (where the highly polar components will elute) and the column clean-up stage 

(where the non-polar components will elute) of the chromatogram away to waste.  A potential 

alternative strategy to simplify the complexity of crude extracts is by 2D LC. 

Kalili and de Villiers (Kalili & de Villiers, 2010) investigated the separation of green tea 

phenolics by comprehensive 2D LC (LC × LC).  An offline system was designed; based on 

hydrophilic interaction liquid chromatography (HILIC) as the first dimension, and reversed 

phase (RP) C18 as the second dimension.  The phenolics were detected online with PDA, 

fluorescence or in –ve ESI with a Q-ToFMS.  HILIC chromatography is based on differences 

in polarity with weakly polar compounds eluting before highly polar compounds.  Thus 

gallocatechins were retained longer than catechins, and the procyanidins eluted in order of 

molecular weight.  They observed that compounds which exhibited low retention on the 

HILIC column were generally spread across the entire RP-LC chromatogram.  These two 

chromatographic systems are not compatible together online as the primary eluent in either 

mode is a strong elution solvent in the secondary mode, thus the HILIC was carried out 

separately and small volumes of fractions collected from the HILIC column were injected 

onto the RP column.  Due to the effective clean-up of the procyanidin fractions by offline 

HILIC chromatography, they were able to identify many components in the green tea samples 

including the first reported detection of proanthocyanidin pentamers, hexamers and 

heptamers.  The authors claimed a high practical peak capacity due to the low degree of 

correlation between the two chromatographic mechanisms, thus a higher theoretical number 

of components that can be resolved by combining the two columns (HILIC and RP-LC 
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separation), which can offer improvements in resolving power for complex samples 

compared to 1D LC.  

 

Direct infusion MS: 

Direct infusion MS (i.e. no prior chromatographic separation of the sample) gained popularity 

in recent years in the areas of plant and microbiological metabolomics (Beckmann, Parker, 

Enot, Duval, & Draper, 2008; Koulman et al., 2007).  Surface desorption is another direct MS 

approach where the surface of a solid sample is subjected to ionisation methods near the 

entrance to the MS. 

One of the more innovative methods attempted for differentiating teas was performed by 

Chen et al (2007) using surface desorption APCI-MS.  The method involved placing a leaf in 

front of the MS entrance capillary and using a moist charged gas stream containing H3O+ ions 

to ionise compounds off the surface of the leaf and into an ITMS.  They were able to 

differentiate between green, oolong, and jasmine teas by PCA on the raw mass spectral data.  

However, although the technique was fast and effective in fingerprinting the tea samples, the 

spectra generated were heavily biased towards components that were on or very near the 

surface layer of the leaf and appeared biased towards low molecular weight components.  

This technique suffers the pitfalls of no chromatographic resolution of the components.  With 

the fingerprint spectrum provided being only of nominal mass, components with the same 

nominal mass but different molecular formula and exact masses (such as theanine 

(C7H14N2O3) and arginine (C6H14N4O2)) cannot be differentiated and will contribute to the 

same nominal mass bin.  This approach is not quantitative as the surface components of the 

leaf will vary across the leaf and across different samples. 
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MALDI MS: 

Menet et al. (2004) used MALDI-ToF to analyse black tea extracts for theaflavins and 

thearubigins, specifically using delay pulsed ion extraction in the ion source to gain some 

fragmentation and infer likely structural characteristics for these compounds.  While MALDI 

has the advantages of speed, ease of use, and adequate sensitivity, it again suffers from no 

chromatographic resolution, relying solely on mass resolution with the ToF.  The ionisation 

of compounds is highly dependent on the matrix used, so spectra can be heavily biased on a 

particular class of compounds due to the matrix selected. 

 

1.4. Conclusions 

There have been substantial improvements in the reliability, sensitivity, and speed of MS 

based analytical instrumentation over the past 10 years.  The cost of these instruments has 

reduced and this combined with the improved usability due to better computing software and 

hardware means more analysts have access to better quality and more advanced 

instrumentation and data. 

The publications covered in this review of tea literature utilise many types of mass 

spectrometers for both targeted and non-targeted analyses.  The main application of MS 

systems for targeted analyses in tea is to measure the phenolic components using LC-MS, as 

these are considered important bioactive components due to their known antioxidant activity.  

LC-MS offers a fast, selective, and sensitive detection mechanism for the phenolics as they 

chromatograph and ionise well with traditional LC-MS solvents and conventional reversed 

phase columns.  The range of volatile components able to be resolved and detected by GC-
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MS is increasing as 2D GC methodology improves and MS detection techniques become 

more sensitive; e.g. the coupling of GC-QqQ.  Key areas of research for non-targeted 

analyses by both GC- and LC-MS are sample differentiation, such as determining key 

components for differentiating tea type, and predicting tea quality rankings by generating 

prediction models that compare as many components as possible against quality rankings 

provided by tea tasters.  This area of non-targeted analyses is becoming more widespread as 

chromatography/MS instruments can resolve more complex mixtures faster, and data 

processing software improves to handle the vast amount of data that are generated. 

In recent years, many chromatographic methods have been developed for analysing primary 

and secondary metabolites in tea.  LC methods are by far the most common techniques used, 

due to their versatility, high separation power, and capability to handle many different and 

sensitive detectors.  Technological improvements in areas such as chromatography have also 

provided significant benefits resulting in increased sensitivity and reduced analysis times.  

One such example is the development of UHPLC columns which provide significant 

advantages over conventional LC for both targeted and non-targeted analysis.  For any 

stationary phase type, a comparable UHPLC column offers a greater number of theoretical 

plates, higher peak capacity, and the highest separation quality available by LC.  In the area 

of metabolite profiling by LC-MS, UHPLC results in datasets with higher number of 

components detected and better quality and more reliable data.  UHPLC methods are 

generally significantly faster than conventional methods, usually 3-5 times faster but in some 

cases up to 15 times faster, and retention times are usually more stable.  The narrow peaks 

give increased sensitivity and are easily handled by fast scanning MS instruments such as a 

ToF, but can be detrimental to the quality of the quantitative data that can be extracted from 

slow scanning MS instruments, like an ion-trap, due to a lower number of points across the 

chromatographic peak.  The decrease in run time per sample offers an opportunity for 
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analysts in a busy laboratory to run samples more than once, perhaps examining the samples 

in both +ve and –ve mode or utilising another ionisation source or chromatographic 

column/system, thus increasing the number of components detected per sample.  This is an 

important point when considering that most of the non-targeted literature reviewed generally 

only analyse samples in one ionisation mode and chromatographic phase, limiting (and 

biasing) the number of metabolites that were detected.  Given that some of the goals of non-

targeted analyses are defining composition, product quality factors, or even understanding 

which component or class of compounds are responsible for particular health benefits that are 

associated with tea products, then a comprehensive analysis is important as key factors can be 

omitted by the choice of analytical method. 

Another area of future technical advance is likely to be in the improved coupling of 

chromatographic techniques, such as 2D GC or LC.  This again gives significant advantages 

in being able to properly resolve and detect a greater percentage of the multitude of 

components in the highly complex tea matrix.  Finally, as instrumentation continues to 

improve, the savvy analyst will ensure they gain the highest quality results achievable by 

using the latest, highest quality and most cost effective chromatographic and mass 

spectrometric technologies available, tools which will be invaluable in the complex area of 

tea primary and secondary metabolite research. 
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1.5. Addendum 

 

The following addendum for Chapter 1 covers the studies most relevant to this thesis that 

have been published since the literature review was written and accepted for publication 

(June 2011).  For consistency, this addendum is written in the same critical style and structure 

as the paper above. 

 

Targeted analyses: 

GC-MS: 

A key recent publication was a study on the changes in the levels of antioxidant 

phytochemicals and volatile composition of tea leaves by oxidation during fermentation 

(Kim, Goodner, Park, Choi, & Talcott, 2011b).  Freshly harvested tea leaves were processed 

to different degrees of fermentation (oxidation), from 0-80% fermented, thus covering the tea 

‘spectrum’ of green tea (0% fermented), oolong tea (20, 40 and 60% fermented) and black tea 

(80% fermented).  The authors utilised a number of analytical techniques to cover a broad 

range of metabolites and sample characteristics including GC-MS, LC-ITMS with combined 

UV detection, LC-PDA, along with spectrometric tests for total theaflavin and thearubigin 

content and tea liquor colour.  This report mainly concentrates on using a GC-MS to measure 

a range of 24 previously observed tea volatiles from the headspace above freshly brewed tea, 

by adsorbing the volatiles onto a 3-phase SPME fibre (Divinylbenzene, Carboxen, 

Polydimethylsiloxane (PDMS)) for 40 minutes, followed by a 5 minute desorption in the GC-

MS injector.  Of the 24 compounds monitored, 4 were observed to decrease while a further 

12 increased in abundance with increasing fermentation levels.  These changes in volatile 

concentrations were used to build an optimised discriminant function analysis model using 



44 
 

the 16 compounds changing in concentration, to determine fermentation level, although the 

authors suggest that a more basic approach of monitoring a single compound such as 3-

methylbutanal could likely work as well.  While this targeted GC-MS based approach could 

predict fermentation level, the analysis time for SPME adsorption and GC-MS analysis are 

slow (40 minutes for adsorption and a 40 minute GC-MS analysis), thus automation and 

synchronisation of the headspace sampling and GC-MS analysis become important for 

ensuring a reasonable sample throughput.  The authors also provided identifications of 16 

previously observed phenolic compounds and two methylxanthines (caffeine and 

theobromine) using LC-ITMS and UV spectral data, and then monitored the concentrations 

of these components using LC-UV.  They showed that the phenolics and methylxanthines 

measured decreased in concentration with increasing levels of fermentation (with the 

exception of gallic acid which is released during fermentation from the gallated phenolics 

such as EGCG etc), and that the polymeric theaflavin and thearubigin levels increased with 

fermentation.  This comprehensive investigation into the effects of a broad range of 

fermentation levels from the same batch of leaves on a range of metabolites, confirms several 

previous studies that found similar results, but had not used the same leaf material for all the 

differing fermentation levels (tea types) monitored. 

 

LC-MS: 

Recently, a method for rapid separation of eleven polyphenols and three methylxanthines was 

reported using nano-LC with UV detection (Fanali, Rocco, Aturki, Mondello, & Fanali, 

2012).  The components were resolved on a 100 mm × 100 µm I.D. capillary column which 

was packed with 2.6 µm C18 core-shell particles and eluted with a flow rate of 1200 nl/min.  

The method gave good sensitivity and reproducibility and provided a low consumption of 
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mobile phase solvents due to the very low flow rate, especially when compared to 

conventional 3 or 5 µm HPLC columns which usually operate between 200-1000 µl/min.  

However, the claim of a ‘rapid’ separation method is not particularly accurate, as the gradient 

required to separate the 14 compounds is 15 minutes long, and after each gradient run the 

column was re-equilibrated with starting mobile phase for a further 15 minutes, resulting in a 

total analysis time of 30 minutes. 

 

LC-UV: 

Wang et al. employed a simple and reliable LC-UV method for monitoring caffeine and six 

common phenolics (GC, EC, EGC, GCG, EGCG, and ECG) in aqueous oolong tea extracts 

(Wang et al., 2012).  The developed method was capable of successfully classifying oolong 

teas from the three main production regions in China with statistical tools such as hierarchical 

cluster analysis, PCA and discriminant analysis.  However, the reversed-phase method used 

was very slow, with a run-time of over 85 minutes (column re-equilibration time not defined), 

mainly due to the large analytical column employed, a 250 mm × 4.6 mm I.D. C18 column (5 

µm particle size). 

A comprehensive method for simultaneously monitoring 21 free amino acids in tea extracts 

has been recently reported (Zhao et al., 2012).  Tea was extracted for 2 hours with hot water 

at 85 ºC and then the extracts derivatised with an online o-phthaldialdehyde precolumn 

derivatisation system and resolved by LC with fluorescence detection.  The authors have 

essentially improved an existing amino acid method developed by Agilent, by modifying 

both the gradient and flow rate to improve the resolution of free amino acids found in tea 

(e.g. the tea specific amino acid, theanine).  Comparison of this method to other similar 
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HPLC methods showed the method was easy (automated derivatisation), fast (30 minutes), 

inexpensive and had excellent sensitivity and selectivity. 

The final LC-UV publication reviewed here is the report of Song et al. investigating the 

correlation between leaf age, shade levels and levels of caffeine, theanine and major 

phenolics in tea grown in Hawaii (Song, Kelman, Johns, & Wright, 2012).  Aqueous 

methanol extracts were resolved over 45 minutes on a 150 mm × 4.6 mm C18 column (5 µm 

particle size).  They reported that the levels of caffeine and theanine decreased as the leaf age 

increased while the levels of the phenolics increased, particularly EGC which increased 7-10 

fold.  The effects of shading on the bud, first leaf and second leaf, were complex and 

inconclusive and are to be subject to further studies.  This methodology, along with the report 

of Wang et al. (2012) above, could both be improved by switching to UHPLC columns 

packed with sub 2 µm particles. 

 

 

Non-targeted analyses: 

GC-MS: 

One recently published study compared the levels of volatiles (GC-MS) and catechins (using 

HPLC-UV detection) among five different types of tea collected from different tea estates in 

China (Wang et al., 2011).  They found the aroma composition of the different tea types 

varied widely and suggest this may result from different varieties, processing methods, or 

even cultivation practices.  However, by using a limited set of 8 selected components from 

both analyses they could discriminate between the tea types using hierarchical cluster 

analysis.  They found the most complicated patterns of volatile components occurred in the 
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oolong tea type, due to less specific definitions regarding the fermentation level/process 

resulting in a wider range of product characteristics within this tea type.  The volatile 

extraction process used 50 g of tea material extracted by SDE with 50 ml of diethyl ether.  

The ether extract was then dried and concentrated to 400 µl before injection of 1 µl into the 

GC-MS, with a split ratio of 1:5.  Some of the observed variation of these highly concentrated 

extracts above may have been caused by inconsistencies in the concentration step from 

sample to sample and this could be improved by utilising large volume injection onto Tenax 

or similar material for in-situ concentration within the GC-MS injector. 

Kuo et al. investigated the changes in volatile compounds upon aging and drying in ‘old’ 

oolong production (Kuo, Lai, Chen, Yang, & Tzen, 2011).  Old oolong is the name given to 

oolong teas that have been stored and dried annually for more than 5 years.  They identified 

36 volatile compounds in an ether extract of a hot water infusion of tea, noting that the older 

oolong teas contained a range of nitrogen containing compounds, N-ethylsuccinimide, 2-

acetylpyrrole, 2-formylpyrrole and 3-pyridinol.  These aroma compounds are speculated to be 

derived from Strecker degradation of amino acids and were consistently observed in the 

range of old oolong teas monitored.  While this GC-MS approach detected consistent 

differences in the observed volatile profiles, the authors stress that there may be less abundant 

components with low odour thresholds which may also be contributing to the overall product 

flavour/aroma. 

Recently Ye et al. developed and implemented a method to differentiate green teas from 

different geographical locations using a combination of non-targeted headspace-SPME GC-

MS analysis with several pattern recognition methods, such as PCA and cluster analysis (Ye, 

Zhang, & Gu, 2011).  They report an optimised SPME method using a Carboxen:PDMS fibre 

which was exposed to the heated headspace (100 °C) for 60 minutes and then desorbed in the 

GC-MS injector at 230 °C for 15 minutes.  The 40 minute GC-MS chromatogram yielded 97 
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components extracted from the green tea headspace.  Levels of some components were found 

to differ from previous literature and they suggest this could be due to different kinds of tea 

samples or the biases by the different extraction methods utilised.  While the sample 

preparation for SPME is clean and simple, a 60 minute sampling time limits the sample 

throughput of this approach. 

 

LC-MS: 

A comprehensive report of structural annotation and elucidation of conjugated phenolics in 

black, green and white tea extracts was published in 2012 (van der Hooft et al., 2012).  The 

authors generated structural information from a combined approach of; a) high resolution 

accurate mass fragmentation spectra using a LC-ITMSn Orbitrap instrument, and; b) proton 

NMR spectra collected from SPE fractions collected off a LC-ToF system, triggered by the 

base peak of the target molecules eluting from the column effluent split to either the MS or 

the fraction collector.  From this system a total of 177 phenolic compounds were annotated 

from aqueous methanol extracts of green and black tea.  Of these 177 compounds, 82 had not 

previously been reported to such an annotation level, such as accurate mass and accurate 

mass MSn where possible.  The authors unambiguously structurally elucidated 33 of these 

177 compounds using the combination of accurate mass MSn spectra and NMR signals.  This 

report identifies a number of phenolic components in tea extracts eluting from a C18 

reversed-phase chromatographic system, and this methodology could easily be extended 

using different LC chromatographic and/or extraction techniques to broaden the number of 

major metabolites annotated/identified. 

Zhao et al. (2011) also reported tentative identifications and quantification of the major 

phenolics and methylxanthines in green, green pu-erh and white teas with a UHPLC-PDA-



49 
 

MS system (Zhao et al., 2011).  Aqueous methanol extracts where chromatographed over 14 

minutes though a C18 column (100 mm × 2.1 mm, 1.8 µm particle size).  Samples were run 

in both +ve and –ve electrospray modes separately and nominal mass MS and MS/MS data 

generated with a triple quadrupole instrument.  Sixty eight components were tentatively 

identified in the tea extracts based on relative elution order, UV spectrum, parent mass and 

MS/MS fragmentation patterns matching with previous literature.  The authors were then able 

to successfully classify the tea samples from either quantification of 54 of the major 

phenolics by UV, or the relative peak areas of the major peaks from the MS1 scan, using 

PCA.  This report clearly demonstrates the speed and effectiveness of UHPLC 

chromatography and MS detection for effectively classifying tea samples by type. 

A comprehensive study into green and black tea extracts by UHPLC-MS and two-

dimensional LC revealed many previously un-described components found in tea (Scoparo et 

al., 2012).  The aqueous ethanol extract was partitioned by liquid-liquid extraction into four 

fractions ranging in polarity; chloroform, ethyl acetate, n-butanol and aqueous.  These 

fractions were analysed by reversed phase UHPLC-MS on a 50 mm × 2.1 mm column 

containing 1.7 µm particle size C18 packing.  Component detection over the 18 minute 

chromatogram was performed by a combination of PDA, evaporative light scattering 

detection (ELSD) and MS with a triple quadrupole instrument.  The liquid/liquid extractions 

prior to the UHPLC analysis resulted in reducing the matrix complexity and allowing 

tentative identification of 107 components by comparison of UV, retention time and MS 

spectra with previously published literature.  These extracts were then applied to an offline 

2D chromatographic system consisting of a size exclusion column (SEC) and a separate C18 

column.  Fractions (1 ml) were collected from the SEC column (Ultrahydrogel 120, Waters) 

over the 50 minute chromatogram, dried, reconstituted in aqueous methanol and rapidly (8 

minutes) re-chromatographed on the C18 column.  Then 2D UV or ELSD chromatograms 
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were then generated with SigmaPlot and fractions containing novel components were re-

analysed by MS and MS/MS for tentative identification.  The 2D chromatograms showed, as 

expected, that the main difference between green and black tea was the emergence of the 

theaflavins, although a decrease was observed in saponins, lipids and some of the flavonol 

glycosides.  Major benefits of the 2D system reported were increased peak capacity and the 

ability to resolve more components with the two complementary chromatographic systems.  

While this offline approach is time-consuming, these authors have shown it to be effective at 

resolving a wide range of components in complex plant extracts. 

Finally, a recently published study characterising volatile and non-volatile metabolites in 

etiolated tea leaves demonstrated the value of a range of separation and detection techniques 

such as LC-MS, GC-MS, CE-MS, and LC-UV (Yang et al., 2012).  Volatiles were extracted 

by diethyl ether extraction directly from ground leaf tissue and analysed by GC-MS and the 

authors were able to show an increase in the endogenous levels of volatiles corresponding to 

increased shading of the plant.  While this diethyl ether extraction technique was effective in 

extracting the volatiles, the extraction will also extract a wide range of non-volatile non-polar 

material which will be deposited into both the GC-MS injector and front section of the 

column, likely leading to limited sample throughput before cleaning the injector and 

potentially decreased column lifetime.  The next analysis was of an aqueous methanolic 

extract resolved on a 100 mm × 2.1 mm C18 UHPLC column (1.8 µm particle size) with a 

total analysis time of 43 minutes, ionised by –ve electrospray and detected by a ToF 

instrument.  Further methanolic extracts of the tea were run twice through a capillary 

electrophoresis (CE)-ToF instrument in both cation and anion modes, with the appropriate 

ionisation modes, to determine levels of highly polar metabolites such as nucleosides, 

nucleotides, amino acids and sugar phosphates.  More targeted analyses for caffeine, gallic 

acid and the major phenolics (HPLC-UV); glycosidically bound volatiles (enzymatic 



51 
 

hydrolysis and GC-MS); and phenolic acids such as trans-cinnamic acid (derivatisation and 

GC-MS) were performed to generate a metabolic map for 214 components to monitor the 

effects of shading.  This study mainly concentrates on primary metabolites and could easily 

be expanded upon by including further information on the array of phenolic secondary 

metabolites that can be detected by UHPLC-MS, as exemplified by publications of Zhao 

(2011), Scoparo (2012) and van der Hooft (2012) described above. 

 

Direct infusion MS: 

Direct Analysis in Real Time (DART) is an atmospheric pressure ionisation source which can 

be attached to the inlet of virtually any vendors MS instrument (generally replacing the 

standard electrospray ionisation source housing).  The DART source generates an ionising 

gas beam of heated electronic excited-state gas species and samples are placed in this gas 

beam and any ions generated off the surface of the sample are attracted into the MS system 

(Fig. 1.4). 

 

Figure 1.4: Schematic of the DART ionisation source 
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Recently a DART-MS system was utilised to rapidly identify different types of tea (Zhang, 

Zhang, Zhou, Bai, & Liu, 2011).  The DART source was attached to an ITMS and the 

ionising temperature optimised for both +ve and –ve ionisation modes.  The authors selected 

an ionisation temperature of 350 °C and then spectra from tea leaves of differing tea types 

were collected.  The major ions detected in +ve mode corresponded to the nominal masses of 

caffeine and theanine, although no MS/MS data was presented to confirm these tentative 

assignments and no tentative identifications were performed for the any of the –ve ions 

detected.  The spectra generated during the temperature optimisation in +ve mode do not 

appear consistent, for example, the putative theanine ion ([M+H]+ = 175 m/z) is clearly 

observed in the 50, 150 and 350 °C spectra, but not in the 250 °C spectrum.  Likewise, both 

the +ve and –ve ionisation spectra at 350 °C of four green teas show considerable differences 

which have not been further examined.  Inconsistencies could potentially be caused by how 

the sample is presented in the ion source, particularly the area or angle (and even the side) of 

the leaf ionised.  Identifications of key ions generated by the DART could be significantly 

improved by performing MSn experiments using an ion-trap and/or attaching the DART to 

high resolution MS/MS capable instruments to measure both the parent and fragment masses 

more accurately, thus generating molecular formulae and putative identifications. 

 

Conclusion: 

Of these above publications to emerge during the last 3 years, the most significant to this 

thesis are those of Kim et al. (2012) monitoring the levels of phenolics at different 

fermentation levels, and Zhang et al. (2011) who reported the first application of DART-MS 

to tea leaves.  These publications are significant to the thesis as Chapters 5 and 6 both 

monitor changes in fermentation processes using LC-MS and DART-MS and will be further 
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discussed in these chapters.  Several publications have demonstrated the effectiveness of LC-

MS, UHPLC-MS or GC-MS used in combination with multivariate statistics to classify 

samples into their appropriate groups, such as tea type or fermentation level.  Finally, the 

recent publication utilising CE-MS to measure a substantial number of primary metabolites, 

implies that this analytical technique could also be used to provide complementary data to the 

more mainstream LC-MS analyses. 
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2.1. Abstract 

Polyphenolics are an important class of biologically active compounds found in plants and 

are purported to have benefits for human health.  To assess their significance in foods, 

improved methods are required for their detection and classification.  In this paper, we 

describe a targeted MS2 approach using an ion-trap mass spectrometer for the analysis and 

classification of proanthocyanidins (PAs) in crude plant-derived extracts, which has been 

applied to compare green, oolong and black tea crude extracts and a grape seed extract.  The 

method could separate, detect and provide qualitative information (full scan MS2 spectra) to 

enable chromatographic and mass spectral confirmation of PAs in the crude tea extracts.  

Using the developed methodology we report here for the first time the detection of PA 

tetramers in black tea, and PA trimers and tetramers in oolong tea. 

 

 

Keywords: 

Proanthocyanidins; tea phenolics; electrospray; LC-MS/MS; polyphenolics; food 

composition; catechins. 
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2.2. Introduction 

The phenolic constituents of plant extracts such as tea (Camellia sinensis L.) have become 

the subject of increasing research attention, due to their purported benefits to human health 

and nutrition (Clement, 2009; Gupta et al., 2008).  Therefore, methods to monitor and 

quantify these components in plant extracts are critical to a better understanding of their 

health benefits and pharmacology. 

 

Some of the beneficial health properties of tea have been attributed to proanthocyanidin (PA) 

components (Santos-Buelga & Scalbert, 2000).  PAs are a class of polyphenolic secondary 

metabolites that can be either oligomeric or polymeric and are widely distributed in the plant 

kingdom.  They are polymers based on the flavan-3-ol units (Fig. 2.1) and the most 

commonly occurring polymers are based on the monomer units catechin and epicatechin 

(procyanidins (PC)) and/or gallocatechin and epigallocatechin (prodelphinidins (PD)).  The 

galloyl esters of these monomers can also occur, such as epigallocatechin gallate (EGCG).  

This means the polymers can vary in sequence of component units differing in hydroxylation, 

and in the site and stereochemistry of the linkages between the units, as well as possibly 

contain monomer units with one or multiple galloyl esters attached.  Thus there can be a 

considerable range of structural variations and isomers and this variation may be important 

for the biological activity of PAs, however it can make their isolation and chromatographic 

analysis a difficult and challenging problem. 
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Figure 2.1:  Flavan-3-ol structure/variations for monomer units and an example of a 

procyanidin trimer. 

 

Polyphenols have been reported in all varieties of tea.  The main polyphenols in green tea are 

the catechins, which account for 30-42% of the water-soluble solids in brewed green tea 

(Wang & Ho, 2009).  The most abundant of these polyphenols in green tea is EGCG (Kalili 

& de Villiers, 2010), and as such the monomers and oligomers of these gallated phenolics 

have been extensively studied (Lee, Lee, Tzen, & Lee, 2010b; Wang & Ho, 2009).  The non-

galloyl PA oligomers (PCs and PDs)  have also been well documented in tea, but their 

concentrations are much lower than those of their respective monomers (Hashimoto, Nonaka, 

& Nishioka, 1989a; Kiehne, Lakenbrink, & Engelhardt, 1997; Nonaka, Sakai, & Nishioka, 

1984; Nonaka, Kawahara, & Nishioka, 1983; Sultana et al., 2008).  There are only sparse 

reports of oligomers in green tea with a degree of polymerisation (DP) greater than two.  Lin 

et al. (Lin et al., 2008) detected trace levels of PC trimers in crude extracts of green tea by 

negative electrospray (ESI) mass spectrometry (MS), and more recently PC oligomers up to 
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DP7 and mixed PC:PD and PD oligomers to DP3 were observed in green tea using an offline 

two dimensional hydrophilic interaction × reversed phase LCMS analysis (Kalili & de 

Villiers, 2010).  In oolong tea, the full set of PC, PC:PD and PD dimers have been observed 

(Dou et al., 2007; Hashimoto, Nonaka, & Nishioka, 1989b).  The significant presence of PAs 

in black tea remains to be clarified although low levels of PC oligomers up to DP3 have been 

observed (Engelhardt, Lakenbrink, & Pokorny, 2003; Kiehne et al., 1997), and longer chain 

length oligomers have been proposed (Kuhnert, Drynan, Obuchowicz, Clifford, & Witt, 

2010b).  Another structurally similar polyphenol to the PAs found in tea are the 

theasinensins, which are polymers of flavan-3-ol dimers that contain a 2’-2’ interflavonoid 

bond forming a biphenyl function, and these are often described as bisflavanols (Engelhardt 

et al., 2003).  The theasinensins are formed via dimerisation of two epigallocatechin-type 

derivatives and have been shown to occur at low levels in green (Nonaka et al., 1983), oolong 

(Hashimoto, Nonaka, & Nishioka, 1988) and black teas (Drynan et al., 2010). 

 

For detecting PAs in complex extracts, typically time consuming methods are employed to 

pre-purify extracts before separation and detection (Kiehne et al., 1997).  Following 

extraction and purification, the PAs are commonly resolved by HPLC and detected by either 

UV or mass spectrometry (Dixon, Xie, & Sharma, 2005).  While LC-MS analyses of crude 

extracts without prior purification steps can provide operational advantages, the complexity 

of the extracts can give rise to problems such as degradation of the chromatography by 

contamination of the stationary phase, and/or reduction of analyte signal due to ion 

suppression in the ionisation source.  This paper describes a method developed to separate by 

HPLC, detect, and classify PAs present at low levels in crude plant-derived extracts by 

isolating and fragmenting the PA molecular ions with an ion-trap mass spectrometer.  It is 

applied here to tea extracts and compared to PA components in a grape seed extract, as the 
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polyphenolic content of such extracts has been well characterised by NMR and more recently 

mass spectrometry (Gu et al., 2003a; Lu & Yeap Foo, 1999; Prieur, Rigaud, Cheynier, & 

Moutounet, 1994).  From interpretation of the MS/MS spectra it is possible to detect and 

classify the phenolics and distinguish between non-galloyl and gallated PAs, and 

theasinensins of the same molecular weight.  The method also provides information on the 

degree of polymerisation of the PAs and their PC:PD monomer composition.  We have 

chosen to focus this paper more on the non-gallated PAs, although this approach is easily 

adaptable to cover a range of polymeric compounds.  This combination of limited sample 

preparation, reproducible chromatographic separation, and targeted MS/MS on an ion-trap 

MS providing spectral fingerprints of each component, gives a reliable method for the 

detection and MS based profiling of low-levels of PAs in crude plant-derived extracts. 

 

 

2.3. Materials and methods 

 

2.3.1. Chemicals and reagents 

(–)-Epicatechin, formic acid and glacial acetic acid were purchased from Sigma-Aldrich (St 

Louis, MO).  Ultrapure water was obtained from a Milli-Q® system (Millipore, Bedford, 

MA).  LiChroSolv grade acetonitrile and methanol were purchased from Merck (Palmerston 

North, New Zealand). 
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2.3.2. Samples and sample preparation 

Tea samples (green tea (Twinings, New Zealand), oolong tea (Davis Foods, Petone, New 

Zealand), black tea (Bell Tea Company, Auckland, New Zealand)) were purchased from a 

local supermarket and the samples were then finely ground and stored at -20 °C.  The 

reference grape seed extract was a commercial preparation (Vitis™ red grape seed extract, 

Good Health Limited, Auckland, New Zealand) which contained 95% oligomeric PAs. 

Extracts were prepared by continually shaking 50 mg of dried tea leaves or grape seed extract 

powder with 2 ml 80% aqueous methanol containing 0.1% acetic acid for 30 minutes.  The 

extracts were then centrifuged (MiniSpin, Eppendorf, Germany) for 10 min at 12,000 g and 

an aliquot of supernatant was filtered with a 0.2 µm syringe filter into a HPLC vial for 

analysis. 

 

2.3.3. LC-MS/MS Analysis conditions 

The instrument consisted of two JASCO X-LC 3085PU high pressure pumps (JASCO 

International Co. Ltd., Tokyo, Japan), and a HTS PAL autosampler with a 25 µl syringe and a 

15k psi injection valve (CTC Analytics AG, Zwingen, Switzerland), coupled to a Thermo 

LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA).  Thermo 

Finnigan Xcalibur software (version 2.1) was used for data acquisition and processing.  A 5 

µl injection of sample was made onto a Phenomenex Luna C18(2) column (150 mm × 

2.1mm, 5µm particle size; Phenomenex, Torrance, CA) held at a 25 °C, with a constant flow 

rate of 200 µl/min.  The mobile phase consisted of a combination of A (0.1% formic acid in 

water) and B (0.1% formic acid in acetonitrile) with an initial concentration of 5% B.  The 

initial conditions were held for 6 min and then the gradient was increased linearly to 10% B 

at 11 min, 17% B at 26 min, 23% at 31 min, 30% B at 41 min, 50% B at 45 min and held till 
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52 min, then increased to 97% B at 55 min and held till 58 min and returned to initial 

conditions over 2 min and equilibrated for a further 5 min until injection of the next analytical 

sample. 

Mass spectra were acquired using ESI in either positive or negative mode and the LTQ scan 

speed was set to normal to provide unit mass resolution data.  The mass spectrometer 

parameters for both ionisation modes were optimised by infusion of epicatechin at 5 µl/min 

into a 200 µl/min flow of mobile phase containing 75% solvent A:25% solvent B.  The 

capillary and tube lens voltages were 11 V and 130 V respectively for positive mode and -43 

V and -80 V respectively for negative mode.  The spray voltage was +4.5 kV for positive 

mode and -4.0 kV for negative mode.  The ion source capillary temperature was 275 °C and 

the nitrogen sheath, auxiliary, and sweep gas flow rates were set to 20, 10, and 5 (arbitrary 

units), respectively.  The first 4 and last 11 minutes of flow from the HPLC were diverted to 

waste.  The mass spectrometer was programmed to scan from 150 to 2000 m/z (MS1 scan) 

and then sequentially perform product ion scans for selected masses on the different 

combinations of PC and PD masses in Table 2.1 below, with isolation windows for each 

selected m/z value of 2.0 mass units and a fragmentation collision energy value of 35%.  Each 

sample was run twice with two data collection methods to ensure enough points were 

collected in the mass spectrometer across the chromatographic peaks.  Both methods use a 

full scan survey scan followed by a sequential set of product ion scans as described in Table 

2.1. 
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Selected ion mass (m/z) MS2 scan range (m/z) Target compounds 

Analysis 1: product ion settings 

Monomers 

291.3 80-700 PC monomers 

307.3 80-700 PD monomers 

Dimers 

579.3 155-2000 PC:PC dimers 

595.3 160-2000 PC:PD dimers 

611.3 165-2000 PD:PD dimers 

Trimers 

867.3 235-2000 PC3 timers 

883.3 240-2000 PC2:PD trimmers 

899.3 245-2000 PC:PD2 trimers 

915.3 250-2000 PD3 trimers 

Analysis 2: product ion settings 

Tetramers 

1155.3 315-2000 PC4 tetramers 

1171.3 320-2000 PC3:PD1 tetramers 

1187.3 325-2000 PC2:PD2 tetramers 

1203.3 330-2000 PC1:PD3 tetramers 

1219.3 335-2000 PD4 tetramers 

 

Table 2.1:  Selected ion masses for product ion scans of monomers, dimers, trimers and 

tetramers in positive ESI mode ([M+H]+): 
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2.4. Results and discussion 

 

2.4.1. Optimisation of the LC-MS conditions 

The complexity and dynamic range of components in crude plant-derived extracts when 

applied for LC-MS analysis requires LC conditions and MS parameters that can tolerate the 

‘dirty’ nature of the sample.  One of the key strategies employed to avoid rapid contamination 

of the mass spectrometer in reversed phase chromatography is to divert both the solvent front 

(where the highly polar components will elute) and the column clean-up stage (where the 

non-polar components will elute) of the chromatogram away to waste.  We found that by 

diverting the first 4 minutes and the last 11 minutes of this analysis, we can dramatically 

improve the number of crude extracts injected from less than 10 injections to greater than 50 

injections before the ion source area requires cleaning without any significant loss of signal.  

The long LC gradient was developed to resolve not only the PAs, but also a wide range of 

glycosylated and non-glycosylated flavonoids and isoflavones that often occur in crude plant 

extracts (unpublished data).  The chromatography used in this paper provides good retention 

and resolution of the PC monomers (catechin and epicatechin, traces A1-D1) and PD 

monomers (gallocatechin and epigallocatechin, traces A2-D2), as shown (Fig. 2.2) for the 

grape seed (traces A1 and A2) and crude tea extracts (traces B1-D2).  Confirmatory MS2 

product ion mass spectra of these monomers from the green tea crude extract are provided in 

the supplementary information (Fig. 2.1s). 
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Figure 2.2:  Composite extracted ion chromatograms of ions 123 + 139 m/z for catechin 

(peak #1) and epicatechin (peak #2) (traces A1-D1) from MS2 product ion scans of 291 m/z 

and ions 139 + 151 m/z for gallocatechin (peak #3) and epigallocatechin (peak #4) (traces 

A2-D2) from MS2 product ion scans of 307 m/z in grape seed (A), green tea (B), oolong tea 

(C) and black tea (D) extracts. 

 



66 
 

 

Figure 2.3:  Composite extracted ion chromatograms of ions 247 + 291 + 409 + 427 m/z 

from MS2 product ion scans of 579 m/z for PC:PC dimers (traces A3-D3) and of ions 291 + 

425 + 443 m/z from the MS2 product ion scans of 595 m/z for PC:PD dimers (traces A4-D4) 

in grape seed (A), green tea (B), oolong tea (C) and black tea (D) extracts. 
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Adequate chromatographic resolution was also achieved for the multiple dimers (Fig. 2.3) of 

both PC:PC dimer type (traces A3-D3), and the mixed PC:PD dimer type (traces A4-D4) in 

the grape seed (traces A3 and A4) and the crude tea extracts (traces B3-D4).  Low levels of 

resolved PD:PD dimers were also detected and the MS2 product ion mass spectra of these 

three classes of PA dimers from the green tea crude extract are provided in the supplementary 

information (Fig. 2.2s, 2.3s, 2.4s). 

 

2.4.2. Detection and validation of PAs in tea 

The targeted MSn approach used is designed to detect and provide characterising data on B-

type PAs from monomers to tetramers comprising PC and PD units in crude extracts.  As 

discussed below PA derivatives with an even number of galloyl units attached can also be 

detected with the settings used.  Derivatives with an odd number of galloyl units attached 

could be detected with an additional list of parent masses.  For comparison purposes, a 

commercial grape seed extract has been analysed under the same conditions, as the PA 

composition of such extracts has been extensively examined by LC-MS (Gabetta et al., 2000; 

Monagas, Garrido, Bartolomé, & Gómez-Cordovés, 2006; Weber et al., 2006).  Much of the 

literature on polyphenolics by LC-MS has utilised negative electrospray (ESI) as the 

ionisation mode of choice as it has been reported to give improved sensitivity (Sun & Miller, 

2003).  However, more recently both negative and positive ESI have been utilised as the two 

datasets can often provide complementary information (Lin et al., 2008).  The crude extracts 

were run in both positive and negative ESI, collecting MS2 spectra for the appropriate 

selected PA MS1 ions in either mode.  Similar to Li et al. (2007), we found that the results 

from the positive ESI analysis were up to twice as sensitive as the negative ESI for the PAs 

we monitored, and the product ion spectra in positive mode showed more diagnostic ions 
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which could be used for classification.  However, the negative ionisation data was useful for 

validating the PA classifications when the nominal mass of the PAs were identical to other 

previously reported tea phenolics, particularly where the published literature was collected in 

negative mode.  The comprehensive study of the fragmentation of PAs reported by Li et al. 

(2007) detailed many of the fragmentation mechanisms for PAs up to trimer, and this detailed 

interpretation of the fragmentation patterns aids in making reliable classifications of the PA 

structures across the sample set.  The chromatographic profiles and MS2 product ion spectra 

of the PAs in tea extracts were compared with the PA rich grape seed extract by co-injections 

of grape seed extract and tea samples at appropriate concentrations to increase the level of PA 

profiles in the spiked samples.  Figure 2.4 shows an example of the doubling of particular 

PC:PC dimer peaks concentrations by spiking the green tea sample with an appropriate 

amount of grape seed extract, and also shows the matching MS2 spectra for the highlighted 

dimer at 24 minutes.  Further spiking experiments were conducted to confirm the presence of 

other PAs and another example for the PC:PD dimers is provided in the supplementary 

information (Fig. 2.5s). 

Multiple PA trimers of all PC, mixed PC:PD and all PD were also detected in the crude 

extracts and an example of this is shown (Fig. 2.5) where the MS2 spectra for a PC3 trimer 

peak eluting at 26.2 minutes (highlighted) in the three tea extracts and the grape seed sample 

are clearly identical.  The key product ions in the MS2 spectra for a PC trimer are 

predominantly 577 and 579 m/z which are the result of a neutral loss of an intact PC unit (290 

or 288 m/z), and the less intense but structurally important 409, 425, 697 and 715 m/z ions 

which are the respective retro-Diels Alder (RDA) fragments from cleavage within PA 

oligomer units (Li & Deinzer, 2007).  This is the first known report of detection of the PC 

trimer class of PAs in oolong tea.  Low levels of PC2:PD, PC:PD2 and PD3 trimers were also 

detected in the green tea extract. 
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Figure 2.4:  Composite extracted ion chromatograms of ions 247 + 291 + 409 + 427 m/z 

from MS2 product ion scans of 579 m/z for PC:PC dimers in grape seed (GS), green tea (GT) 

and green tea spiked with grape seed extract (GT + GS).  The corresponding MS2 spectra for 

the highlighted PC:PC dimer at 24 minutes in each chromatogram are shown.  The grape seed 

extract was spiked in at the appropriate level with the aim of doubling the highlighted peak. 
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Figure 2.5:  Composite extracted ion chromatograms of ions 409 + 427 + 577 + 579 + 715 

m/z from MS2 product ion scans of 867 m/z for procyanidin trimers in grape seed (GS), green 

tea (GT), oolong tea (OT) and black tea (BT) extracts, and the corresponding MS2 spectrum 

for each sample for the trimer peak at 26.2 minutes (highlighted). 

 

Using this targeted product ion scan method to collect the fragmentation patterns we have 

also been able to detect a number of PA tetramers in green, oolong and black tea.  Figure 2.6 

shows composite extracted ion chromatograms of key PC tetramer MS2 product ions in grape 
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seed, green, oolong and black tea extracts.  The corresponding peaks eluting at the same 

retention times in the grape seed and three tea samples also have matching MS2 spectra 

(example MS2 spectrum given in Figure 2.6).  The fully PC based tetramers have been 

observed in green tea previously (Kalili & de Villiers, 2010), however this class of tetramer 

has not been previously reported in oolong and black tea extracts.  We were also able to 

detect trace levels of PC3:PD and PC2:PD2 tetramers in the grape seed and green tea 

extracts, and a trace amount of PC:PD3 and PD4 tetramers in green tea extracts.  To the best 

of our knowledge, these classes of mixed and fully PD tetramers observed in green tea have 

not been previously reported in tea extracts. 
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Figure 2.6:  Composite extracted ion chromatograms of ions 577 + 579 + 865 + 867 m/z 

from MS2 product ion scans of 1155 m/z for procyanidin tetramers in grape seed (GS), green 

tea (GT), oolong tea (OT) and black tea (BT) extracts, and a corresponding representative 

MS2 spectrum for the tetramer peak at 28.5 minutes (highlighted). 
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The method was able to differentiate PAs from theasinensins of the same molecular weight 

by both reversed phase chromatography and MS2 spectra.  Non-galloyl theasinensins 

(theasinensins C and E) of the same mass as PD:PD PAs have been shown to elute earlier on 

similar reversed phase chromatography systems than the PD:PD PAs (Dou et al., 2007; 

Tanaka et al., 2002).  More importantly, the negative ESI MS2 spectra of the earlier eluting 

theasinensin C has been shown to be different from prodelphinidin B-4 (PD:PD PA dimer) 

and we confirmed in our negative ESI data set that the fragmentations of theasinensin C and 

the proposed PA dimers were consistent and as explained in the literature (Dou et al., 2007) 

(Fig. 2.7).  Briefly, the PA dimer MS2 spectrum (Fig. 2.7, B) gives the RDA fragments 423 

and 441 m/z and the monomer fragment 305 m/z for a PD:PD dimer, while the theasinensin C 

spectrum (Fig. 2.7, A) has a different RDA fragment loss to give the 471 m/z ion, thus 

enabling differentiation of the two classes of dimers. 

As noted above PA digallates were also detectable with this method as the mass of a PC:PC 

digallate dimer is the same as for a PC2:PD trimer.  However digalloyl esters could readily be 

differentiated from the non-gallated PA based oligomers by MS2 spectra.  The non-gallated 

PA based oligomers fragment to lose a complete monomer unit from either end of the 

polymer (terminal or extender ends) via interflavanic bond cleavage, whereas interflavanic 

bond cleavage of a dimer digallate will result in the loss of a gallated moiety.  Under negative 

ionisation conditions the MS2 spectra of dimer digallates show neutral losses of 152 m/z and 

170 m/z corresponding to neutral galloyl and gallic acid losses respectively (Agarwal et al., 

2007; Gu et al., 2003a; Lee et al., 2010b), whereas the base peak of the MS2 spectrum for 

mixed PA trimers as observed on our instrument and in the literature were 288 m/z or 290 m/z 

lower corresponding to interflavanic cleavage and loss of either a catechin or epicatechin 

monomer unit (Gu et al., 2003a; Gu et al., 2003b; Li & Deinzer, 2007; Pati et al., 2006). 
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Figure 2.7:  Extracted ion chromatograms of ions 471 m/z (upper trace) and 441 m/z (lower 

trace) from MS2 product ion scans of 609 m/z in a black tea extract.  The corresponding MS2 

spectra for theasinensin C (A) and the PD:PD dimer (B) peaks are shown.  Data was collected 

in negative ESI mode. 
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Figure 2.8 shows an example of negative ion fragmentation of a PD:PD:PD trimer (Fig. 2.8, 

peak A) and a putative dimer digallate, EGCG-EGCG (peak B) in a green tea extract.  

Procyanidin-gallates are separated from their non-galloylated counterparts primarily by their 

higher retention in reversed phase systems, thus EGCG dimer (Fig. 2.8, peak B) elutes later 

than the PD:PD:PD trimer (Fig. 2.8, peak A) (Kalili & de Villiers, 2010).  More conclusively, 

the MS2 spectrum observed for the PD:PD:PD trimer (Fig. 2.8, A) shows a 895 m/z fragment 

from a water loss, and a 609 m/z fragment from the cleavage of an interflavanic bond and 

neutral loss of a gallocatechin or epigallocatechin monomer unit.  The MS2 spectrum of the 

EGCG dimer (Fig. 2.8, B) shows a 170 m/z loss of a neutral gallic acid as the major fragment 

and the spectrum is identical to that published by Lee et al (2010). 
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Figure 2.8:  Total ion chromatogram from the MS2 product ion scans of 913 m/z in a green 

tea extract.  The corresponding MS2 spectra for the PD:PD:PD trimer (A) and an 

epigallocatechin gallate dimer (B) peaks are shown.  Data was collected in negative ESI 

mode. 

 

This approach of comparing MS2 spectra from samples of known PA composition to 

unknown samples provides some qualitative evidence for confirming that co-eluting peaks in 

different samples are the same compound.  This is an advantage of collecting full spectral 

MS2 information with the ion-trap MS rather than monitoring MRM transitions on a triple 
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quadrupole MS system.  Using this spectral information and comparing to a well described 

extract, we have been able to profile and characterise by MS/MS spectra, fully PC based 

trimers and tetramers in oolong tea, fully PC based tetramers in both oolong and black tea, 

and mixed and fully PD based tetramers in green tea, as well as detect PAs previously 

reported in the literature.  Given that monomer units are present at abundant levels and PAs 

are formed by the plant as anti-microbial, insect and herbivore defence compounds (Dixon et 

al., 2005), their presence in tea is not unexpected.  The technique also demonstrates that it is 

possible to differentiate the di-gallated and non-gallated PAs and the theaseninsins by their 

MS2 spectra. 

Finally, this methodology demonstrates a technique to detect PAs in crude solvent extracts, 

but in the context of the health benefits of PAs in tea, their presence in hot aqueous extracts is 

of importance.  A comparison of extraction techniques for PAs in green and black tea was 

done by Engelhardt et al. (2003) and they found that while solvent extraction was the most 

efficient way of extracting PAs, they were able to extract approximately 70% of the PAs with 

hot water.  To confirm this we extracted samples with hot water and found similar results. 

 

2.5. Conclusion 

The method presented shows that a combination of chromatographic retention and product 

ion scanning of selected parent masses can be both very sensitive and selective in crude 

plant-derived extracts.  By changing the selected transitions within the method, it is possible 

to either extend or convert this method for the analysis of other bio-molecule classes such as 

theaflavins or flavanoid glycosides.  With addition of data dependant MS2 and MS3 scan 

events a large amount of information on both the levels and structural characteristics of 

phenolics in crude extracts can be acquired.  However if fully data-dependant MSn methods 
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are relied on, the data set acquired may be sparse, with the detection in a sample of 

components of particular interest dependent on the concentration of co-eluting components, 

and this problem can be exacerbated by analysing complex crude extracts.  Information about 

specific classes of components known a priori to be of interest can be better handled by a 

targeted approach.  This technique also shifts the emphasis away from laborious sample 

preparation in the laboratory to utilising the combinations of advanced instrumentation 

available today. 
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2.7. Supplementary information 

 

Figure 2.1s:  MS2 collision induced dissociation (CID) spectra of (A) gallocatechin ([M+H]+ 

= 307 m/z), (B) epigallocatechin ([M+H]+ = 307 m/z), (C) catechin ([M+H]+ = 291 m/z), (D) 

epicatechin ([M+H]+ = 291 m/z) from green tea crude extract. 
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Figure 2.2s:  Composite extracted ion chromatogram of ions 247 + 291 + 409 + 427 m/z 

from MS2 product ion scans of 579 m/z for PC:PC dimers in a green tea crude extract.  The 

corresponding MS2 CID spectra for the four major PC:PC dimers (A-D) are shown. 
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Figure 2.3s:  Composite extracted ion chromatogram of ions 291 + 425 + 443 m/z from MS2 

product ion scans of 595 m/z for PC:PD dimers in a green tea crude extract.  The 

corresponding MS2 CID spectra for the four major PC:PD dimers (A-D) are shown. 
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Figure 2.4s:  Composite extracted ion chromatogram of ions 307 + 425 + 443 m/z from MS2 

product ion scans of 611 m/z for PD:PD dimers in a green tea crude extract.  The 

corresponding MS2 CID spectra for the two major PD:PD dimers (A, B) are shown. 
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Figure 2.5s:  Composite extracted ion chromatograms of ions 291 + 425 + 443 m/z from 

MS2 product ion scans of 595 m/z for PC:PD dimers in grape seed (GS), green tea (GT) and 

green tea spiked with grape seed extract (GT + GS).  The corresponding MS2 CID spectra for 

the highlighted PC:PD dimer at 16.5 minutes in each chromatogram are shown.  The grape 

seed extract was spiked in at the appropriate level with the aim of doubling the highlighted 

peak.  
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3.1. Abstract 

Tea is the second most consumed beverage in the world and its consumption has been 

associated with numerous potential health benefits.  Factors such as fermentation methods, 

geographical origin and season can affect the primary and secondary metabolite composition 

of tea.  In this study, a hydrophilic interaction liquid chromatography (HILIC) method 

coupled to high resolution mass spectrometry in both positive and negative ionisation modes 

was developed and optimised.  The method when combined with principal component 

analysis to analyse three different types of tea, successfully distinguished samples into 

different categories, and provided evidence of the metabolites which differed between them.  

The accurate mass and high resolution attributes of the mass spectrometric data were utilised 

and relative quantification data were extracted post-data acquisition on 18 amino acids, 

showing significant differences in amino acid concentrations between tea types and countries.  

This study highlights the potential of HILIC chromatography combined with non-targeted 

mass spectrometric methods to provide a comprehensive understanding of polar metabolites 

in plant extracts. 

 

 

Keywords: 

HILIC; tea; electrospray; profiling; phenolics; amino acids; high resolution mass 

spectrometry. 
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3.2. Introduction 

Humans have consumed beverages made from the leaves of tea (Camellia sinensis L.) for 

thousands of years and it is the second most consumed beverage in the world after water 

(Cabrera et al., 2006).  Its consumption has been associated with numerous health benefits 

such as; reduced risk of a wide range of cancers, e.g. breast, prostate, liver, ovarian, gastro-

intestinal, and lung cancer; reduced incidence of cardiovascular events and stroke; beneficial 

effects for people with type II diabetes; raised plasma antioxidant levels leading to improved 

protection against reactive oxygen species; increased metabolism and anti-obesity effects 

(Cabrera et al., 2006; Clement, 2009; Ruxton, 2009).  Thus the chemical composition of tea 

has become a significant area of research over the past 100 years.  Generally tea can be 

broadly classified according to the production method as unfermented (green tea), semi-

fermented (oolong tea), and fully fermented (black tea).  The fermentation process affects 

levels of many components in the tea, such as the flavanols which are predominant in non-

fermented green tea but are oxidised, degraded and polymerised via enzymatic processes to 

thearubigins and theaflavins during the fermentation process for manufacturing black tea 

(Kim et al., 2011b; Kuhnert, Clifford, & Muller, 2010a). 

 

As a consequence of the importance of tea in human culture and the potential health benefits 

associated with its consumption, there have been many studies reporting the primary and 

secondary metabolite composition of tea.  It has been shown to contain a complex mixture of 

phenolics such as phenolic acids, flavonoid glycosides, catechins, proanthocyanidins, 

thearubigins, and theaflavins, and several purine alkaloids such as caffeine (Del Rio et al., 

2004; Dou et al., 2007; Drynan et al., 2010; Kuhnert et al., 2010a), as well as lipids 

(Ravichandran & Parthiban, 2000), amino acids (Wang et al., 2010b), organic acids (Ku et 
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al., 2010), sugars (Ding, Yu, & Mou, 2002), carotenoids (Ravichandran, 2002), terpenoids, 

and short chain fatty acids (Pripdeevech & Machan, 2011). 

 

Recent developments in plant metabolomic techniques have made it possible to measure 

hundreds of metabolites rapidly in a non-targeted manner (Allwood & Goodacre, 2010).  

These non-targeted analyses allow detection of a wide array of components and can give a 

broader insight into the chemical composition of biological samples such as tea, for example, 

one study assessed how composition can change with processing or time (Drynan et al., 

2010).  When these analyses are performed by liquid chromatography-mass spectrometry 

(LC-MS) or gas chromatography-MS (GC-MS) it is possible to generate mass spectral peak 

lists which, when aligned across the samples, and combined with multivariate statistics, can 

identify spectral features that differ between sample sets.  Recent examples of applications of 

non-targeted analyses on tea include using GC-MS (Pongsuwan et al., 2007) and LC-MS 

(Pongsuwan et al., 2008b) to predict tea quality and LC-MS to classify tea samples (Xie et 

al., 2009; Zhao et al., 2011), thus demonstrating the potential of this approach for collecting 

information pertinent to sample composition.  Much of the LC-MS based literature reporting 

the non-targeted analysis of tea has utilised reversed-phase chromatography.  While 

appropriate for resolving semi-polar components such as phenolics, this methodology can be 

problematic for separating very polar primary and secondary metabolites in their native form, 

such as amino acids, organic acids and sugars, and thus can bias the data collected. 

 

A mode of chromatographic separation for polar compounds known as hydrophilic 

interaction liquid chromatography (HILIC) has increased in popularity recently due to the 

development of more robust and reproducible stationary phases.  HILIC provides an 
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orthogonal separation mechanism to reversed phase as compounds are separated using a 

predominantly organic mobile phase with a zwitterionic stationary phase that has both 

hydrophilic and weak electrostatic interaction properties.  This results in compounds 

generally eluting in order of increasing hydrophilicity (Cubbon, Antonio, Wilson, & Thomas-

Oates, 2010).  The use of HILIC chromatographic analysis of polar compounds in plant 

extracts has been robustly evaluated against reversed phase (t'Kindt, Storme, Deforce, & Van 

Bocxlaer, 2008) and shown to be a powerful approach for resolving hundreds of metabolites 

in extracts from Arabidopsis thaliana (Antonio et al., 2008). 

 

The objective of this work was to establish a high through-put and comprehensive LC-MS 

method utilising an alternative chromatographic strategy (HILIC) to reversed phase, to 

resolve and detect a complementary range of both primary and secondary plant metabolites.  

The method has been applied to a range of green, oolong and black teas to explore the 

potential application of these measurements in classifying tea.  We have then investigated the 

benefits of using high resolution MS detection to extract semi-quantitative information. 

 

3.3. Experimental methods 

3.3.1. Standards and reagents 

Formic acid, d2-tyrosine, (+)-catechin, (-)-epicatechin, (-)-catechin gallate, (+)-epicatechin 

gallate, (-)-gallocatechin gallate, (-)-epigallocatechin gallate, sucrose, alanine, arginine, 

asparagine, aspartic acid, glutamic acid, glutamine, histidine, homoserine, isoleucine, leucine, 

lysine, phenylalanine, proline, serine, theanine, threonine, tyrosine, valine, amino acid 

standard mixture (physiological mixture), and ammonium formate were purchased from 
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Sigma-Aldrich Chemicals Co. (St Louis, MO).  Ultrapure water was obtained from a Milli-

Q® system (Millipore, Bedford, MA).  Ammonia solution (25%) was purchased from Merck 

(Palmerston North, New Zealand) and acetonitrile and methanol of Optima LC-MS grade 

was purchased from Thermo Fisher Scientific (Auckland, New Zealand). 

 

3.3.2. Tea samples 

A total of 88 tea samples were obtained from a variety of sources.  All 57 black teas, one of 

the 11 oolong teas, and 12 of the 20 green tea samples were sub-samples of trade trial packs 

supplied to the Bell Tea Company Limited (Auckland, New Zealand) from tea exporters.  In 

addition 8 green tea samples were purchased at local stores in China, and 10 oolong tea 

samples were purchased through the internet.  Table 3.1 shows summary information on the 

number of replicate tea samples from each sampling region for the three tea types.  All 

samples were finely ground by mortar and pestle, sealed in air tight containers and stored in 

the dark at room temperature. 
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Tea type Sampling Region Number (reps) 
Black Argentina 5 
Black India (Assam region) 4 
Black India (Darjeeling region) 4 
Black Sri Lanka 12 
Black Kenya 7 
Black China 4 
Black Vietnam 4 
Black Papua New Guinea 3 
Black Java 7 
Black Sumatra 7 

  57 
     Green China 10 
Green Japan 2 
Green Sri Lanka 8 

  20 
     Oolong New Zealand 1 
Oolong Taiwan 8 
Oolong China 2 

  11 
     Total  88 

 

Table 3.1:  The geographical origin and number of samples for the three tea types sampled. 

 

3.3.3. Sample preparation 

Tea infusions were prepared by adding 5 ml of boiling water to 50 mg (±0.5 mg) of ground 

tea (ground to fine particles of approximately tea bag grade) in a 15 ml tube.  The tubes were 

capped, shaken and placed in a water bath at 90 °C.  The extraction time was investigated 

(see results below) and for the tea type profiling experiment, an extraction time of 5 minutes 

was used.  The samples were then removed from the water bath, allowed to cool, and spiked 

with 50 µl of internal standard solution containing 230 µg/ml d2-tyrosine (in 50:50 

acetonitrile-water (v/v)).  A 0.5 ml aliquot was filtered with a 0.22 µm stainless steel filter 

into a vial and then diluted with 0.5 ml acetonitrile for analysis. 
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3.3.4. Analytical procedure and MS conditions 

The Thermo LC-MS system (Thermo Fisher Scientific, Waltham, MA, USA) consisted of an 

Accela 1250 quaternary UHPLC pump, a PAL auto-sampler fitted with a 15,000 psi injection 

valve (CTC Analytics AG., Zwingen, Switzerland) and 20 µl injection loop, and an Exactive 

Orbitrap mass spectrometer with electrospray ionisation.  A Merck polymeric bead based 

ZIC-pHILIC column (100 mm × 2.1 mm, 5 µm) was used for the chromatographic 

separation.  The samples were separated at 25 ºC with a gradient elution program and a flow 

rate of 250 µl/min.  The mobile phase was a mixture of acetonitrile-formic acid (99.9:0.1, 

v/v) (solvent A) and water-ammonium formate (16 mM, pH 6.3) (solvent B).  The gradient 

elution programme was: held at 97% A (0-1 min), 97-70% A (1-12 min), 70-10% A (12-14.5 

min), held at 10% A (14.5-17 min), returned to 97% A (17-18.5 min) and allowed to 

equilibrate for a further 5.5 min prior to the next injection.  The samples were cooled in the 

auto-sampler at 4 ºC and the injection volume of each sample was 2 µl.  The first 1.5 min and 

the last 5 min of the chromatogram were diverted to waste.  Data were collected in profile 

data acquisition mode over a mass range of m/z 55-1100 at a mass resolution setting of 

25,000 with a maximum trap fill time of 100 ms using the Xcalibur software package 

provided by the manufacturer.  Samples were run in both positive and negative ionisation 

modes separately.  Positive ion mode parameters were as follows: spray voltage, 3.5 kV; 

capillary temperature, 325 ºC; capillary voltage, 90 V, tube lens 120 V.  Negative ion mode 

parameters were as follows: spray voltage, -3.0 kV; capillary temperature, 325 ºC; capillary 

voltage, -90 V, tube lens -100 V.  The nitrogen source gas desolvation settings were the same 

for both modes (arbitrary units): sheath gas, 40; auxiliary gas, 10; sweep gas, 5. 
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3.3.5. Data extraction and multivariate statistical analysis 

Components eluting between 3 and 18 minutes within the mass chromatograms were 

extracted and aligned from the LC-MS data by in-house proprietary software.  The resulting 

peak area matrix data were normalised and analysed using the statistical package R (version 

2.13.0).  Data for amino acid quantification were extracted with Xcalibur 2.1 software using a 

combination of accurate mass information for each component with a 5 ppm mass window 

and retention time information from the amino acid standards.  The concentrations were 

calculated using response factors from pure standards, corrected with the internal standard 

(d2-tyrosine) and statistically analysed by non-parametric analysis using Minitab (version 

15.1.0.0). 
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3.4. Results and discussion 

3.4.1. Optimisation of chromatographic conditions 

Column, mobile phase and gradient elution programmes were investigated to obtain 

conditions for monitoring the maximal number of well defined chromatographic components 

by MS. 

Two kinds of HILIC stationary phase columns, a Grace silica-based HILIC column (100 mm 

× 2.1 mm, 1.5 µm) and a Merck polymeric-bead based ZIC-pHILIC column (100 mm × 2.1 

mm, 5 µm) were investigated.  The Merck ZIC-pHILIC column was found to give better 

chromatographic peak shapes and generally improved resolution for a wider range of analytes 

than the silica based HILIC column.  An example of the effect of column on chromatographic 

peak shape and resolution for leucine and isoleucine is shown in Figure 3.1. 
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Figure 3.1:  Extracted ion chromatograms of leucine (leu) and isoleucine (ile) (132.102 m/z, 

5 ppm window, +ve mode) on (a) ZIC-pHILIC column, leu (11.60 min) and ile (12.09 min) 

and (b) Grace HILIC column, leu (9.73 min) and ile (9.82 min). 

 

An optimisation strategy for HPLC conditions to develop a HILIC profile was performed 

initially with standards (above), and then with samples of green and black tea, to determine 

the best chromatographic separation within the constraints of a practical run time and the 

suitability of solvents for MS.  The mobile phase composition was optimised by investigating 

the effects of formic acid, ammonium formate, ammonia, and combinations of these added to 
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the aqueous mobile phase, and methanol or acetonitrile, with and without formic acid added 

as the organic mobile phase, on chromatographic retention, resolution and peak shape.  The 

aqueous mobile phase selected contained ammonium formate and the organic mobile phase 

of choice was acetonitrile containing formic acid.  This gave lower column pressure profiles 

and faster column equilibrations than the methanol-water solutions, excellent peak shape and 

resolution, and yielded the most components that could be resolved and detected in the 

extracts.  An example of the chromatographic resolution achieved for selected amino acids 

standards is given in Figure 3.2A.  Figure 3.2B demonstrates a typical total ion 

chromatogram in positive electrospray mode observed for tea extracts, along with extracted 

ion chromatograms of some of the major components, such as the phenolics mentioned above 

and some of the amino acids.  The concentrations of ammonium formate and formic acid 

were restricted to levels suitable for electrospray ionisation to avoid corona discharge in the 

ion source.  A dilution study of selected green and black tea samples over two orders of 

magnitude was conducted to check for ion suppression effects.  A random selection of 80 

components were monitored and peak areas of these components were found to fit a linear 

response with an R2 > 0.98, implying there was no component ion suppression related to 

sample concentration. 
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Figure 3.2:  Total ion chromatogram (TIC) and extracted ion chromatograms (5 ppm, +ve 

ESI) from the ZIC-pHILIC column.  Mass chromatograms of A) selected amino acids 

phenylalanine (Phe, 166.086 m/z), valine (Val, 118.087 m/z), tyrosine (Tyr, 182.081 m/z), 

glutamic acid (Glu, 148.060 m/z), serine (Ser, 106.050 m/z), lysine (Lys, 147.113 m/z), and 

arginine (Arg, 175.119 m/z) from the amino acids standard mixture, and B)  selected major 

components, catechin + epicatechin (C+EC, 291.084 m/z), catechin gallate + epicatechin 

gallate (CG+ECG, 443.094 m/z), Phe (166.086 m/z), theanine (Thea, 175.106 m/z), 

gallocatechin + epigallocatechin (GC+EGC, 307.079 m/z), gallocatechin gallate + 

epigallocatechin gallate (GCG+EGCG, 459.089 m/z), and Arg (175.119 m/z) from an oolong 

tea extract. 

 

The development of this chromatographic technique with both tea extracts and standard 

compounds (listed above) revealed some limitations of the HILIC separations pertinent to tea.  

The flavanols such as catechins are major components in aqueous tea extracts (Drynan et al., 

2010).  The method was able to chromatographically resolve the catechins (catechin (C) and 

epicatechin (EC)) from the gallocatechins (gallocatechin (GC) and epigallocatechin(EGC)) 

and likewise the catechin gallates (catechin gallate (CG) and epicatechin gallate (ECG)) from 

the gallocatechin gallates (gallocatechin gallate (GCG) and epigallocatechin gallate (EGCG)) 

(Fig. 2B), but was unable to resolve the two stereoisomers within each of these groups 

although they are resolved on reversed-phase LC (Dou et al., 2007). 

 

3.4.2. Optimization of extraction conditions 

Hot water was selected as the extraction solvent to reproduce the typical components 

extracted in a cup of tea.  The steeping (extraction) times of both green and black tea were 
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investigated (1, 3, 5, 10 and 30 min).  A steeping time of 5 minutes was selected as no further 

increase in the levels of extractable compounds was observed.  The coefficient of variation 

(CV) of both the extraction and injection were calculated using 25 components.  The levels 

measured were highly reproducible with an injection reproducibility CV of 3.6% (n = 15) and 

an overall extraction and injection CV of 7.2% (n = 10).  Longer steeping times were avoided 

as the more labile components may be degraded. 

 

3.4.3. Non-targeted analysis of tea type by multivariate statistics 

Principal component analysis (PCA) is a mathematical technique commonly used for 

exploratory data analysis to differentiate sample sets (Jolliffe, 2002).  It is an unsupervised 

method that transforms the possibly correlated variables (component peaks) into a smaller 

number of uncorrelated variables called principal component scores which are weighted 

averages of the original variables.  The weighted average profiles are called loadings and 

these can be investigated to determine which component peaks have the greatest contribution 

to the differentiation of the sample sets. 

There were 631 mass/retention time pairs detected within the negative ESI chromatograms 

and 544 mass/retention time pairs in the positive ESI chromatograms.  For each ionisation 

mode, these mass/retention time pairs were used to generate a target list, which was then re-

applied to the complete sample set to form a data matrix of peak areas of the mass/retention 

time ‘features’ for all samples.  The peak areas for each feature was normalised against the 

average of all peak areas to account for changes in instrument response across the batch.  As 

the data did not follow a normal distribution, the data was log transformed before 

multivariate analyses.  PCA analysis on both the raw peak area data and the normalised data 

showed that the normalisation procedure improved the clustering observed in the PCA (data 
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not shown), and as such the normalised data results are presented.  Figure 3.3 shows the PCA 

score plot for principal components 1 and 2 for the negative ESI data.  There was little 

overlap in the plot between samples of the three tea types, green, oolong and black tea, 

although there appear to be sub-groups within each tea type.  The origins of these sub-groups 

were investigated and the reason for their slightly different clustering can be speculated.  The 

four black tea samples that cluster slightly outside the black tea group and closer to the 

green/oolong samples are the four samples from the Darjeeling region.  The two oolong teas 

that cluster closest to the main black tea group are the two samples described by their 

packaging/sample information as having the highest level of oxidation within the group, 

between 50% and 80% oxidised, and thus are more similar to fully fermented black tea than 

unfermented green tea.  The five green tea samples with negative PC2 values were all 

collected from the Liyang county of Jiangsu province during the spring of 2010. 

 

Figure 3.3:  Principal component analysis of negative ESI data. 



101 
 

 

A similar pattern for the PCA of the positive ESI data was observed although the separations 

between the tea types, while still observable, were not as pronounced (data not shown).  This 

could be explained by the lower relative signal intensity in positive ion mode compared to 

negative ion mode of significantly different components, such as the phenolics, and/or by the 

non-significant components contributing more ‘statistical noise’ in the PCA analysis in 

positive ion mode data than the negative ion data. 

 

3.4.4. Key components in tea type differentiation by PCA 

We examined the PC1 loadings from the PCA analysis to clarify which components were 

contributing to the resolution of tea type groups in the negative ESI data.  The ions 341.1081 

m/z, 441.0823 m/z and 457.0771 m/z contributed heavily to the differentiation between the 

groups in the PC1 axes.  The 341.1081 m/z ion was identified as sucrose by accurate mass (-

2.5 ppm error from theoretical mass 341.1089 m/z) and co-elution with a sucrose standard.  

Other commonly available di-hexose standards of the identical mass were analysed 

(trehalose, maltose, cellobiose, lactose and lactulose) and they eluted at different retention 

times from sucrose.  Sucrose was observed as an important ion in the differentiation of the tea 

types (Fig. 3.4) with considerably lower peak areas in more fermented tea extracts than in the 

unfermented green teas or partially fermented oolong teas.  Sucrose is not often described in 

ESI MS studies as the standard chromatographic techniques for sucrose are generally not 

easily amenable to LC-MS detection, however it has long been reported that levels of sucrose 

decrease with fermentation (Sanderson & Perar, 1965). 

The 441.0823 m/z and 457.0771 m/z ions were identified by accurate mass and co-elution 

with authentic standards as the phenolic gallate mixed peaks ECG+CG (-0.9 ppm error from 
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theoretical mass 441.0827 m/z) and EGCG+GCG (1.2 ppm error from theoretical mass 

457.0776 m/z) respectively.  A similar trend to sucrose was observed for these major phenolic 

gallates with decreasing concentrations of EGCG+GCG and ECG+CG as levels of 

fermentation increased (Fig. 3.4).  These phenolics in tea are frequently studied due to their 

purported health benefits and this observed decrease in concentration of flavanols as the 

enzymatic oxidation process converts the flavanols to thearubigens and theaflavins has been 

well documented (Kim et al., 2011b; Lin et al., 1998; Zuo, Chen, & Deng, 2002).  These 

phenolics also ionised in positive ESI, although not as intensely, and as such appeared as key 

ions in the positive ESI PCA data (data not shown).   

 

Figure 3.4:  Boxplots of normalised peak areas for sucrose, epicatechin gallate + catechin 

gallate (ECG+CG), and epigallocatechin gallate + gallocatechin gallate (EGCG+GCG) in tea.  

Asterisks mark outliers. 
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In the black tea extracts, these phenolic gallates (CG, ECG, GCG, EGCG) and corresponding 

non-gallated phenolics (C, EC, GC, EGC) are key ions contributing to the differentiation of 

Darjeeling teas from the other black teas in the PCA plots, with peak areas in Darjeeling 

black tea at least twice as abundant as any other black tea monitored. 

 

3.4.5. Variation of selected polar metabolites across tea type 

A benefit and feature of non-targeted analysis is that the collection of full scan mass spectral 

data gives the analyst the capacity to extract semi-quantitative information on components 

that may not have been considered interesting prior to the initial instrumental analysis.  

HILIC has been shown to be a useful chromatographic tool for resolving amino acids in plant 

extracts (Spagou et al., 2010) and as such we selected this class of primary metabolites as an 

example of components that are normally not detected in conventional reversed-phase LC-

MS methods, but can be measured with this technique post-data acquisition.  The accurate 

mass and high resolution capabilities of the MS instrument used in this study make it possible 

to mine the data post-acquisition for relative quantification of a wide range of metabolites by 

extracting chromatograms using accurate masses of ions of interest and a narrow mass 

window (Koulman et al., 2009; Lu et al., 2010).  The MS showed excellent mass stability 

with mass variation across a chromatographic peak being less than 2 ppm (± 0.0002 on m/z 

100.0000).  Given this mass stability we extracted data from the positive ion chromatograms 

for m/z values corresponding to the molecular ions of free amino acids with a mass window 

of 5 ppm (± 0.0005 on m/z 100.0000) at the observed retention time of the standards.  A 

chromatographic example of the specificity of extracting high resolution data with narrow 

mass windows is shown in Figure 3.2B for theanine and arginine, which have the same 

nominal mass but different molecular formula and differ in detected exact mass by 0.013 m/z 
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(74 ppm).  Table 3.2A shows median concentrations for 18 free amino acids along with upper 

and lower quartiles to express the variation in the data.  There was considerable variation 

between the samples as has been observed previously for free amino acids in tea (Alcázar et 

al., 2007).  The data did not follow a normal distribution so a non-parametric statistical test 

(Kruskal-Wallis) was selected to determine significant differences across the three tea types.  

While the overall sum of amino acids measured was not significantly different, many of the 

individual amino acids showed significant differences between tea types.  Of the 18 amino 

acids measured, five amino acids, arginine, histidine, aspartic acid, glutamine and glutamic 

acid were significantly higher in the green tea, with arginine in particular showing a strong 

decline with increasing fermentation.  There were 8 amino acids (leucine, isoleucine, 

phenylalanine, proline, valine, tyrosine, alanine, asparagine) significantly higher in black tea, 

suggesting some release of amino acids, possibly due to protein degradation during the 

fermentation and manufacturing process.  While many amino acids differed in concentration 

across the three tea types, they were generally not noted as key ions contributing to the 

differences observed by PCA from analysis of the loading plots.  The larger variation of 

compounds such as the phenolics (Fig. 3.4) obscures any contribution of the amino acids to 

the differentiation of the tea. 

 

3.4.6. Variation of amino acids within tea type 

The variation in amino acid concentrations within a tea type was investigated further to 

determine what may be causing the variation observed.  Table 3.2B shows the individual free 

amino acid concentrations and total amino acid amount for green teas collected from China 

and Sri Lanka.   
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A) Amino acid concentrations for three tea types 
  Compound Black (n=57) Oolong (n=11) Green (n=20) p-value 

Leucine 0.69 (0.59 - 0.80) 0.47 (0.33 - 0.66) 0.62 (0.47 - 0.77) 0.020 
Phenylalanine 0.38 (0.33 - 0.46) 0.28 (0.20 - 0.35) 0.22 (0.20 - 0.31) <0.001 
Isoleucine 0.70 (0.54 - 0.86) 0.60 (0.29 - 0.74) 0.50 (0.41 - 0.88) 0.047 
Proline 0.114 (0.081 - 0.129) 0.077 (0.052 - 0.095) 0.071 (0.058 - 0.119) 0.004 
Valine 0.122 (0.091 - 0.156) 0.085 (0.059 - 0.151) 0.067 (0.038 - 0.119) 0.005 
Theanine 1.75 (1.51 - 2.01) 1.58 (1.37 - 1.75) 1.73 (1.39 - 2.32) 0.262 
Tyrosine 0.29 (0.20 - 0.39) 0.25 (0.11 - 0.33) 0.15 (0.12 - 0.25) 0.002 
Alanine 0.27 (0.23 - 0.38) 0.27 (0.21 - 0.32) 0.22 (0.18 - 0.31) 0.046 
Threonine 0.69 (0.51 - 0.84) 0.70 (0.56 - 0.91) 0.76 (0.63 - 1.03) 0.172 
Homoserine 0.031 (0.025 - 0.049) 0.033 (0.031 - 0.048) 0.043 (0.030 - 0.053) 0.149 
Glutamic acid 0.011 (0.009 - 0.017) 0.012 (0.010 - 0.017) 0.023 (0.016 - 0.031) <0.001 
Glutamine 0.005 (0.003 - 0.009) 0.001 (0.001 - 0.004) 0.008 (0.003 - 0.017) 0.001 
Asparagine 0.052 (0.030 - 0.076) 0.022 (0.008 - 0.065) 0.026 (0.019 - 0.149) 0.049 
Serine 0.408 (0.319 - 0.508) 0.505 (0.318 - 0.701) 0.499 (0.362 - 0.817) 0.058 
Aspartic acid 0.65 (0.51 - 0.84) 0.75 (0.32 - 0.84) 0.98 (0.80 - 1.22) <0.001 
Histidine 0.39 (0.29 - 0.48) 0.57 (0.46 - 0.89) 0.64 (0.43 - 1.29) <0.001 
Lysine 0.083 (0.063 - 0.109) 0.088 (0.051 - 0.150) 0.080 (0.054 - 0.154) 0.934 
Arginine 0.087 (0.065 - 0.147) 0.127 (0.068 - 0.237) 0.220 (0.087 - 0.446) 0.002 
Total AA 6.82 (5.85 - 7.93) 7.54 (4.50 - 7.85) 6.88 (5.61 - 10.37) 0.564 

     B) Amino acid concentrations for 
green tea 

   Compound China (n=10) Sri Lanka (n=8) p-value 
 Leucine 0.70 (0.55 - 1.30) 0.56 (0.41 - 0.76) 0.183 
 Phenylalanine 0.28 (0.20 - 0.34) 0.22 (0.20 - 0.29) 0.328 
 Isoleucine 0.73 (0.46 - 1.13) 0.46 (0.42 - 0.68) 0.155 
 Proline 0.101 (0.060 - 0.159) 0.069 (0.059 - 0.089) 0.248 
 Valine 0.062 (0.033 - 0.119) 0.079 (0.059 - 0.138) 0.328 
 Theanine 2.31 (1.75 - 2.72) 1.40 (1.28 - 1.57) 0.001 
 Tyrosine 0.22 (0.13 - 0.34) 0.15 (0.11 - 0.16) 0.183 
 Alanine 0.25 (0.17 - 0.30) 0.24 (0.19 - 0.36) 0.534 
 Threonine 0.88 (0.76 - 1.40) 0.64 (0.47 - 0.89) 0.042 
 Homoserine 0.038 (0.025 - 0.047) 0.054 (0.045 - 0.061) 0.008 
 Glutamic acid 0.028 (0.024 - 0.038) 0.017 (0.012 - 0.024) 0.008 
 Glutamine 0.017 (0.010 - 0.020) 0.006 (0.003 - 0.009) 0.026 
 Asparagine 0.123 (0.022 - 0.329) 0.025 (0.019 - 0.070) 0.110 
 Serine 0.73 (0.44 - 0.97) 0.46 (0.32 - 0.58) 0.051 
 Aspartic acid 1.20 (0.97 - 1.58) 0.91 (0.64 - 0.99) 0.016 
 Histidine 1.26 (0.70 - 1.84) 0.45 (0.40 - 0.70) 0.004 
 Lysine 0.121 (0.065 - 0.223) 0.071 (0.054 - 0.124) 0.131 
 Arginine 0.416 (0.258 - 0.537) 0.093 (0.065 - 0.130) 0.001 
 Total AA 10.00 (6.62 - 13.21) 5.87 (5.15 - 7.24) 0.010 
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Table 3.2:  Amino acid concentrations (mg/g dry weight) for A) three tea types, and B) green 

tea from China and Sri Lanka.  Concentrations calculated from data extracted using accurate 

mass with a 5 ppm window.  Values are median concentrations with lower and upper quartile 

concentrations in brackets.  P-values calculated using Kruskal-Wallis test. 

 

There were significantly more total free amino acids observed in the samples from China than 

Sri Lanka, with theanine, threonine, glutamic acid, glutamine, aspartic acid, histidine and 

arginine all significantly higher in the tea from China.  These differences are not unexpected 

as many external variables such as climatic conditions (Lee et al., 2010a) and variability in 

processing such as withering (Tomlins & Mashingaidze, 1997), have been associated with 

variation in free amino acid composition in tea leaves.   

The highest concentrations of free amino acids were observed in the most recently harvested 

samples from China, suggesting a possible link with sample age and free amino acid 

amounts, and this is an area of on-going research.  Analysis of the PCA loadings plots for the 

within tea type data showed asparagine and theanine to be significant contributors to the 

differentiation of the PCA scores for the two countries (data not shown).  As within tea type 

fermentation levels are similar, variations in phenolic concentrations were found to play a 

relatively minor role in differentiating samples, in contrast to the comparisons of differing tea 

types (above) where variations of phenolics due to fermentation were dominant. 

 

3.5. Conclusion 

The results of this study show that an optimised HILIC method using mass spectrometry in 

both positive and negative ionisation modes, combined with multivariate statistical analysis 
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techniques such as PCA, can be used successfully to distinguish tea samples of different 

categories, and provide evidence of the metabolites which differ between them.  With this 

technique a range of polar primary and secondary metabolites that are not retained by more 

conventional/popular chromatographic techniques such as reversed phase can be 

chromatographically resolved and detected.  Furthermore, the method can resolve some of the 

moderately polar secondary metabolites in tea such as the catechins making it complementary 

to other fingerprinting techniques.  By utilising the accurate mass and high resolution 

capabilities of the Exactive mass spectrometer it was possible to extract data for relative 

quantification on a wide range of metabolites.  The method was used to measure very polar 

primary metabolites such as amino acids, sugars and organic acids without the need for 

derivitisation.  The method has practical advantages over GC-MS or other HPLC methods 

due to not only the limited sample preparation required, but also the reduced solvent 

consumption and a throughput time of 25 minutes per sample.  The method described here 

can provide a large amount of information on a wide array of components in plant extracts 

and has potential use as a quality control tool for many plant-derived commercial products 

such as tea. 
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4.1. Abstract 

Tea is an infusion made from the dried leaves of Camellia sinensis L. and is the second most 

consumed beverage in the world.  It has been shown that factors such as fermentation 

methods, cultivar, geographical origin and season can affect the biochemical composition of 

tea.  In this study, the biochemical composition of green, oolong and black commercial tea 

samples from around the world were studied using a non-targeted method utilising reversed 

phase ultra high pressure liquid chromatography (UHPLC) and high resolution mass 

spectrometry.  Principal component analysis of green, oolong and black tea extracts clearly 

showed that fermented tea can be resolved from non-fermented tea.  When the non-targeted 

data were combined with the supervised multivariate technique, partial least squares 

discriminant analysis, the method was able to clearly distinguish ‘country of origin’ within 

green tea and to a lesser extent within a black tea sample set, plus provide indicative marker 

ions for the country of origin.  Many of the significant components detected in this study are 

unknowns, emphasising the importance of un-biased non-targeted analytical techniques.  This 

study highlights the potential efficacy of non-targeted UHPLC-mass spectrometry when 

combined with multivariate statistics to differentiate fermented from non-fermented tea and 

provide potential indicators of provenance of tea samples for further examination. 

 

Keywords: 

Provenance; tea; origin, electrospray; profiling; phenolics; high resolution mass spectrometry 
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4.2. Introduction 

Infusions of the leaves of tea (Camellia sinensis L.) have been consumed by humans for 

thousands of years and it is the second most consumed beverage in the world behind water 

(Cabrera et al., 2006).  There are many external factors known to affect the composition (and 

as such the quality and value) of these teas, such as cultivar, season, climatic conditions, soil, 

growth altitude, fertiliser, shading, the age of the leaves (plucking position), etc. (Lee et al., 

2010a).  Tea can be broadly classified into three main types according to production method, 

as unfermented (green tea), semi-fermented (oolong tea), or fully fermented (black tea).  This 

fermentation process affects levels of many components in the tea, such as the flavanols 

which are predominant in non-fermented green tea but are oxidised, degraded and 

polymerised via enzymatic processes to thearubigens and theaflavins during the fermentation 

process when manufacturing black tea (Kuhnert et al., 2010a). 

 

Tea is grown in more than 45 countries around the globe, from as far south as New Zealand 

and Argentina, to as far north as Russia.  Tea is indigenous to South-East Asia and most of 

the world tea varieties are based on enhanced tea germplasm from India (Paul, Wachira, 

Powell, & Waugh, 1997). Certain countries or regions have reputations for producing high 

quality tea and as such are able to demand a significantly higher price for their products.  

With the quality of the final product difficult to discern from the packaging alone, the 

consumer relies on packaging information to provide confirmation that the product is from 

the high quality region.  Unscrupulous manufacturers can incorrectly label inferior products 

for the potentially large financial gain of selling the product at the higher-quality competitors 

price.  Thus methodologies to prove the provenance of not only tea, but many other food 
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products such as olive oil, honey, cheese and wine are becoming increasingly important tools 

to monitor the distribution of fraudulent foodstuffs (Luykx & van Ruth, 2008). 

 

A variety of analytical techniques have been used to determine the country/region of origin of 

tea.  Several studies investigating the measurements of trace elements using inductively 

coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) to classify tea according to region of origin have been 

reported (Fernández-Cáceres, Martín, Pablos, & González, 2001; Marcos, Fisher, Rea, & 

Hill, 1998; Moreda-Piñeiro, Fisher, & Hill, 2003).  More recently the combination of trace 

elements and stable isotope signatures has been shown to be a potentially useful tool in 

determining the growing region (Pilgrim, Watling, & Grice, 2010).  The combination of 

Fourier transform near-infrared (FT-NIR) spectroscopy and supervised pattern recognition 

has been successfully applied to discriminate green tea according to regional origins (Chen, 

Zhao, & Lin, 2009).  Other techniques such as high pressure liquid chromatography (HPLC) 

to measure catechins and xanthines (Fernández, Pablos, Martín, & González, 2002; 

Saravanan, Maria John, Raj Kumar, Pius, & Sasikumar, 2005) or flavonol glycosides 

(Winterstein & Finger, 1998), gas chromatography-mass spectrometry (GC-MS) to monitor 

head-space volatiles (Ye et al., 2011) and metabolite profiling using NMR (Le Gall et al., 

2004; Lee et al., 2010a) have all shown potential to differentiate regions of origin and 

cultivars to different degrees.  Recently we published results of a non-targeted liquid 

chromatography-mass spectrometry (LC-MS) method which detected significant differences 

in amino acid levels in green tea samples from China and Sri Lanka (Fraser et al., 2012b), 

implying that markers of provenance could potentially be identified using non-targeted LC-

MS. 
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Non-targeted analyses allow detection of a wide array of components and can give a broader 

insight into the chemical composition of biological samples such as tea, for example, how 

composition can change with processing or time (Drynan et al., 2010).  When these analyses 

are performed with LC-MS or GC-MS instrumentation they can generate mass spectral peak 

lists which when aligned and combined with multivariate statistics can identify spectral 

features that differ between sample types.  Recent literature have reported the use of non-

targeted LC-MS analyses to predict tea quality (Pongsuwan et al., 2008b), or to classify tea 

samples (Xie et al., 2009; Zhao et al., 2011).  These reports demonstrate the potential of this 

approach for collecting information pertinent to sample composition.  It is apparent that non-

targeted LC-MS could be utilised to search for unknown markers related to the region of 

origin for the sample.  Thus the objective of this work was to apply a combination of reversed 

phase UHPLC and high resolution mass spectrometry in a non-targeted manner to resolve 

and detect tea metabolites, then investigate the application of these measurements using 

univariate and multivariate statistics to distinguish candidate marker metabolites that may aid 

with determining the provenance of tea samples.  We present here results of the non-targeted 

methodology applied firstly to a combined dataset of green, oolong and black tea, to 

demonstrate the resolving power of the method (proof of concept), and then investigate 

within tea type for compounds/features which may be useful in discriminating the origin of 

the sample. 
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4.3. Experimental methods 

4.3.1. Standards and reagents 

Formic acid, d2-tyrosine, catechin, epicatechin, gallocatechin, epigallocatechin, 

epigallocatechin gallate, gallocatechin gallate, epicatechin gallate and 2,7-dichlorofluorescein 

were purchased from Sigma-Aldrich Chemicals Co. (St Louis, MO).  Ultrapure water was 

obtained from a Milli-Q® system (Millipore, Bedford, MA).  Acetonitrile of Optima LC-MS 

grade was purchased from Thermo Fisher Scientific (Auckland, New Zealand). 

 

4.3.2. Tea samples 

A total of 88 tea samples of three different tea types (green, oolong and black) were obtained 

from a variety of sources.  All 57 black tea samples, one of the 11 oolong tea samples and 12 

of the 20 green tea samples were sub-samples of trade trial packs supplied to the Bell Tea & 

Coffee Company Limited (Auckland, New Zealand) from tea exporters.  The remaining 8 

green tea samples were purchased at local stores in China and the other 10 oolong samples 

were purchased through the internet.  The information on these samples has been previously 

reported (Fraser et al., 2012b) and is provided in the supplementary information (Table 4.1s) 

presenting summary information on the number of replicate tea samples from each sampling 

region for the three tea types.  All samples were finely ground by mortar and pestle to fine 

particles of approximately tea bag grade, sealed in air tight containers and stored in the dark 

at room temperature. 
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4.3.3. Sample preparation 

Tea infusions were prepared by adding 5 ml of boiling water to 50 mg (+/- 0.5 mg) of ground 

tea in a 15 ml tube.  The tubes were capped, shaken and placed in a water bath at 90 °C for 5 

minutes.  The samples were then removed from the water bath, allowed to cool and spiked 

with 50 µl of internal standard solution containing 230 µg/ml dichlorofluorescein and 230 

µg/ml d2-tyrosine (in 50:50 acetonitrile-water (v/v)).  A 0.5 ml aliquot was filtered through a 

0.22 µm stainless steel filter into a vial for dilution with 0.5 ml acetonitrile for analysis. 

 

4.3.4. Analytical procedure and MS conditions 

The Thermo LC-MS system (Thermo Fisher Scientific, Waltham, MA, USA) consisted of an 

Accela 1250 quaternary UHPLC pump, a PAL auto-sampler fitted with a 15,000 psi injection 

valve (CTC Analytics AG., Zwingen, Switzerland) and 20 µl injection loop, and an Exactive 

Orbitrap mass spectrometer with electrospray ionisation.  Samples were cooled in the auto-

sampler at 4 ºC and a 2 µl aliquot was resolved on an Agilent RRHD SB-C18 column (150 

mm × 2.1 mm, 1.8 µm) at 25 ºC with a gradient elution program and a flow rate of 400 

µl/min.  The mobile phase was a mixture of water-formic acid (99.9:0.1, v/v) (solvent A) and 

acetonitrile-formic acid (99.9:0.1, v/v) (solvent B).  The gradient elution programme was as 

follows: held at 5% B (0-0.5 min), 5-99% B (0.5-13 min), held at 99% B (13-15 min), 

returned to 5% B (15-16 min) and allowed to equilibrate for a further 4 min prior to the next 

injection.  The first 1.5 min and the last 6 min of the chromatogram were diverted to waste.  

Mass spectral data were collected in profile mode over a mass range of m/z 60-1200, at a 

mass resolution setting of 25,000 with a maximum trap fill time of 100 ms using the Xcalibur 

software package provided by the manufacturer.  Samples were run in both positive and 

negative ionisation modes separately.  Positive ion mode parameters were as follows: spray 
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voltage, 3.5 kV; capillary temperature, 325 ºC; capillary voltage, 50 V, tube lens 120 V.  

Negative ion mode parameters were as follows: spray voltage, -3.5 kV; capillary temperature, 

325 ºC; capillary voltage, -90 V, tube lens -80 V.  The nitrogen source gas desolvation 

settings were the same for both modes (arbitrary units): sheath gas, 40; auxiliary gas, 10; 

sweep gas, 5. 

 

4.3.5. Data extraction and multivariate statistical analysis 

Components eluting between 3 and 14 minutes within the mass chromatograms were 

extracted and aligned from the LC-MS data by in-house proprietary software and the 

resulting peak area matrix data was normalised and analysed using several statistical 

packages.  The data were explored using the online data analysis package MetaboAnalyst 2.0 

(Xia, Mandal, Sinelnikov, Broadhurst, & Wishart, 2012).  Normalisation procedures 

investigated were log (log2); auto-scaling (mean-centred and divided by the standard 

deviation of each variable); pareto scaling (mean-centred and divided by the square root of 

the standard deviation of each variable); and range scaling (mean-centred and divided by the 

value range of each variable), with the final data analysis performed on the log2 transformed 

data.  Principal component analysis (PCA) was performed using the statistical package R 

(version 2.13.0).  The partial least squares – discriminate analysis (PLS-DA) results were 

generated online using MetaboAnalyst 2.0 with the PLS1 model.  Peak areas of significant 

components were re-extracted with Xcalibur for validation and statistically analysed by 

ANOVA using Minitab (version 15.1.0.0). 
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4.4. Results and discussion 

4.4.1. Non-targeted analysis of LC-MS data by tea type using 

multivariate statistics 

Mass/retention time pairs detected were used to generate a data matrix of target ‘features’ and 

peak areas for each ionisation mode.  There were a total of 690 features detected within the 

positive ESI chromatograms and 359 features in the negative ESI chromatograms.  

Preliminary analysis showed that the raw peak areas within a single sample spanned over 

several orders of magnitude.  Thus, to ensure features were more comparable within sample 

(i.e. decrease the significance of major peaks such as caffeine), the effects of normalisation 

were investigated on the complete dataset.  Raw data were normalised using either log, auto-

scaling, pareto, or range data transformations and the multivariate analyses (PCA) of the data 

after transformation were monitored.  Zero values (not detected) were replaced with a value 

of half the lowest measured value in the data.  The results showed that all the normalisation 

procedures tested generally improved the clustering observed in the PCA (data not shown) 

compared to the PCAs of the raw peak areas.  As there were minimal differences observed in 

the multivariate analyses between the four transformations, we elected to use the more 

convenient log transformation for all the following multivariate analysis. 

Figure 4.1 shows the PCA score plots for principal components 1 and 2 for the positive (Fig. 

4.1a) and negative (Fig. 4.1b) ESI data, demonstrating clear resolution of green and black tea 

samples in both ionisation modes.  Even though there were nearly twice as many variables in 

the positive ESI dataset, the resolution of the sample types for the two ionisation modes by 

PCA were similar.  Generally the oolong samples did not appear well resolved from the green 

tea samples, apart from two samples which clustered near the black tea samples (Fig. 4.1 a 

and b).  These two oolong tea samples were described by their packaging/sample information 
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as having the highest level of fermentation within the oolong group, between 50% and 80% 

fermented, which would explain why they cluster closer to the fully fermented black tea than 

the unfermented green tea.  However, oolong tea remains difficult to completely resolve from 

the other tea types as the fermentation levels for this class of product are not consistent (can 

range from 10% to 80% fermented (Chen et al., 2011b)) and as such the composition can 

vary considerably.  The four black tea samples that cluster slightly outside the main black tea 

group and closer to the green/oolong samples are the four samples from the Darjeeling 

region.  Samples from this region have been reported to have significantly elevated levels of 

the major tea phenolics (the flavonols) compared to other black tea samples with levels more 

similar to those observed in green tea samples (Fernández et al., 2002; Khokhar & 

Magnusdottir, 2002), which was also seen with the methodology used in this study.  The 

other key grouping observed was the group of green teas that tended to cluster on their own 

(Fig. 4.1 a & b, circled).  These samples were all from Sri Lanka which suggests that there 

may be distinctive metabolic characteristics related to this geographical origin and/or 

cultivars grown. 
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Figure 4.1: Principal component analysis score plots derived from LC-MS data using a) 

positive electrospray and b) negative electrospray ionisation of 20 green, 11 oolong and 57 

black tea samples.  Circled samples highlight green tea samples from Sri Lanka. 
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As the differentiation of the tea types (green, oolong and black) was in the PC1 axis, the PC1 

loadings from both PCA analyses were examined to clarify which components were 

contributing to the resolution of the groups.  Those components with large positive or 

negative loading values contribute the most to the differentiation of the groups.  

Identifications were made by comparing the combination of measured accurate molecular ion 

mass, source induced fragmentations (when observed) and relative chromatographic retention 

times, with the published literature.  We found that key components responsible for 

resolution of the green and black tea extracts in both ionisation modes were in good 

agreement with those reported previously (Del Rio et al., 2004; Kim et al., 2011b; Lin et al., 

1998; Lin et al., 2008), providing assurance that the non-targeted methodology applied was 

performing effectively.  The most significant contributors to the differentiation were the 

phenolics epigallocatechin gallate (EGCG), gallocatechin gallate (GCG), epigallocatechin 

(EGC) and gallocatechin (GC) which decreased with increasing levels of fermentation (Kim 

et al., 2011b), while gallic acid (Lin et al., 1998), theaflavin and theaflavin-3-gallate 

increased with increasing levels of fermentation (Del Rio et al., 2004).  Other ions with 

noteworthy PC1 loadings were the flavonoid glycosides myricetin rutinoside, myricetin 

glycosyl-rutinoside, and quercetin glycosyl-rutinoside.  Reduced concentrations of these 

flavonoid glycosides in black tea relative to green tea have previously been reported (Del Rio 

et al., 2004; Kim et al., 2011b).  There were no further significant markers of fermentation 

detected using this untargeted method than those previously reported, implying that previous 

studies have monitored the major factors differentiating fermentation levels of tea.  However, 

closer examination of the data shows that against the broader trend of fermentation status, 

there are large regional differences which are most likely confounded by many factors such 

as cultivar, climate, harvest season, soil composition, ultra-violet light exposure, etc.  
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Subsequent statistical analysis was used to investigate these ‘within tea type’ regional 

differences and the results are reported below. 

 

4.4.2. Non-targeted analysis of green tea by multivariate statistics 

To further investigate the grouping of the Sri Lankan green tea samples observed in Figure 

4.1, we separated the samples into tea types and repeated the multivariate analyses within tea 

type.  The two samples from Japan were removed from the green tea dataset due to lack of 

replication.  As the origins of the samples were known and the differentiation of the regions 

had been observed previously using an unsupervised multivariate technique (PCA), a 

supervised multivariate statistical tool (PLS-DA) was chosen to elucidate important 

mass/retention time features and therefore potential provenance biomarkers within the data.  

Figure 4.2 shows the PLS-DA score plots for components 1 and 2 for positive (Fig. 4.2a) and 

negative (Fig. 4.2b) ESI data, demonstrating clear resolution of the tea extracts for the two 

countries, China and Sri Lanka, in both ionisation modes. 

 



122 
 

 

Figure 4.2: PLS-DA score plots derived from LC-MS data using a) positive electrospray and 

b) negative electrospray ionisation of green tea samples from China and Sri Lanka. 
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4.4.3. Key components in green tea differentiation by PLS-DA 

Samples from the two countries were examined further using simple univariate statistical 

tests such as t-test and fold-change analysis, as well as more complex multivariate analyses.  

Peak areas of key components indicated by the statistical tests were checked by reprocessing 

the raw data files using Xcalibur, utilising the reported accurate mass and a 5 ppm window to 

verify the quality of the data.  Table 4.1 lists 25 of these key ions (from both ionisation 

modes) in order of decreasing significance measured by the F-values from the ANOVA, 

along with accurate mass information, tentative identifications or suggested molecular 

formula, retention time,  and the relative levels of these differentiating ions for the two 

countries.  Correlated source induced dissociation (SID) fragment ions observed for these 

tentatively identified components are provided in the supplementary information (Table 4.2s).  

Levels of these 25 components were all significantly different (P < 0.001) between the two 

countries, as measured by ANOVA.  Tentative identifications were assigned to 15 

components by matching exact mass (and fragments where possible) and relative retention 

times with components previously reported in green tea (Del Rio et al., 2004; Dou et al., 

2007; Lin et al., 2008; van der Hooft et al., 2012; Zhao et al., 2011).  The maximum mass 

error of the detected ion from the predicted ions observed during the identification process 

was 3.5 ppm, with the majority of mass errors < 2 ppm. 



 
 

Peak # tR (min) [M-H]- (m/z) [M+H]+ (m/z) Identification F-Value (NI) F-Value (PI) Level 
1 4.05 349.06 - Unknown 194.4 - SL>C 
2 5.09 - 799.231 Unknown 133.0 133.0 SL>C 
3 3.46 353.088 355.104 5-Caffoyl quinic acida,b,c,d 93.6 82.1 SL>C 
4 5.22 - 477.270 Unknown - 82.6 SL>C 
5 3.97 353.088 355.104 4-Caffoyl quinic acidc,d 41.2 81.6 SL>C 
6 5.01 593.152 595.168 Kaempferol 3-O-rutinosidea,b,c,d,e 64.1 79.1 SL>C 
7 5.6 - 1049.320 Kaempferol 3-O-acylglycosidec - 75.7 SL>C 
8 3.72 363.072 - Unknown (C17H15O9, 0.6 ppm) 75.5 - SL>C 
9 3.28 305.067 307.082 Gallocatechina,b,c,d,e 53.9 71.8 SL>C 
10 4.97 463.089 465.104 Quercetin-3-O-glucosidea,c,d,e 70.2 54.3 SL>C 
11 4.8 755.207 757.221 Kaempferol 3-O-galactosyl-rhamnosyl-glucosideb,c,d,e 50.8 67.6 C>SL 
12 4.09 289.072 291.087 Catechina,b,c,d,e 67.5 61.7 SL>C 
13 3.73 - 633.127 Unknown - 67.2 SL>C 
14 5.75 - 887.264 Kaempferol 3-O-p-coumaryldirhamnosylhexosided - 37.7 SL>C 
15 5.57 455.099 457.114 Epicatechin-3-O-(3-O-methyl) gallateb 23.9 34.8 SL>C 
16 5.26 203.082 - Unknown 34.3 - SL>C 
17 4.6 479.083 481.098 Myricetin 3-O-galactosideb,c,d,e 33.3 30.1 SL>C 
18 4.95 471.092 473.109 Epigallocatechin-3-O-(3-O-methyl) gallateb,d 31.7 30 SL>C 
19 4.43 289.072 291.087 Epicatechina,b,c,d,e 17.8 31.2 SL>C 
20 5.65 - 903.259 Kaempferol 3-O-p-coumarylglucosylrhamnosylgalactosideb,d - 29.1 SL>C 
21 3.79 305.067 307.082 Epigallocatechina,b,c,d,e 21.1 17.1 SL>C 
22 5.59 279.088 - Unknown (C14H15O6, -1.5 ppm) 17.2 - C>SL 
23 6.47 395.138 - Unknown 16.9 - SL>C 
24 7.02 483.13 - Unknown (Leucopeonidin glycoside? C25H23O10, 0.5 ppm) 16.9 - C>SL 
25 5.72 133.05 - Unknown 16.1 - C>SL 

Table 4.1: Key components differentiating Chinese and Sri Lankan Green tea samples. SL = Sri Lanka, C = China, NI = negative ionisation, PI 

= positive ionisation.  References: a = (Del Rio et al., 2004); b = (Dou et al., 2007); c = (Lin et al., 2008); d = (Zhao et al., 2011); e = (van der 

Hooft et al., 2012). 
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Peaks 1, 2, 4, 8, 13, 16, 22, 23, 24 and 25 are currently unknown but are significant markers 

of differentiation between Chinese and Sri Lankan green tea samples, with peaks 1, 2, 4, 8, 

13, 16 and 23 being higher in Sri Lankan tea samples, while peaks 22, 24 and 25 were higher 

in Chinese tea samples.  The likely molecular formula and ppm error for these unknown ions 

are reported in Table 4.1 where prudent.  The two most important differentiator ions (as 

ranked by maximum calculated F-value from both ionisation modes) were unknown 

compounds, exemplifying that un-biased methodology can detect important/significant 

components that may have been overlooked with a targeted analytical approach. 

Peaks 9, 12, 19 and 21 are the non-gallated tea phenolic monomers, GC, catechin (C), 

epicatechin (EC) and EGC, as confirmed by co-elution and accurate mass match with 

purchased standards.  The resolution of green tea samples from China and Japan by 

measuring the phenolic monomers, gallic acid and the methylxanthines, with PCA and linear 

discriminate analysis has been previously reported (Fernández et al., 2002).  More recently, it 

has been shown that the region of production of oolong tea in China can be resolved using 

multivariate statistics by measuring levels of major non-gallated and gallated phenolic 

monomers and caffeine (Wang et al., 2012).  In our studies, the Sri Lankan samples contained 

significantly higher levels of these non-gallated phenolic monomers and caffeine (P = 0.007) 

(data not shown) compared to the Chinese tea samples.  We observed no significant 

difference between countries in levels of the gallated phenolics GCG, EGCG and ECG in the 

green tea samples monitored (data not shown).  This suggests that growing region or cultivar 

may have a larger effect on the levels of non-gallated phenolic monomers than the gallated 

phenolics. 

Peaks 3 and 5 had parent ions in negative mode of m/z 353.088 and SID fragment ions of m/z 

191.056 and 179.035, plus peak 5 had an additional fragment ion of m/z 173.045, 

corresponding to deprotonated ions of quinic acid, caffeic acid and a dehydrated quinic acid, 
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respectively.  These peaks were tentatively identified as 5- and 4-caffeoylquinic acid.  The 

observed caffeoylquinic acid fragments are consistent with those previously reported 

(Clifford, Johnston, Knight, & Kuhnert, 2003) and relative retention times are consistent with 

those previously observed in tea.  Levels of these two caffeoylquinic acids were considerably 

higher in the Sri Lankan tea samples compared to the Chinese tea samples. 

Peaks 6, 7, 10, 11, 14, 17 and 20 were identified as a range of glycosylated flavonoids, based 

on accurate mass, relative retention time and the presence/accuracy of aglycone fragments 

(with the exception of peaks 14 and 20 where these aglycone fragments were too low in 

abundance).  These flavonoids have all been previously reported in green tea.  Myricetin 

glycoside, quercetin glycoside and 4 of the 5 kaempferol glycosides were all more abundant 

in the Sri Lankan samples.  The exception was peak 11, kaempferol 3-O-galactosyl-

rhamnosyl-glucoside, which was higher in the Chinese samples.  Levels of flavonoid 

glycosides have been reported to vary with source in black tea (Price, Rhodes, & Barnes, 

1998; Winterstein & Finger, 1998) and also with fermentation level (Kim et al., 2011b). 

Peak 18 had a parent ion in negative mode of m/z 471.092 and SID fragment ions of m/z 

305.067 and 183.030, consistent with the cleavage of epigallocatechin and methylgalloyl 

moieties.  Epigallocatechin-3-O-(3-O-methyl) gallate and epigallocatechin-3-O-(4-O-methyl) 

gallate have been previously observed in tea, (Dou et al., 2007) and based on relative 

retention times and accurate mass, we tentatively assigned peak 18 as epigallocatechin-3-O-

(3-O-methyl) gallate.  Peak 15 had a parent ion in negative mode of m/z 455.099 and SID 

fragment ions of m/z 289.072 and 183.030, consistent with the cleavage of epicatechin and 

methylgalloyl moieties.  Epicatechin-3-O-(3-O-methyl) gallate and epicatechin-3-O-(4-O-

methyl) gallate have been previously observed in tea (Dou et al., 2007), and based on relative 

retention times and accurate mass we tentatively assigned peak 15 as epicatechin-3-O-(3-O-

methyl) gallate.  Levels of epigallocatechin-3-O-(3-O-methyl) gallate and epicatechin-3-O-
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(3-O-methyl) gallate were five and nine times greater respectively in the Sri Lankan tea 

extracts compared to the Chinese samples. 

Although the identifications of many of the significantly differing components remain 

unknown, their measurement by this non-targeted MS based methodology allows for many 

more markers of region to be observed and utilised in prediction models. 

 

4.4.4. Non-targeted analysis of black tea by multivariate statistics 

The multivariate statistics approach used for the differentiation of countries in green tea 

above was also applied to the black tea sample set to again detect the important 

mass/retention time features which could be potential marker metabolites of provenance.  

Figure 4.3 shows the 3-D PLS-DA score plots for components 1, 2 and 3 for positive (Fig. 

4.3a) and negative (Fig. 4.3b) ESI data, demonstrating clear resolution of the tea extracts for 

some countries/regions.  In particular, from both ionisation modes, the samples from China, 

Vietnam, Kenya and Darjeeling clearly resolved away from the rest of the samples and the 

replicates of these clustered closely together.  The other regions tended to cluster in the 

middle of the PLS-DA plots, although the replicate samples from each country also generally 

clustered closely together.  Our PLS-DA results from the non-targeted analysis are similar to 

those observed by Fernández (Fernández et al., 2002) who monitored black tea samples from 

five different regions of manufacturing by measuring the phenolic monomers, gallic acid and 

the methylxanthines and utilising linear discriminate analysis to predict region.  To examine 

the effectiveness of monitoring only the phenolics on our sample set we extracted peak areas 

for the phenolic monomers and performed a PLS-DA (data not shown). 
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Figure 4.3: PLS-DA score plots derived from LC-MS data using a) positive electrospray and 

b) negative electrospray ionisation of black teas.  
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Only the Darjeeling and Chinese tea samples clearly resolved from the other regions when 

using the phenolics data alone, implying that there are other components responsible for 

differentiation of some groups in the non-targeted data. 

 

4.4.5. Key components in black tea differentiation by PLS-DA 

The key components responsible for differentiating the Darjeeling, Chinese, Kenyan and 

Vietnamese samples from the main group of the other 6 regions monitored were detected 

using t-tests, by comparing each country to the combined data from Assam, Java, Sumatra, 

Argentina, Papua New Guinea and Sri Lanka.  Table 4.2 provides rankings of these key 

differentiator ions (from both ionisation modes) based on the maximum F-value observed in 

either ionisation mode from the ANOVA, along with accurate mass information, tentative 

identifications or suggested molecular formulae, retention time,  F-values from the ANOVA 

and the relative levels of these differentiating ions for the countries versus the combined 

sample group.  Correlated SID fragment ions observed for these tentatively identified 

components are provided in supplementary information (Table 4.3s).  Levels of these 

components were all significantly different (P < 0.001) between the two groups, as measured 

by ANOVA. 

As observed with green tea (above), many of the highest ranked differential components 

(Table 4.2) were unknown compounds, reemphasising the value of the non-targeted 

analytical approach combined with multivariate statistics.  The single highest, two highest 

and five highest ranked differential components in the Chinese, Vietnamese and Kenyan 

black tea samples respectively, were all unknowns. 



 
 

Rank tR (min) [M-H]- (m/z) /[M+H]+ (m/z) Identification F-Value (NI) F-Value (PI) Level 
 

1 5.57 455.099 457.115 Epicatechin-3-O-(3-O-methyl) gallateb 383.9 161.8 D>G 

2 3.75 305.067 307.082 Epigallocatechina 99.9 189.7 D>G 

3 4.51 457.079 459.093 Epigallocatechin gallatea 47.4 71.4 D>G 

4 5.15 441.083 443.099 Epicatechin gallatea 52.5 36.8 D>G 

5 4.41 289.072 291.087 Epicatechina 12.1 29.4 D>G 

6 5.17 601.121 - Unknown - Trihydroxy flavone glycoside gallate? (C28H25O15, 2.6 ppm) 25.4 - G>D 

7 4.74 333.062 - Unknown (C16H13O8, 2.6 ppm) 24.0 - G>D 

8 4.6 479.083 481.010 Myricetin 3-O-galactosidec 18.8 21.3 D>G 

China vs Group 
     1 4.46 - 531.175 Unknown (C16H35O19, -4.5 ppm) - 63.5 G>C 

2 4.6 479.083 481.099 Myricetin 3-O-galactosidec 24.3 36.7 G>C 

3 4.09 197.045 - Unknown - Ethyl gallate? (C9H9O5, -0.5 ppm) 36.0 - G>C 

4 4.84 - 433.114 Vitexin (apigenin-8-C-glucoside)b - 26.9 G>C 

5 3.75 305.067 307.082 Epigallocatechina 16.4 23.6 G>C 

6 4.65 337.094 339.109 4-p-coumaroylquinic acida 15.4 8.9 G>C 

7 4.68 - 579.173 Vitexin-2-O-rhamnosideb - 15.1 G>C 

8 3.46 353.088 355.104 5-Caffeoylquinic acida 12.6 14.6 G>C 

9 3.32 305.067 307.082 Gallocatechina 7.6 12.0 G>C 

Vietnam vs Group 
     1 4.07 - 561.197 Unknown (C28H33O12, -0.2 ppm) - 40.8 G>V 

2 5.14 - 543.187 Unknown (C28H31O11, 0.4 ppm) - 28.6 G>V 

3 3.46 353.088 355.104 5-Caffeoylquinic acida 21 25.4 G>V 

4 5.64 425.088 427.104 Unknown (C22H17O9, 1.5 ppm, (epi)afzelechin gallate?) 20.1 14.6 G>V 

5 3.97 353.088 355.104 4-Caffeoylquinic acida 10.9 16.0 G>V 
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6 5.15 441.083 443.099 Epicatechin gallatea 15.9 13.4 G>V 

7 5.21 - 423.092 Unknown (C19H19O11, 0.5 ppm) - 12.4 G>V 

8 3.32 305.067 307.082 Gallocatechina 6.7 11.6 G>V 

9 3.75 305.067 307.082 Epigallocatechina 10.9 10.9 G>V 

Kenya vs Group 
     1 3.67 - 365.122 Unknown (C18H21O8, -2.5 ppm) - 46.4 K>G 

2 4.09 197.045 - Unknown - Ethyl gallate? (C9H9O5, -0.5 ppm) 38.7 - G>K 

3 4.11 - 595.168 Unknown (C27H31O15, 3.5 ppm) - 33.1 G>K 

4 7.33 - 331.082 Unknown (C17H15O7, 4.5 ppm) - 31.7 G>K 

5 3.95 - 349.090 Unknown (C17H17O8, 3.5 ppm) - 29.9 G>K 

6 4.84 - 433.114 Vitexin (apigenin-8-C-glucoside)b - 29.0 G>K 

7 3.6 - 713.116 Unknown (C29H29O21, -3.9 ppm) - 20.6 G>K 
 

Table 4.2: Key components differentiating black tea samples from four different regions.  Rankings are based on highest observed F-value from 

ANOVA. NI = negative ionisation, PI = positive ionisation.  References: a = (Del Rio et al., 2004); b = (Dou et al., 2007); c = (van der Hooft et 

al., 2012).
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Key components contributing to the resolution of the Darjeeling samples from the majority of 

the samples were elevated levels of the major phenolic monomers, EC, EGC, EGCG and 

ECG.  Elevated levels of these phenolics in Darjeeling black tea have been previously 

observed (Fernández et al., 2002).  Myricetin 3-O-galactoside and the methyl gallated 

phenolic, epicatechin-3-O-(3-O-methyl) gallate, were also significantly higher in the 

Darjeeling samples.  There were two unknown components significantly lower in the 

Darjeeling samples and speculative formulae have been assigned suggesting they are likely to 

be phenolic type compounds.  

The Chinese samples contained significantly lower levels of some phenolic monomers, 

particularly GC and EGC, consistent with the observations in the green tea dataset when 

comparing Chinese to Sri Lankan samples (Table 4.1).  Another highly significant component 

lower in the Chinese black tea was 5-caffeoylquinic acid and again this matched the 

observation within the green tea dataset.  A similar phenolic acid, 4-p-coumaroylquinic acid 

was detected as significantly lower in the Chinese samples.  These caffeoyl and coumaroyl 

quinic acids have been previously observed in tea (Del Rio et al., 2004; van der Hooft et al., 

2012), however, no regional association for these compounds had been reported.  Levels of 

myricetin 3-O-galactoside were also lower in the Chinese samples compared to the other 

samples in this group and this trend was opposite to that observed in the Darjeeling samples.  

Two apigenin C-glycosides (vitexin and vitexin-2-O-rhamnoside), a likely ethyl ester of 

gallic acid (ethyl gallate) and another phenolic-like unknown ([M+H]+ = 531.175 m/z) were 

also significantly lower in the Chinese samples. 

The samples from Vietnam showed similar trends to those from China, with GC, EGC and 5-

caffeoylquinic acid all lower in relative abundance in the Vietnamese samples compared to 

the main group.  Also lower were ECG, 4-caffeoylquinic acid and four unknowns which may 

be phenolics (from estimates of the molecular formulae derived from accurate mass). 
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Of the significantly different metabolites in the Kenyan tea samples, all were lower in relative 

abundance in the Kenyan teas compared to the main group and all but one (vitexin) were 

unknown. 

While some resolution of region using the phenolic monomers has been previously reported 

(Fernández et al., 2002), this study demonstrates that there are many more components 

varying across tea growing regions.  It should be noted that the metabolic diversity seen in tea 

samples from different growing regions is probably not only due to geographical, climatic 

and other environmental factors, but might also reflect genetic diversity of the tea populations 

grown in the different regions (Paul et al., 1997; Wachira, Waugh, Hackett, & Powell, 1995). 

The rich metabolic datasets produced by the high-throughput method developed in this study 

will be very useful to dissect the contribution of these different factors to the metabolic 

diversity and aid in the selection of superior tea varieties. 

 

4.5. Conclusion 

The results of this study show that the combination of non-targeted UHPLC-MS combined 

with multivariate statistics can be a useful tool for profiling tea samples and determining 

potential markers of tea type and provenance.  We have provided independent confirmation 

from an unbiased non-targeted analytical method that the phenolics are the main secondary 

metabolites required for differentiating fermentation classes from an international sample set.  

Oolong tea remains difficult to classify as the levels of fermentation are less prescribed than 

the fermentation levels of green or black tea.  Using the non-targeted UHPLC-MS approach 

combined with multivariate statistics, we have been able to resolve and classify regional 

differences in levels of many components in tea and detect metabolites distinctive of 

particular tea growing regions.  While many of these metabolites were previously known to 



134 
 

be different between samples from different regions, we have demonstrated in both the green 

and black tea sample sets, several unknown components which were the most significant for 

distinguishing the provenance of those samples.  Thus non-targeted methodology provides 

additional power over targeted analytical approaches for distinguishing differences in 

metabolite profiles of samples from different tea populations.  As this approach covers a wide 

array of metabolites, it can potentially contribute to the understanding/monitoring of 

geographic regions, climate, soil type, cultivars etc., in worldwide tea populations by 

monitoring for unexpected changes in metabolite profiles.  Future studies in this area would 

benefit from more detailed information about the samples, such as precise geographic 

location, climate, exact cultivar and post-harvest processing techniques, which could aid in 

elucidating variations in the metabolite profile. 
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4.7. Supplementary information 

Tea type Sampling Region Number (reps) 
Black Argentina 5 
Black India (Assam region) 4 
Black India (Darjeeling region) 4 
Black Sri Lanka 12 
Black Kenya 7 
Black China 4 
Black Vietnam 4 
Black Papua New Guinea 3 
Black Java 7 
Black Sumatra 7 

  57 
     Green China 10 
Green Japan 2 
Green Sri Lanka 8 

  20 
     Oolong New Zealand 1 
Oolong Taiwan 8 
Oolong China 2 

  11 
     Total  88 

 

Table 4.1s: The geographical origin and number of samples for the three tea types. 



 
 

Peak # tR (min) [M-H]-/[M+H]+ (m/z) Correlated SID fragment ions (NI/PI) (m/z) Identification 
1 3.28 305.067/307.082 125.024, 137.024, 165.019/139.039 Gallocatechina,b,c,d,e 
2 3.46 353.088/355.104 179.035, 191.056/- 5-Caffoyl quinic acida,b,c,d 
3 3.72 363.072/- -/- Unknown (C17H15O9, 0.6 ppm) 
4 3.73 -/633.127 -/- Unknown 
5 3.79 305.067/307.082 125.024, 137.024, 165.019/139.039 Epigallocatechina,b,c,d,e 
 
7 4.05 349.060/- -/- Unknown 
8 4.09 289.072/291.087 125.024, 137.024/139.039 Catechina,b,c,d,e 
9 4.43 289.072/291.087 125.024, 137.024/139.039 Epicatechina,b,c,d,e 
10 4.6 479.083/481.098 316.022/319.046 Myricetin 3-O-galactosideb,c,d,e 
11 4.8 755.207/757.221 285.042/287.056, 449.109, 595.168 Kaempferol 3-O-galactosyl-rhamnosyl-glucosideb,c,d,e 
12 4.95 471.092/473.109 183.030, 305.067/289.072 Epigallocatechin-3-O-(3-O-methyl) gallateb,d 
13 4.97 463.089/465.104 300.028/303.051 Quercetin-3-O-glucosidea,c,d,e 
14 5.01 593.152/595.168 285.04/287.056, 449.109 Kaempferol 3-O-rutinosidea,b,c,d,e 
15 5.09 -/799.231 -/- Unknown 
16 5.22 -/477.270 -/- Unknown 
17 5.26 203.082/- -/- Unknown 
18 5.57 455.099/457.114 183.030, 289.072/- Epicatechin-3-O-(3-O-methyl) gallateb 
19 5.59 279.088/- 119.050, 163.039/- Unknown (C14H15O6, -1.5 ppm) 
20 5.6 -/1049.320 -/287.056 Kaempferol 3-O-acylglycosidec 
21 5.65 -/903.259 -/- Kaempferol 3-O-p-coumarylglucosylrhamnosylgalactosideb,d 
22 5.72 133.050/- -/- Unknown 
23 5.75 -/887.264 -/- Kaempferol 3-O-p-coumaryldirhamnosylhexosided 
24 6.47 395.138/- -/- Unknown 
25 7.02 483.130/- 321.098/- Unknown (Leucopeonidin glycoside? C25H23O10, 0.5 ppm) 

Table 4.2s: Source induced dissociation (SID) fragment data for identifications made of significant components in green tea.  References: a = 

(Del Rio et al., 2004); b = (Dou et al., 2007); c = (Lin et al., 2008); d = (Zhao et al., 2011); e = (van der Hooft et al., 2012). 
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Rank tR (min) [M-H]- (m/z) /[M+H]+ (m/z) Identification F-Value (NI) F-Value (PI) Level 

Darjeeling vs Group 
     1 5.57 455.099 457.115 Epicatechin-3-O-(3-O-methyl) gallateb 383.9 161.8 D>G 

2 3.75 305.067 307.082 Epigallocatechina 99.9 189.7 D>G 

3 4.51 457.079 459.093 Epigallocatechin gallatea 47.4 71.4 D>G 

4 5.15 441.083 443.099 Epicatechin gallatea 52.5 36.8 D>G 

5 4.41 289.072 291.087 Epicatechina 12.1 29.4 D>G 

6 5.17 601.121 - Unknown - Trihydroxy flavone glycoside gallate? (C28H25O15, 2.6 ppm) 25.4 - G>D 

7 4.74 333.062 - Unknown (C16H13O8, 2.6 ppm) 24.0 - G>D 

8 4.6 479.083 481.010 Myricetin 3-O-galactosidec 18.8 21.3 D>G 

China vs Group 
     1 4.46 - 531.175 Unknown (C16H35O19, -4.5 ppm) - 63.5 G>C 

2 4.6 479.083 481.099 Myricetin 3-O-galactosidec 24.3 36.7 G>C 

3 4.09 197.045 - Unknown - Ethyl gallate? (C9H9O5, -0.5 ppm) 36.0 - G>C 

4 4.84 - 433.114 Vitexin (apigenin-8-C-glucoside)b - 26.9 G>C 

5 3.75 305.067 307.082 Epigallocatechina 16.4 23.6 G>C 

6 4.65 337.094 339.109 4-p-coumaroylquinic acida 15.4 8.9 G>C 

7 4.68 - 579.173 Vitexin-2-O-rhamnosideb - 15.1 G>C 

8 3.46 353.088 355.104 5-Caffeoylquinic acida 12.6 14.6 G>C 

9 3.32 305.067 307.082 Gallocatechina 7.6 12.0 G>C 

Vietnam vs Group 
     1 4.07 - 561.197 Unknown (C28H33O12, -0.2 ppm) - 40.8 G>V 

2 5.14 - 543.187 Unknown (C28H31O11, 0.4 ppm) - 28.6 G>V 

3 3.46 353.088 355.104 5-Caffeoylquinic acida 21 25.4 G>V 
4 5.64 425.088 427.104 Unknown (C22H17O9, 1.5 ppm, (epi)afzelechin gallate?) 20.1 14.6 G>V 

5 3.97 353.088 355.104 4-Caffeoylquinic acida 10.9 16.0 G>V 
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6 5.15 441.083 443.099 Epicatechin gallatea 15.9 13.4 G>V 

7 5.21 - 423.092 Unknown (C19H19O11, 0.5 ppm) - 12.4 G>V 

8 3.32 305.067 307.082 Gallocatechina 6.7 11.6 G>V 

9 3.75 305.067 307.082 Epigallocatechina 10.9 10.9 G>V 

Kenya vs Group 
     1 3.67 - 365.122 Unknown (C18H21O8, -2.5 ppm) - 46.4 K>G 

2 4.09 197.045 - Unknown - Ethyl gallate? (C9H9O5, -0.5 ppm) 38.7 - G>K 

3 4.11 - 595.168 Unknown (C27H31O15, 3.5 ppm) - 33.1 G>K 

4 7.33 - 331.082 Unknown (C17H15O7, 4.5 ppm) - 31.7 G>K 

5 3.95 - 349.090 Unknown (C17H17O8, 3.5 ppm) - 29.9 G>K 

6 4.84 - 433.114 Vitexin (apigenin-8-C-glucoside)b - 29.0 G>K 

7 3.6 - 713.116 Unknown (C29H29O21, -3.9 ppm) - 20.6 G>K 
 

Table 4.3s: Source induced dissociation (SID) fragment data for identifications made of significant components in black tea. 

138 



139 
 

Chapter 5 
 

As submitted and subsequently published in Food Chemistry, 2013. 141, 2060-2065. 

(dx.doi.org/10.1016/j.foodchem.2013.05.054) 

 

5. Monitoring tea fermentation/manufacturing 

by direct analysis in real time (DART) mass 

spectrometry 

 

Karl Frasera,b,*, Geoff A. Lanea, Don E. Ottera, Scott J. Harrisona,c, Siew-Young 

Quekb, Yacine Hemarb and Susanne Rasmussena 

 

 

a AgResearch Ltd, Private Bag 11008, Tennent Drive, Palmerston North 4410, New 

Zealand 

b School of Chemical Sciences, Auckland University, Auckland 1142, New Zealand  

c Present address: Novo Nordisk Foundation Center for Biosustainability, DTU, 

Fremtidsvej 3, Hørsholm, DK-2970 

 



140 
 

Corresponding Author: 

Karl Fraser 

Mailing Address: AgResearch Ltd, Private Bag 11008, Tennent Drive, Palmerston 

North 4410, New Zealand 

Phone: +64-6-3518222 

Fax: +64-6-3518032 

karl.fraser@agresearch.co.nz 

 

Subject area:  Analytical section 

Short title:  Monitoring tea fermentation by DART 

 



141 
 

5.1. Abstract 

Tea is an infusion made from the dried leaves of Camellia sinensis L. and is the 

second most consumed beverage in the world.  Factors such as fermentation methods, 

geographical origin and season can affect the biochemical composition of the tea 

leaves.  In this study, the biochemical composition of oolong tea during the 

manufacturing and fermentation process was studied using a non-targeted method 

utilising ambient ionisation with a direct analysis in real time (DART) ion source and 

mass spectrometry (MS).  Caffeine dominated the positive ionisation spectra 

throughout the manufacturing process, while the negative ion spectra collected during 

manufacturing were rich in ions likely to be surface lipids.  Correlation analyses on 

the spectra revealed two volatile compounds tentatively identified as indole and 

geranic acid, along with ammonium and caffeine clusters/adducts with geranic acid 

that increased in concentration during the fermentation stages of the process.  The 

tentative identifications were assigned using a combination of DART-ion-trap MSn 

and DART-accurate mass MS1 and MS2 on tea samples and standard compounds.  

This study highlights the potential of DART-MS to rapidly monitor the progress of 

complex manufacturing processes such as tea fermentation. 

 

Keywords: 

Direct analysis in real time; DART, mass spectrometry; profiling; fermentation; tea 

manufacturing; tea; caffeine; geranic acid 
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5.2. Introduction 

Tea is a highly popular beverage made from the hot water infusion of the leaves of 

Camellia sinensis L. and originates from China thousands of years ago (Cabrera et al., 

2006).  Commercial tea is generally classified into three major categories according to 

production method, as either unfermented (green tea), semi-fermented (oolong tea), or 

fully fermented (black tea).  The production of green tea is characterised by allowing 

the leaves to partially wilt, followed by a rapid heating process called ‘de-greening’ 

which involves heating the leaves to 300 °C for a few minutes to halt any post-harvest 

fermentation, whereas for oolong and black tea the level of fermentation is monitored 

and stopped at the required predetermined stage with the de-greening step.  This 

fermentation process is catalysed by enzymes present in the leaf and is extremely 

important for the production of both oolong and black tea (Cabrera et al., 2006).  For 

example, enzymes such as polyphenol oxidase convert flavanols into the polyphenolic 

theaflavins and thearubigens, which contribute to the dark colour of black tea 

(Kuhnert et al., 2010a).  There is an array of other reactions occurring throughout the 

fermentation period, such as protein breakdown and lipid oxidation, many of which 

contribute to the attributes of the final product, such as aroma, colour and taste (Chen 

et al., 2011b; Tomlins & Mashingaidze, 1997).  The timing of the de-greening step is 

critical as any variation in the amount of oxidation from batch to batch will affect the 

reproducibility and quality of the tea produced over the season.  This decision is 

usually made by an experienced tea maker, or ‘tea master’, by frequently observing, 

smelling and tasting infusions of the leaves during the fermentation process; therefore 

this person has a key role to play in the quality of the final product (Bhattacharyya et 

al., 2007). 
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The effects of fermentation on the formation and/or degradation of metabolites has 

been well studied using an array of analytical techniques, with a recent focus on 

utilising the combination of separation techniques such as gas or liquid 

chromatography coupled to mass spectrometry (MS) (Wang et al., 2008b).  However, 

few studies follow a single batch of plant material throughout the controlled 

fermentation process.  There are many reports of results on samples of variable 

fermentation level procured from tea suppliers which provide little or no information 

on the degree of processing, actual harvested area, genetic strain, or fermentation time 

(Kim et al., 2011b).  For single batches of black tea, the effects of fermentation time 

on perceived ‘quality’ components such as the volatile flavour compounds and 

phenolics has been thoroughly examined (Das & Tewari, 2004; Owuor, Obanda, 

Nyirenda, & Mandala, 2008; Ravichandran & Parthiban, 1998).  As fermentation time 

increases the amount of volatiles released increases until the de-greening step where 

there is a sharp decline (Owuor & Obanda, 1998; Ravichandran & Parthiban, 1998).  

There has been some research into monitoring black tea fermentation using an 

electronic nose to measure this volatile emission pattern over time.  This measurement 

was then correlated with the recommendations of the tea taster for the end point of 

fermentation (Bhattacharyya et al., 2007). 

 

The effect of fermentation on metabolite levels during the manufacturing process of 

semi-fermented oolong tea is not well documented.  A recent study followed the same 

batch of leaves through differing levels of fermentation to represent green, oolong and 

black tea (Kim et al., 2011b).  They reported decreases in the relative concentrations 

of flavanols, flavonoid glycosides and caffeine, particularly once fermentation levels 

achieved 40% or greater; and increases in thearubigens, theaflavins and most volatiles 
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from the 20% fermented level and above.  This suggests that there are considerable 

changes in metabolite levels/profiles occurring at the lower levels of fermentation 

typical of oolong tea production which implies a need for improved rapid 

methodologies to monitor this process. 

 

The direct analysis in real time (DART) ion source was developed and 

commercialised during the early-mid 2000’s as an atmospheric pressure ion source 

capable of being attached to many vendors’ mass spectrometers (MS) (Cody, 

Laramée, & Durst, 2005).  The DART source has since been applied to the analysis of 

solids, liquids and gases; however the most unique application is direct analysis off 

solid surfaces without the need for any sample pre-treatment.  Samples are placed 

directly in an ionising gas beam consisting of a reactive ionising species formed by 

metastable helium ions (originating in a glow discharge) reacting with ambient water, 

oxygen, or other atmospheric components.  This ionising gas beam is usually heated 

to aid ionisation and the ions are generated directly off the surface of the sample.  

Thus the DART-MS technique is a fast, easy-to-use method capable of rapidly 

collecting mass spectral data from a wide array of sample types.  DART-MS has been 

used in a diverse range of applications, such as the rapid analysis of pharmaceutical 

tablets (Cody et al., 2005), printing paper (Adams, 2011), fruit (Kim, Baek, & Jang, 

2011a), surface explosive residues (Rowell et al., 2012), volatiles emitted from plants 

(Maleknia et al., 2009) and many more as listed in two recent comprehensive 

literature reviews (Chernetsova, Morlock, & Revelsky, 2011; Hajslova, Cajka, & 

Vaclavik, 2011).  Examples of non-targeted analyses using DART-MS systems 

include metabolomic fingerprinting of beer for origin recognition (Cajka, Riddellova, 

Tomaniova, & Hajslova, 2011), profiling of olive oils to monitor for adulteration 



145 
 

(Vaclavik, Cajka, Hrbek, & Hajslova, 2009) and profiling fruit to determine the origin 

(Kim et al., 2011a).  These recent non-targeted reports show the potential of this non-

targeted approach for rapidly collecting information pertinent to sample composition. 

To date there have been only limited studies into the application of DART or similar 

direct ionisation processes such as Desorption Atmospheric Pressure Chemical 

Ionisation (DAPCI) with tea.  The DAPCI-MS technique was applied to a set of 40 

samples including green, oolong and jasmine teas.  Multivariate analysis was then 

used on the spectral fingerprints to successfully differentiate the samples (Chen et al., 

2007).  Recently DART-MS was applied to a set of tea samples from different regions 

of China and shown to give considerably differing spectra for these regions in both 

positive and negative ionisation modes (Zhang et al., 2011).  Given the convenient 

and rapid nature of data collection using the DART-MS approach, there are many 

real-time manufacturing/fermentation processes that the technique could potentially 

monitor.  The aim of this study was to investigate the potential of using DART-MS to 

monitor biochemical changes in leaf composition during the oolong tea manufacturing 

process.  Here we present results of mass spectral data generated using a DART ion 

source, obtained from tea samples taken throughout the 36 hour oolong tea 

manufacturing process (from freshly picked leaves to the final product).  The mass 

spectral data were interrogated for ions relating to the fermentation/manufacturing 

process, and notable ions altering in abundance during the fermentation have been 

further investigated. 
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5.3. Experimental methods 

 

5.3.1. Samples and standards 

The oolong tea manufacturing process for a single batch, from freshly harvested 

leaves to final product, was sampled on two separate harvest dates in southern 

hemisphere; summer (January – mid season harvest) and autumn (March – late season 

harvest).  On each of the sampling occasions, 18 samples of tea leaves (Camellia 

sinensis L.) from throughout the 36 hour oolong production process at the Zealong 

Tea Estate (Hamilton, New Zealand) were collected and placed immediately on dry 

ice.  Table 5.1 summarises the sampling time points and key manufacturing steps 

occurring at those time points.  After all 18 samples were collected they were 

transported on dry ice to the laboratory for analysis. 

Caffeine, geranic acid and indole standards were purchased from Sigma-Aldrich 

Chemical Co. (St Louis, MO) and glass fibre filter paper (Whatman) and methanol 

(Optima LC-MS grade) were purchased from Thermo (Auckland, New Zealand). 
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Sample # Time from 
harvest (hr) 

Manufacturing phase Sample Grouping 

1 0 Harvest Harvest + Wilting 
2 0.75 Wilting Harvest + Wilting 
3 1.63 Wilting Harvest + Wilting 
4 2.33 Fermentation Early Fermentation 
5 4.33 Fermentation Early Fermentation 
6 6.33 Fermentation Mid Fermentation 
7 8.33 Fermentation Mid Fermentation 
8 10.66 Fermentation Mid Fermentation 
9 11.5 Fermentation Late Fermentation 
10 13 Fermentation Late Fermentation 
11 14.16 Fermentation (end) Late Fermentation 
12 14.33 De-greening (after) Early Drying 
13 14.58 Rolling Early Drying 
14 15.03 Drying (first) Early Drying 
15 25 Drying Mid Drying 
16 28 Drying Mid Drying 
17 32 Drying Mid Drying 
18 36 Final product Final Product 

 

Table 5.1: Manufacturing process stages and sampling time points for oolong tea. 

 

5.3.2. DART and MS conditions 

The operating conditions of the DART (IonSense, Saugus, MA, USA) source were as 

follows: positive/negative mode; helium as the ionising gas; gas beam temperature of 

250 ºC; needle voltage of +1500/-1500 V; grid electrode potential of +350/-250 V.  

Samples were run in both positive and negative ionisation modes separately.  Nominal 

mass MS1, MS2 and MS3 spectra were generated with the DART source attached to a 

Thermo LTQ-XL ion trap MS (Thermo Fisher Scientific, Waltham, MA, USA).  Mass 

spectral data for positive mode were collected over the mass ranges of m/z 100-1000 

and m/z 200-1000 and negative mode over mass ranges of m/z 100-1000, using the 

Xcalibur software package provided by the manufacturer.  All MSn fragmentation 
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data were collected with a mass isolation width of m/z 2.0 and collision energy of 30 

arbitrary units. 

MS instrumental parameters for the LTQ were as follows: positive ion; capillary 

temperature, 200 ºC; capillary voltage, 10 V, tube lens 100 V; negative ion; capillary 

temperature, 200 ºC; capillary voltage, -10 V, tube lens -100 V. 

Spectra were collected for 1 minute and during this time small sections 

(approximately 1 cm x 1 cm) of a leaf held with forceps were placed in the ionising 

gas beam for a few seconds at a time.  This process was repeated at least three times 

within the 1 minute period for each sample to ensure quality reproducible MS1 spectra 

were collected.  The MS2 data for the most abundant ions observed were collected by 

manually selecting the parent ion and then replacing the leaf in the ionising gas beam 

for a few seconds each time.  For the ionisation and MS of the purchased standards, a 

50 µl aliquot of the standard solution (1 mg/ml in methanol) was applied to the end of 

a 1 cm wide section of glass fibre filter paper or the surface of a freshly harvested 

leaf, allowed to dry briefly and then exposed to the DART ionising gas stream. 

Accurate mass MS1 and MS2 spectra for assisting with tentative identifications were 

generated with the DART source attached to a Thermo Q-Exactive MS.  Mass 

spectral data were collected in profile mode over mass ranges of m/z 100-1000 at a 

mass resolution setting of 35,000, with a maximum trap fill time of 100 ms using the 

Xcalibur software package.  The S-lens was set to 90 units, the HCD collision gas was 

nitrogen and two different collision energies were used, 35 units for geranic acid, 

caffeine and any other significant ions observed and 85 units for indole. 
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5.3.3. Data extraction for statistical analysis 

For each of the three different analyses with the LTQ-XL ion-trap data (positive 

mode, m/z 100-1000 and m/z 200-1000; negative mode, m/z 100-1000), triplicate 

average mass spectra were binned to nominal mass bins and exported to Excel.  The 

resulting ion intensity matrices were normalised to be expressed as a percentage 

relative to the most intense ion in the spectrum and the matrices were then filtered to 

remove ions of < 3% relative abundance across the complete matrix.  Correlation 

analyses was performed using Minitab 16 and principal component analysis (PCA) 

was performed using the online statistical package MetaboAnalyst 2.0 (Xia et al., 

2012). 
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5.4. Results and discussion 

5.4.1. Optimisation of the DART and MS parameters 

The effect of gas beam temperature on the spectra, generated off the surface of a 

freshly harvested tea leaf, was monitored over the temperature range of 50 to 400 °C 

in 50 °C steps.  The temperature of 250 °C was selected as it produced stable intense 

spectra for both ionisation modes (data not shown).  Temperatures lower than 250 °C 

generally gave lower intensity signals, while temperatures greater than 250 °C gave 

similar or slightly lower intensity signals but were not selected to reduce the risk of 

monitoring high temperature artefacts from excessive heating. 

In positive ionisation mode, predominantly protonated molecules [M+H]+ were 

obtained when the leaf surface was exposed to the ionising gas beam and the mass 

spectra over the mass range of m/z 100-1000 were dominated by an intense ion of m/z 

195 (Fig. 5.1a), likely to be caffeine as reported by Chen et al. (Chen et al., 2007).  

Collision induced dissociation experiments (MS2) were performed using the ion trap 

on the m/z 195 ion detected from the leaf surface, resulting in two major fragment 

ions of m/z 138 and 110, following likely losses of CH3NCO and CH3NC2O2 from the 

caffeine ion respectively.  This fragmentation was consistent with the results 

generated using a caffeine standard and previously observed with other leaf surface 

ionisation reports (Chen et al., 2007; Zhang et al., 2011).  Accurate mass 

measurements using the Q-Exactive gave a mass of m/z 195.0874, -1.2 ppm within the 

expected mass for the [M+H]+ of caffeine.  Adjustment of the mass range of the ion-

trap to exclude caffeine, i.e. collect data above m/z 195 (m/z 200-1000), gave spectra 

that were considerably richer in the absolute number of detectable ions (Fig. 5.1b).  

This is due to the inherent functionality of using an ion-trap.  The ion-trap is 
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programmed to limit the total number of ions allowed to be stored in the trap at any 

one time, and by excluding masses below 200 m/z we exclude the most abundant ion 

generated (caffeine) and thus can increase the number of other ions stable in the trap. 

 

Figure 5.1: DART-LTQ MS1 spectra of the freshly harvested leaf in a) positive 

ionisation mode (m/z 100-1000), b) positive ionisation mode (m/z 200-1000), c) 

negative ionisation mode (m/z 100-1000). 
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Upon switching to negative ionisation mode, de-protonated molecules [M-H]- were 

observed, and the spectrum over the mass range of m/z 100-1000 contained many 

intense ions m/z 28 apart (C2H4), suggesting ionisation of lipids from the surface of 

the leaf (Fig. 5.1c).  The accurate mass of these putative lipids were checked using the 

Q-Exactive and gave excellent matches to putative lipid molecular formulae.  For 

example, the m/z 367 ion gave an accurate mass of m/z 367.3579 indicative of the 

neutral molecular formulae of C24H48O2 (-0.5 ppm) with a likely match to a C24:0 

fatty acid or wax monoester (LIPID MAPS, http://www.lipidmaps.org/).  Likewise the 

m/z 395 ion yielded an accurate mass of m/z 395.3895 indicative of the neutral 

molecular formulae of C26H52O2 (0.2 ppm) with a likely match to a C26:0 fatty acid or 

wax monoester (LIPID Maps). 

 

5.4.2. Effects of fermentation on detected ions 

Mass spectra generated using the three mass collection techniques described above 

(positive mode m/z 100-1000, positive mode m/z 200-1000, and negative mode m/z 

100-1000) were recorded for the samples collected during the manufacturing process.  

As mentioned above, the positive mode spectra collected over the mass range m/z 

100-1000 were dominated by the caffeine ion, however an ion of m/z 363 was 

observed to increase in abundance in both harvests during the fermentation phase and 

then decrease during the drying/rolling processes (Fig. 5.2a-d).  The m/z 363 ion also 

stood out as a major differentiating ion in the positive mode data collected over the 

narrower mass range (data not shown).  Any differences in the negative mode data 

due to fermentation/manufacturing procedures were not immediately obvious as the 
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mass spectra were rich with a large number of similar ions spanning several hundred 

m/z units (Fig. 5.2e-h). 

 

Figure 5.2: DART-LTQ MS1 spectra of a tea leaf in positive ionisation mode (m/z 

100-1000) (a-d) and negative ionisation mode (m/z 100-1000) (e-h).  Samples a and e 

are from the wilting phase (Sample #2), b and f are mid fermentation phase (Sample 

#7), c and g are late fermentation phase (Sample #11), and d and h are late drying 

phase (Sample #17). 

 

Investigation into relative intensity scaled mass spectral data collected for the positive 

mode spectra (m/z 100-1000) from both manufacturing dates using a Pearson 
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correlation matrix revealed that the ions m/z 118, 169 and 186 were highly correlated 

with the observed m/z 363 ion, following the removal of isotope ions from the data.  

All other low intensity ions observed in the spectra (Fig. 5.2) did not show a 

consistent trend across the sample set.  The correlation coefficients observed for the 

January harvest between the m/z 363 were: m/z 118 (0.871, P<0.001), m/z 169 (0.887, 

P<0.001), and m/z 186 (0.943, P<0.001).  Similarly, correlations for the March 

harvest between the m/z 363 and the same three ions were; m/z 118 (0.793, P<0.001), 

m/z 169 (0.877, P<0.001), and m/z 186 (0.889, P<0.001).  In both harvests, these ions 

began to increase in relative abundance after 4 hours of fermentation, peaked around 

the final fermentation period sampling points (13-14 hours after harvest), and then 

decreased from the de-greening step onwards (Fig. 5.3).  This suggests the relative 

abundance of these ions was affected by the heating and drying phases and thus they 

might be thermally labile and/or volatile components.  These ions are the subject of 

further investigation by high resolution MS below (see Section 5.4.3). 

Principal component analysis was applied to the exported and normalised spectral 

data for the January harvest.  While clustering of the replicate samples was observed, 

the PCA procedure did not provide any further noteworthy components relating to the 

manufacturing process (data not shown). 

 



155 
 

 

Figure 5.3: Relative intensity scaled mass spectral data collected in positive mode 

(m/z 100-1000) of m/z 118, 169, 186, and 363 vs hours after harvest from both the 

January and March harvests. The Y-axis represents relative intensities calculated to 

the base peak (caffeine). 
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5.4.3. Identifications of key components varying with 

fermentation  

Accurate mass MS1 and MS2 data collected on a Q-Exactive instrument, along with 

relevant MSn fragmentation data from the ion trap instrument were interrogated to 

determine likely molecular formulae and tentative identifications for the four ions 

detected above.  The m/z 363 ion gave an accurate mass of m/z 363.2017 (Fig. 5.4a) 

and a likely neutral molecular formulae of C18H26O4N4 (-2.3 ppm error).  The ion trap 

MS2 fragmentation of m/z 363 ion gave a m/z 195 fragment and MS3 fragmentation of 

the m/z 195 gave fragment ions of m/z 138 and 110 as previously observed in the MS2 

spectrum of caffeine.  This result was confirmed with the accurate mass MS2 

spectrum of the m/z 363.2 ± 1.0 ion, which resulted in an intense fragment ion of m/z 

195.0874 and a weaker fragment ion of m/z 138.0661, corresponding to the molecular 

formulae for the [M+H]+ ions of C8H11O2N4 (-1.2 ppm) and C6H8ON3 (-0.5 ppm) 

respectively.  This suggested that the m/z 363 ion could possibly consist of caffeine + 

C10H17O2 ([M+H]+ 169.1223).  Comprehensive LC-MS investigations on hot water 

and cold methanol extractions of both fresh and freeze-dried leaf samples using the 

methods previously published (Fraser et al., 2012b; Fraser et al., 2013c) were 

performed; however the m/z 363 ion was not observed in any of these analyses across 

the complete sample set.  It was postulated that the unknown ion may be a 

cluster/adduct of caffeine and a volatile component with a molecular formula of 

C10H16O2 that was being formed during the fermentation process.  The correlating 

unknown m/z 169 ion gave an accurate mass match (m/z 169.1221, C10H17O2, -1.2 

ppm) for the [M+H]+ of geranic acid, a known volatile component of tea with the 

correct molecular formulae (C10H16O2) which has been previously observed to 
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increase in concentration during tea fermentation (Owuor et al., 2008; Pripdeevech & 

Machan, 2011). 

The two other correlating unknown ions, m/z 118 and 186 were examined further by 

accurate MS1 and observed to give accurate masses of m/z 118.0651 (C8H8N, -0.6 

ppm) and m/z 186.1486 (C10H20O2N, -1.5 ppm) respectively.  The m/z 118 ion was 

tentatively identified as indole due to the accurate mass match and reports in the 

literature (Pripdeevech & Machan, 2011; Wang et al., 2008a).  The accurate mass 

MS2 of the m/z 189.1 ± 1.0 ion yielded a m/z 169.1221 fragment, indicating it to be an 

ammonium adduct ion of geranic acid ([Geranic acid + NH4]+). 

 

The identities of the m/z 118, 169, 186 and 363 ions were confirmed as indole, geranic 

acid, an ammonium adduct of geranic acid and a cluster of caffeine/geranic acid, by 

performing DART-MS on standard solutions applied to glass filter paper and fresh tea 

leaves.  The identifications above were confirmed by accurate mass and MSn 

fragmentation data generated with authentic standards. 

The caffeine/geranic acid cluster was firstly generated off the surface of the filter 

paper using standards by applying of 50 µl of a 1 mg/ml caffeine standard (in 

methanol) and 50 µl of 1 mg/ml geranic acid standard (in methanol) to the same area 

of filter paper.  This cluster was then generated off the surface of a freshly harvested 

tea leaf (Sample #1) which had no noticeable amount of the m/z 363 ion (Fig. 5.4b) by 

applying 50 µl of the 1 mg/ml geranic acid standard (from above) to the leaf surface 

and generating the correct cluster/adduct mass of m/z 363 (Fig. 5.4c) with the same 

isotope pattern as observed in the experimental fermented leaf (Fig. 5.4a). 
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Figure 5.4: DART generated mass spectra of a) a leaf from 13 hrs into the 

fermentation process (Sample #10), b) a freshly harvested leaf (Sample #1), c) a 

freshly harvested leaf (Sample #1) with geranic acid added to the surface.  Note b) 

and c) have the same Y-axis scale to demonstrate the formation of the m/z 363.2017 

ion. 

 

This is the first report of the volatile acid, geranic acid, clustering with caffeine (a 

weak base) in a DART ion-source.  While the formation of cluster/adduct ions does 

complicate the interpretation of the resulting mass spectra, the formation of these ions 
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was reproducible over many sampling events and on different MS instruments, thus 

implying that the rapid ‘real-time’ monitoring of the relative abundance of these ions 

could be useful in monitoring the fermentation process. 

 

 

5.5. Conclusion 

The method presented demonstrates that DART-MS offers a rapid and convenient tool 

for monitoring the fermentation/manufacturing processes of tea production.  It has 

revealed several components that increase in intensity relative to caffeine during the 

fermentation process and then decrease rapidly after the heat treatment in the de-

greening step.  Tentative identifications for these components suggest that caffeine 

can form adduct ions with weak acids in the DART ion source, and also that several 

volatile components change in relative abundance during tea fermentation.  This study 

suggests the potential to utilise DART-MS to monitor tea fermentation, utilising the 

relative abundance of component ions as non-biased indicators of the correct point to 

end fermentation, by comparing the response of these ions to the end point determined 

by the tea master.  This could support tea masters decisions and result in a more 

consistent/reproducible final product.  The benefits of virtually no sample preparation 

combined with the immediacy of the real-time results means that this DART-MS 

approach could potentially be used to monitor an array of industrial 

production/manufacturing processes. 
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6.1. Abstract 

Oolong tea is a semi-fermented tea that is partially oxidised during the manufacturing 

process to create a product unique in composition.  In this study, we investigated the 

potential of non-targeted LC-MS with two complementary chromatographic modes to 

provide a “comprehensive and unbiased” view of biochemical compositional changes 

occurring during oolong tea manufacturing in New Zealand.  Tea leaf samples from 

throughout the manufacturing/fermentation process during three different harvest 

periods (spring, summer and autumn) were analysed by four different LC-MS 

streams.  Principal component analysis revealed the de-greening stage of the 

manufacturing process was responsible for major changes in the biochemical profile, 

with the methodology detecting changes in a wide range of metabolites of differing 

polarities, such as flavonoids, nucleosides and primeverosides.  Changes during the 

fermentation phase of the manufacturing process were less marked, however 

significant increases in levels of free amino acids, a hydroxyjasmonic acid and related 

metabolites were observed. 

 

Keywords: 

mass spectrometry, UHPLC, HILIC, profiling, fermentation, tea manufacturing, tea 



164 
 

6.2. Introduction 

 

Oolong tea is a semi-fermented/oxidised tea made from a hot water infusion of the 

leaves of partially oxidised (10-70%) Camellia sinensis L..  It is a traditional Chinese 

tea dating back hundreds of years, that is now becoming more popular outside Asia 

due to its distinctive attributes, such as its aroma and flavour, which are generated 

during the manufacturing process (Chen et al., 2011b).  Many of these major 

attributes of tea are controlled, to a large extent, by the amount of post-harvest 

fermentation/oxidation allowed during manufacturing and this typically characterises 

the type of tea produced i.e. green tea (minimal oxidation) and black tea (fully 

oxidised) (Cabrera et al., 2006).  Along with the well-known variables such as 

cultivar, region, climate, soil type etc. (Chen et al., 2011b; Lee et al., 2010a), the less 

strictly defined oxidation level for oolong tea gives rise to a range of oolong products 

which can vary considerably in composition. 

The fermentation/oxidation process is catalysed by enzymes present in the leaf.  For 

example, the dark colour of black tea is partly due to polyphenolic theaflavins and 

thearubigens formed from flavanols by enzymes such as polyphenol oxidase (Wang & 

Ho, 2009).  Many other reactions occur during the fermentation period, such as 

protein breakdown and lipid oxidation, which also contribute to product attributes, 

such as aroma, colour and taste (Chen et al., 2011b; Tomlins & Mashingaidze, 1997).  

To control these reactions the post-harvest fermentation is monitored and stopped at 

the appropriate level by heating the leaves rapidly to 300 °C for a few minutes (‘de-

greening’ step).  As the composition of the final product is directly influenced by the 

timing of the de-greening step, any significant variation in the level of oxidation will 

affect the reproducibility and quality of the tea produced.  Thus, the decision as to 
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when to halt fermentation requires expert knowledge and is made by an experienced 

tea maker, or ‘tea master’, by frequently observing, smelling and tasting infusions of 

the leaves during the fermentation process (Bhattacharyya et al., 2007). 

 

There are considerable changes in metabolite levels/profiles during the fermentation 

processes of tea production and as such there is a need for improved rapid and 

comprehensive analytical methodologies which will monitor and remove subjectivity 

from the process.  The effect of fermentation during the manufacturing process of the 

less fermented oolong tea is not well documented.  A recent study followed a single 

batch of leaves through different relative levels of fermentation (based on measuring 

the area of observed colour changes occurring to the leaf) to represent green, oolong 

and black tea (Kim et al., 2011b).  They reported decreases in the levels of flavanols, 

flavonoid glycosides and caffeine, particularly once fermentation levels achieved 40% 

or greater; and increases in thearubigens, theaflavins and most volatiles from the 20% 

fermented level and above.  Few studies like Kim et al. (2011) have followed a single 

batch of plant material throughout the controlled oolong fermentation process, a 

critical requirement to understand the effects of the amount of processing and 

manufacturing techniques used during the processing, and, fermentation parameters 

such as time and temperature on the overall metabolite profile. 

 

The area of comprehensive non-targeted metabolite analysis has been applied to a 

wide variety of biological sample types, including foods and beverages (Cevallos-

Cevallos, Reyes-De-Corcuera, Etxeberria, Danyluk, & Rodrick, 2009).  In recent 

years there has been an increase in the number of non-targeted studies, enabled by 
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significant improvements in the analytical instrumentation that are capable of 

detecting an increasingly wide array of components.  Of the instrumental analysis 

techniques employed for profiling tea, the most frequently used are nuclear magnetic 

resonance (NMR) (Lee et al., 2010a; Lee et al., 2011a; Lee et al., 2011b) or mass 

spectrometry (MS) coupled to the separation techniques of liquid chromatography 

(LC) (Drynan et al., 2010; Fraser et al., 2012b; van der Hooft et al., 2012), or  gas 

chromatography (GC) (Pripdeevech & Machan, 2011), or combining data from both 

GC-MS and LC-MS analyses (Kim et al., 2011b; Ku et al., 2010; Yang et al., 2012).  

Compared to NMR the MS based techniques are more sensitive, generally have a 

wider dynamic range, and due to readily available automation, can be setup to run 

hundreds of samples in a rapid manner.  To date most LC-MS based studies employ 

either reversed-phase (RP) for semi-nonpolar compounds or hydrophilic interaction 

chromatography (HILIC) for polar compounds, coupled to electrospray ionisation 

(ESI) interfaces on the MS, but not both on the same experimental sample set.  Given 

the large amount of data generated these broad non-targeted analyses require complex 

data processing software and multivariate chemometric tools to process the 

multidimensional data and mine biologically significant features (Theodoridis, Gika, 

& Wilson, 2011). 

 

In this study, we have investigated the potential of comprehensive non-targeted 

analyses using two complementary LC phases (RP and HILIC) coupled with high 

resolution MS detection in positive and negative ESI, to resolve and detect a wide 

polarity range of metabolites.  We have then applied statistical data mining tools to 

detect metabolic changes in tea samples collected throughout a typical 36 hour oolong 

tea manufacturing process (from freshly picked leaves, throughout the fermentation 
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process, and to the final product).  The LC-MS data were processed with univariate 

and two multivariate chemometric methods, principal component analysis (PCA) and 

partial least squared discriminant analysis (PLS-DA), to monitor changes in 

metabolite composition during the manufacturing process.  Samples were collected 

from the Zealong Tea Estate in Hamilton, New Zealand, at three harvest 

points/manufacturing dates over the season.  The data analysis was carried out in two 

stages: (1) comparison of the pre and post de-greening step to examine effects of the 

high-temperature processing step on metabolite profiles and (2) comparison of 

samples throughout the fermentation stage (pre de-greening step) to identify key 

metabolic changes during the fermentation process.  Distinctive ions altering in 

abundance during the manufacturing process have been further investigated and 

characteristic information acquired on significant metabolites including tentative 

identifications where possible.  The findings from this study have confirmed several 

previously reported metabolic changes observed during tea fermentation.  In addition, 

we have detected several novel metabolic changes not previously reported in oolong 

tea manufacturing and been able to associate the observed changes with particular 

stages of manufacturing. 
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6.3. Experimental methods 

 

6.3.1. Samples and Reagents 

Samples from the Zealong Tea Estate (Hamilton, New Zealand) taken throughout the 

oolong tea manufacturing process for a single batch of tea, from freshly harvested 

leaves to final product, were collected on three separate harvest dates covering the 

southern hemisphere late-spring (November 2011 – early season harvest), mid-

summer (January 2012 – mid-season harvest) and early autumn (March 2012 – late 

season harvest).  On each of the three sampling occasions, 18 sequential samples were 

collected during the 36 hour oolong production process.  Table 6.1 summarises the 

sampling time points and key manufacturing steps occurring at these time points.  At 

each sampling, the samples collected were immediately placed on dry ice to limit any 

further compositional change and once all 18 samples were collected they were 

transported on dry ice to the laboratory, freeze-dried to eliminate differences in 

sample weights due to moisture content, and stored at -20 °C until analysis. 

The mobile phase modifiers, formic acid and ammonium formate; the internal 

standards d2-tyrosine and 2,7-dichlorofluoroscein; and the other phenolics, 

nucelosides and amino acid standards listed below were purchased from Sigma-

Aldrich Chemicals Co. (St Louis, MO).  Ultrapure water was obtained from a Milli-

Q® system (Millipore, Bedford, MA).  Acetonitrile of Optima LC-MS grade was 

purchased from Thermo Fisher Scientific (Auckland, New Zealand). 
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Sample 
# 

Time from 
harvest (hr) 

Manufacturing 
phase 

Sample Grouping DG status* 

1 0 Harvest Harvest + Wilting Pre 
2 0.75 Wilting Harvest + Wilting Pre 
3 1.63 Wilting Harvest + Wilting Pre 
4 2.33 Fermentation Early Fermentation Pre 
5 4.33 Fermentation Early Fermentation Pre 
6 6.33 Fermentation Mid Fermentation Pre 
7 8.33 Fermentation Mid Fermentation Pre 
8 10.66 Fermentation Mid Fermentation Pre 
9 11.5 Fermentation Late Fermentation Pre 
10 13 Fermentation Late Fermentation Pre 
11 14.16 Fermentation (end) Late Fermentation Pre 
12 14.33 De-greening (after) Early Drying Post 
13 14.58 Rolling Early Drying Post 
14 15.03 Drying (first) Early Drying Post 
15 25 Drying Mid Drying Post 
16 28 Drying Mid Drying Post 
17 32 Drying Mid Drying Post 
18 36 Final product Final Product Post 

 

Table 6.1: Manufacturing process and sampling time points for oolong tea. * = De-

greening status. 

 

6.3.2. Sample preparation 

Triplicate tea infusions were prepared by adding 5 ml of boiling water to 50 mg (± 0.5 

mg) of ground tea (ground to fine particles of approximately tea bag grade) in a 15 ml 

tube as previously described (Fraser et al., 2012b).  The samples were spiked with 50 

µl of internal standard solution containing 230 µg/ml d2-tyrosine and 230 µg/ml 

dichlorofluorescein (in 50:50 acetonitrile-water (v/v)).  A 0.5 ml aliquot was filtered 

through a 0.22 µm stainless steel filter into a vial and the filtrate was diluted with 0.5 

ml acetonitrile and analysed by LC-MS. 
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6.3.4. Analytical procedure and MS conditions 

The HILIC and RP analytical conditions have been previously reported in detail 

(Fraser et al., 2012b; Fraser et al., 2013c).  Briefly, the LC-MS instrument utilised 

was a Thermo Accela 1250 UHPLC system connected to a Thermo Exactive mass 

spectrometer with electrospray ionisation.  Injection volumes of 2 µl of the tea extract 

and a column oven temperature of 25 ºC were utilised for both chromatographic 

analyses.  RP LC-MS analysis was performed using an Agilent RRHD SB-C18 

column (150 mm x 2.1 mm, 1.8 µm) with a gradient elution of water containing 0.1% 

formic acid and acetonitrile containing 0.1% formic acid at 400 µl/min flow rate.  

HILIC LC-MS analysis was performed using a Merck polymeric bead based ZIC-

pHILIC column (100 mm x 2.1 mm, 5 µm) with a gradient elution of acetonitrile 

containing 0.1% formic acid and water containing 16 mM ammonium formate at 250 

µl/min flow rate.  Samples were run in both positive and negative ionisation mode as 

separate chromatographic runs. 

 

6.3.5. Data extraction and multivariate statistical analysis 

Components eluting between 3 and 14 min for the RP analysis and 3 and 18 min for 

the HILIC analysis were extracted and aligned from the LC-MS data using 

PhenoAnalyzer™ (SpectralWorks Ltd, Manchester, UK).  Key peak detection settings 

for the RP streams were: area threshold = 100000; peak width threshold = 0.06 min 

minimum width to 0.4 min maximum width; m/z peak detection window = 10 ppm.  

Key peak detection settings for the HILIC streams were: area threshold = 100000; 

peak width threshold = 0.1 min minimum width to 1.2 min maximum width; m/z peak 

detection window = 10 ppm.  The resulting peak area matrix data files were de-
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isotoped by fitting the following criteria for the detection and removal of probable 

singly charged isotope ions.  The isotope ions must a) be within ± 1.005 m/z of 

another ion, b) elute at approximately the same retention time (± 0.1 min), c) have 

peak areas which are highly correlated (Pearsons correlation coefficient > 0.9) and d) 

have a measured peak area ratio [M]/[M+1] > 2.  This de-isotoping was performed 

using a custom script written in R version 2.15.0 (R Development Core Team, 2012), 

and a sub-sample of the component ions were manually checked before and after de-

isotoping to ensure robustness.  The de-isotoped peak area matrix datafiles for the RP 

+ve and RP –ve analyses were then normalised to the dichlorofluoroscein internal 

standard area; the HILIC +ve stream was normalised to the d2-tyrosine internal 

standard area.  As there was no suitable internal standard added for detection in the 

HILIC –ve stream, data normalisation was performed using the sum of all ions for 

each sample (TIC normalisation).  The data were explored using the online data 

analysis package MetaboAnalyst 2.0 (Xia et al., 2012).  Missing values were replaced 

with half the minimum value of each respective mass feature, auto-scaled (mean 

centred and divided by the standard deviation of each analyte) and a filter applied to 

remove 40% of the least varying features based on an interquartile range (25% for 

HILIC –ve as there were less analytes detected).  For validation of significant 

components, peak areas were re-extracted from the original Thermo data files using 

Xcalibur with a 5 ppm window for further statistical analysis using Minitab (version 

16.0, State College, PA, USA) and R where required. 



172 
 

6.4. Results and discussion 

6.4.1. Non-targeted profiling and peak detection 

In order to ensure the acquisition of information-rich non-targeted chromatographic 

profiles and to maximise the number of metabolites detected, minimal sample 

preparation and generic instrument parameter settings were employed.  We then 

utilised previously reported RP (Fraser et al., 2013c) and HILIC (Fraser et al., 2012b) 

chromatography  methods, along with positive and negative ESI ionisation modes, to 

give four separate LC-MS analysis streams (RP +ve, RP –ve, HILIC +ve and HILIC –

ve).  This ensured that we were covering a diverse range of physico-chemical 

properties of metabolites extracted and increasing the range of tea metabolites 

potentially detected in these samples.  After combining chromatographic data from all 

three harvests and performing chromatographic peak detection, alignment and de-

isotoping, the four LC-MS streams (RP +ve, RP –ve, HILIC +ve, and HILIC –ve) 

contained 1179, 1012, 1016 and 768 mass/retention time features respectively, which 

were reduced to 707, 607, 609 and 575 features respectively after interquartile range 

filtering. 

 

6.4.2. Statistical analysis of the pre and post de-greening data 

To eliminate confounding effects from the different LC-MS streams, such as higher 

‘analytical noise’ in one stream obscuring significant differences, the statistical 

analysis of the four LC-MS streams was performed separately.  As samples were 

harvested during different seasons of the year (during the southern hemisphere late 

spring, midsummer and early autumn), it was likely that metabolite levels in planta 
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would differ between the three harvests.  Thus the data for the three harvest dates 

were analysed separately, generating 12 datasets (4 streams x 3 harvests) for statistical 

analysis.  Initial multivariate analysis by PCA, without a priori knowledge of the 

sample time point, consistently revealed two groupings within each of the 12 datasets, 

corresponding to the samples prior to (pre) and after (post) the de-greening stage of 

the manufacturing process.  Figure 6.1 demonstrates these groupings in PCA plots for 

the RP analysis streams (+ve and –ve ionisation) across the three harvests, with 

similar trends observed in both HILIC streams (Supplementary Fig. 6.1s).  These 

observed differences within the sample groupings indicated that the 300 ºC de-

greening treatment had a major effect on the composition of the samples. 
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Figure 6.1: Principal component analysis score plots (first two components) of 

normalised peak areas from a) RP +ve spring harvest, b) RP +ve summer harvest, c) 

RP +ve autumn harvest, d) RP –ve spring harvest, e) RP –ve summer harvest, f) RP –

ve autumn harvest, showing differentiation between pre- (●) and post- (○) de-

greening samples.  
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6.4.3. Identification of differentiating features between pre and 

post de-greening 

Data from the two groupings (pre and post de-greening) were examined further using 

univariate tests such as t-test and fold change analysis, as well as the loadings from 

the PCA analysis.  The t-test results, after Bonferonni correction (with adjusted P < 

0.05 / total number of features detected), revealed 69, 80, 84 and 30 feature ions from 

the RP +ve, RP –ve, HILIC +ve and HILIC –ve streams respectively, that were 

significantly different between pre- and post- de-greening samples across all three 

harvest dates.  The peak area data of these feature ions were assessed graphically and 

the ‘noisier’ or less significant features discarded to leave 18, 18, 33 and 12 features 

respectively.  A complete list of these remaining mass features detected in the four 

analytical streams and the magnitude of those changes are reported as heatmaps in the 

supplementary information (Supplementary Figs. 6.3s – 6.6s).  Many of these 

significant feature ions also contributed high loadings in the associated PCA score 

plots.  The feature ion lists were compiled by chromatographic mode (i.e. RP or 

HILIC) and sorted by retention time to identify candidate source adducts or source 

induced dissociation (SID) fragment ions, which were highly correlated and co-eluted 

with the parent ion.  Components were often detected in both ionisation modes and 

some were also detected in complementary chromatographic streams.  The increasing 

number of online databases and their continued curation and expansion, are aiding the 

identification of unknown metabolites, however it is important that searches be 

limited to the most relevant domain databases to avoid assigning incorrect 

identifications.  Accurate mass information can provide likely molecular formulae to 

investigate further, once the molecular formulae generated from the accurate mass 

have been subjected to chemically intelligent scrutiny, such as the ‘Seven Golden 
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Rules’ for heuristic filtering (Kind & Fiehn, 2007).  The formulae may aid in at least 

speculating a likely chemical class of the unknown, or at least provide a placeholder 

of information pertaining to its identity.  To identify these key differentiating 

components the accurate mass m/z data was searched against an in-house library 

(which contains both accurate mass and retention time of standard compounds 

previously run on each analysis stream) and two LC-MS-based online databases 

(accurate mass only): METLIN (http://metlin.scripps.edu/) and HMDB 

(http://www.hmdb.ca/).  Table 6.2 lists data for many of the most highly significant 

feature ions including confirmed identified metabolites (co-elution with a standard), 

tentatively identified metabolites (matches from online databases and a component 

which has either been observed in tea or a modification of components observed in 

tea), and ions from unidentified components. Suggested molecular formulae for these 

detected components are provided in the supplementary information (Supplementary 

Information, Table 6.1s). 

 



 
 

Parent mass Mode Rt (Mins) Identification ppm error Reference Change 

594.1535 HN 8.51 Vitexin 2''-O-β-D-glucoside 
(C27H30O15) 

2.5 HMDB, METLIN Pre>>post 

582.1602 CP, CN 3.82, 3.85 Flavonoid-C-glycoside (C26H30O15) 2.5-3.4 HMDB, METLIN Pre>post 

552.1472 CP 4.08 Flavonoid-C-glycoside (C25H28O14) 0.0 HMDB, METLIN Pre>post 

464.2280 CN 4.79 Linalool 3,6 (or 3,7)-oxide 
primeveroside 

3.0 HMDB, METLIN Post>>pre 

448.2335 CN 5.97 Geranyl primeveroside 1.0 HMDB, METLIN Post>pre 

446.0872 CN 5.23 Glucorhein (C21H18O11), Baicalin or 
Genistein glucuronide 

3.5 HMDB Pre>post 

444.1051 CP 3.78 Rothindin (C22H20O10) 0.4 HMDB Pre>post 

416.1706 CN 4.39 Phenylethyl primeveroside 3.0 HMDB, METLIN Post>>pre 

416.1535 HP, HN 14.14, 14.04 Unknown* 1.0  Pre>>post 

394.1856 CN 4.40 cis-3-Hexenyl b-primeveroside 2.0 HMDB, METLIN Post>>pre 

350.0616 HP 13.45 Unknown* 0.5  Pre>>post 

347.0626 HP 12.06 Adenosine mono-phosphate 0.7 HMDB, METLIN Pre>>post 

345.0487 HP, HN 12.88, 12.72 Cyclic guanosine monophosphate 2.0-2.4 Standard, HMDB, METLIN Pre>>post 

334.0875 HP 13.47 Unknown* 2.7  Pre>>post 

177 



 
 

329.0520 HP, HN 10.59, 10.52 Cyclic adenosine monophosphate 0.0 HMDB, METLIN Pre>post 

318.0384 CP, CN 5.74, 5.78 Myricetin 2.1-3.2 Standard, HMDB, METLIN Pre>>post 

306.2470 HP, HN 11.58, 11.46 Cyclic uridine monophosphate 0.6-3.0 HMDB, METLIN Pre>>post 

283.0911 HP, HN 10.60, 10.48 Guanosine 0.3-1.9 Standard, HMDB, METLIN Pre>>post 

270.0543 CN 7.18 Apigenin (C15H10O5) 1.4 Standard, HMDB, METLIN Pre>>post 

162.0323 CN 5.30 Umbelliferone (C9H6O3) 0.7 Standard, HMDB, METLIN Pre>post 

135.0543 HN 8.20 Adenine 3.1 Standard, HMDB, METLIN Pre>>post 

 

Table 6.2: Identifications of key ions distinguishing pre- and post- de-greening stages.  Key: Mode refers to both chromatographic and 

ionisation mode; CP = reversed phase +ve ionisation, CN = reversed phase –ve ionisation, HP = HILIC +ve ionisation, HN = HILIC –ve 

ionisation; Component Rt (retention time) values are listed in the same order as the mode of detection; Reference refers to the databases (HMDB 

= http://www.hmdb.ca/; METLIN = http://metlin.scripps.edu/) or if the compound co-eluted with an authentic standard; Change refers to the 

trend of the differences, with the greater the magnitude of the change described by >>.  * = further data provided in supplementary information. 

178 
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Guanosine, adenine and cyclic guanosine monophosphate (cGMP) were identified by 

a combination of co-elution with an authentic standard, accurate mass match, and the 

observation of common source induced (SID) fragments.  Several studies have shown 

that the common MS fragment observed for nucleotides/nucleosides is in each case 

the respective nucleic base (Kammerer et al., 2005; Liu, Ye, Qiang, Liao, & Zhao, 

2008).  Both the cGMP peak and the guanosine peak detected in HILIC +ve mode 

exhibited the expected 152.0566 m/z SID fragment characteristic of the nucleic base 

guanine, and these fragments are also reported in the METLIN database for these 

compounds.  The equivalent negative ion SID fragment of 150.0416 m/z was also 

observed in both the cGMP and guanosine HILIC –ve mode peaks.  This consistent 

SID fragmentation pattern led to the tentative assignment of three other highly 

significant differentiating ions in the HILIC streams as nucleotides, based on accurate 

mass matches and appropriate nucleic base SID fragments (also reported in the 

METLIN database).  These three further nucleotides were tentatively identified: 

adenosine monophosphate (AMP), based on a co-eluting weak 136.0611 m/z SID 

fragment matching the weak 136.0623 m/z adenine fragment; uridine 2',3'-cyclic 

phosphate or 2'-deoxyuridine 5-monophosphate, which have the same molecular 

formulae for the mass and contained the correct SID fragment of 113.0345 m/z for the 

uridine base (which both suggested nucleotides should yield); and cyclic adenosine 

monophosphate, which gave the 136.0613 m/z adenine SID fragment.  The levels of 

these 4 nucleotides, guanosine (a nucleoside) and the nucleic base adenine, decreased 

4-fold as a consequence of the de-greening step (Fig. 6.2).  Nucleotides/nucleosides 

have been previously reported in fresh and manufactured (green and black tea) tea 

leaves (Koshiishi, Crozier, & Ashihara, 2001), with the highest levels observed in 

fresh leaves, followed by decreasing amounts in green and black tea samples 
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respectively.  In the current study the decline in nucleotide/nucleoside levels occurred 

largely in the de-greening step and can be attributed to the thermal instability of the 

N-glycosyl bond (White, 1984) rather than enzyme catalysed degradation as 

suggested by Koshiishi et al. (2001).  Further investigation into the effects of different 

de-greening parameters on the flavour of the final product is warranted as some of the 

nucleotides have been suggested to contribute to the desired ‘umami’ flavour of high 

quality teas (Koshiishi et al., 2001). 

 

Flavonoids are commonly observed in tea (Wang & Ho, 2009) and in this experiment 

several flavonoids were observed to be affected by the de-greening stage.  Myricetin 

and apigenin were positively identified, based on co-elution with authentic standards 

and accurate mass MS data.  Two flavonoid-C-glycosides (Table 2) were tentatively 

classified based on accurate mass matches to flavonoid formulae in the databases, and 

on the observation of a number of highly correlated candidate SID fragment ions.  In 

positive ionisation mode, two sequential water loss fragments were observed for both 

compounds ([M+H-H2O]+ and [M+H-2H2O]+) and in the negative ionisation mode, 

these two components exhibited co-eluting SID fragments of [M-H-C3H6O3]-, [M-H-

C4H8O4]-, [M-H-C6H12O6]-, and [M-H-C7H14O7]- consistent with fragmentations 

reported for flavonoid-C-glycosides in ESI-MS (Guo et al., 2013; Prasain et al., 2003; 

Wojakowska, Perkowski, Góral, & Stobiecki, 2013).  The remaining two flavonoids, 

glucorhein (or other likely database hits) and rothindin, were tentatively assigned 

based solely on accurate mass matches for the flavonoid formulae in the databases.  

All of the above flavonoids were observed to decrease after the de-greening stage.  

Further targeted investigation by extracting accurate mass peak areas for signals 

corresponding to other flavonoid glycosides commonly observed in tea extracts, such 
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as kaempferol and quercetin glycosides (Dou et al., 2007; Lin et al., 2008; van der 

Hooft et al., 2012), revealed that many (but not all) other flavonoid glycosides were 

reduced in abundance as a consequence of de-greening, but all to a lesser degree than 

free myricetin (Supplementary Fig. 6.2s).  Although this process has not been 

previously reported during the tea manufacturing process, flavonoid glycosides are 

known to be thermally unstable, depending on the type and position of the glycoside 

(Rohn, Buchner, Driemel, Rauser, & Kroh, 2007).  The flavonoids are valued in the 

product for their purported health benefits, so any decrease during the manufacturing 

stages may affect the perceived quality of the final product consumed. 

 

The tentative assignments of four primeverosides (Table 6.2) are based on accurate 

mass matches to mono-terpene glycoside formulae in the databases and previous 

reports of the occurrence of primeverosides in tea (Wang et al., 2000).  The four 

primeverosides were observed to increase in abundance significantly after the de-

greening step.  Higher concentrations of primeverosides in the final oolong tea 

product compared to fresh and withered leaves have previously been reported (Wang 

et al., 2001a).  The hydrolysis of these primeverosides by β-primeverosidases to 

liberate various aroma compounds (e.g. mono-terpenes) which contribute to the 

overall flavour, is well known (Wang et al., 2001a), particularly for black tea where 

substantial cell disruption and fermentation processes occur.  It has previously been 

suggested that the primeverosides are stored in the vacuole (Mizutani et al., 2002), 

thus we suggest that since the increase occurs after the de-greening step (300 °C for 6 

minutes) the intact primeverosides are likely thermally released from the vacuole and 

therefore more available for extraction after de-greening. 
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Figure 6.2 illustrates the magnitude, direction and reproducibility of the trends 

observed for nine example metabolites from Table 6.2 across the three harvest 

periods, demonstrating the consistent and highly significant differences between pre- 

and post- de-greening.  Some of the unknown components increasing in abundance 

after the de-greening treatment which we have not been able to identify from current 

natural products databases such as METLIN and HMDB, may be products of 

thermally catalysed reactions of plant components. 

 

Figure 6.2: Boxplots of measured peak areas extracted with a 5 ppm window using 

Xcalibur, for nine example components from the four non-targeted streams.  Key: 

Treatment labels are ‘preDG’ = samples 1-11 from table 1, i.e. all pre de-greening 

samples; ‘postDG’ = samples 12-18 from table 1, i.e. all post de-greening samples. 
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6.4.4. Statistical investigation of pre de-greening fermentation 

data 

To further investigate the wilting and fermentation stages of the manufacturing 

process, the pre- de-greening data only were reprocessed separately.  The eleven pre- 

de-greening sampling points were segmented into four groups, based on the samples 

being in a similar ‘fermentation phase’ (harvest + wilting, early fermentation, mid 

fermentation and late fermentation) to simplify data classification and interpretation.  

Initial investigations by PCA revealed some potential groupings based on 

fermentation phase, and the supervised PLS-DA statistical technique was applied to 

provide an indication of key components responsible for the separation.  The PLS-DA 

method was generally able to group the samples within each of the four fermentation 

states together over all four analytical streams (Supplementary Figs. 6.7s and 6.8s).  

Given that there were now the four assigned sample ‘groups’ an ANOVA rather than 

a t-test was required to generate a list of significant differentiating ions to compare 

with the key differentiating ions generated by PLS-DA. 

 

6.4.5. Identification of key features varying with fermentation 

Components consistently differing significantly by ANOVA across the four 

fermentation stages i.e. passing the significance test (adjusted P < 0.05 with 

Bonferroni correction) (as mentioned in Section 6.3.3) in each individual harvest and 

each analytical stream and detected in all three harvests were selected for further 

examination.  Normalised peak area data for these components were then visually 

examined for consistent trends across the four fermentation stages.  This univariate 

approach revealed a preliminary list of 46 mass features from the four streams 
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showing a consistent pattern of change for all three harvests which passed these 

criteria (16 from RP +ve; 10 from RP –ve; 17 from Hilic +ve; 3 from Hilic –ve).  The 

fermentation group differentiation observed in the PLS-DA plots was mostly in the 

component 1 axis of the 2D score plots, and as such the 60 highest ranking ‘variable 

in projection’ (VIP) scores (approximately 5% of the total mass features detected per 

analysis) for component 1 for each harvest and each stream were chosen for further 

scrutiny.  These were further filtered for consistency, within each stream, VIP features 

that were highly ranked (within the top 60) at all three harvests were selected.  This 

filtering of PLS-DA VIP scores for component 1 yielded a total of 45 mass features (4 

from RP +ve; 12 from RP –ve; 19 from Hilic +ve; 10 from Hilic –ve).  Finally, to aid 

de-replication, the significant features detected by either or both ANOVA and PLS-

DA from the four analytical streams were merged into a single table (Table 6.3).  

Twenty nine ions detected as significantly differing across the three harvests by 

ANOVA were also detected as key ions contributing to the fermentation stage 

separation observed in the PLS-DA score plots (ca. 65%).  Identifications were made 

where possible using the process documented in Section 6.3.3. 



 
 

Parent mass Mode Rt (Mins) Identification ppm error Reference Change 

115.063 HP 10.83 Proline 2.8 Standard, HMBD, METLIN 4>1 

132.053 HP 13.51 Asparagine 3.6 Standard, HMBD, METLIN 4>1 

165.0784 HP 9.86 Phenylalanine 0.8 Standard, HMBD, METLIN 4>1 

182.0811 HP 11.46 Tyrosine 0.2 Standard, HMBD, METLIN 4>1 

184.073 HP 14.42 Phosphocholine (C5H14O4NP) 1.1 HMDB, METLIN 4>1 

204.09 HP, HN, CP 10.37, 10.41, 3.47 Tryptophan 0.5 Standard, HMBD, METLIN 4>1 

210.126 CN, CP 7.15 Jasmonic acid (C12H18O3) 1.9 Standard, HMDB, METLIN, Glauser 4,3>1 

226.1204 HP, CP, CN 6.70, 4.52, 4.53 Hydroxy-jasmonic acid (C12H18O4) 0.8 METLIN, Glauser 4>1 

314.2466 CN 9.34 C18H34O4 (Lipid)  1.2 HMDB, METLIN 1>4 

339.2061 CN, CP 5.73 Hydroxyjasmonoyl isoluecine 
(C18H29NO5) 

4.5 Glauser 4,3>1 

 

Table 6.3: Identifications of key ions detected by ANOVA and PLS-DA changing during fermentation.  Key: Mode refers to both 

chromatographic and ionisation mode; CP = reversed phase +ve ionisation, CN = reversed phase –ve ionisation, HP = HILIC +ve ionisation, HN 

= HILIC –ve ionisation; Component Rt (retention time) are listed in the same order as the mode detected; Reference refers to the databases 

(HMDB = http://www.hmdb.ca/; METLIN = http://metlin.scripps.edu/; Glauser = (Glauser, Boccard, Rudaz, & Wolfender, 2010)) or if the 
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compound co-eluted with an authentic standard; Change refers to the trend of the differences, 4 = late fermentation, 3 = mid fermentation and 1 

= harvest + wilting. 
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Investigation of the key components changing during fermentation revealed several amino 

acids which increased during the process.  Tyrosine, tryptophan, phenylalanine, asparagine 

and proline (and their many respective SID fragment ions) all appeared as key ions from the 

statistical analysis above, and their identifications were confirmed by co-elution and accurate 

mass matches to authentic standards (Table 6.3).  We have previously shown that amino acids 

are readily detected with this analytical approach, and that their levels can vary significantly 

in teas of differing tea type and origin (Fraser et al., 2012b).  Figure 6.3 shows example data 

for two free amino acids which accumulated during the fermentation phase, with relative 

levels increasing 7-fold for tryptophan and 10-fold for tyrosine.  Further targeted 

investigation into other amino acids revealed increasing levels of leucine, isoleucine, serine, 

histidine, threonine and lysine, while minor decreases in glutamic acid, glutamine and 

theanine levels were also observed (Supplementary Table 6.2s).  Amino acids observed not to 

change significantly in abundance were valine, alanine, arginine and aspartic acid.  An 

increase of most free amino acid levels during withering for black tea manufacturing for up to 

20 hours (equivalent to the total ‘gentle’ fermentation process used for the oolong 

manufacturing process monitored here) have been previously observed, with the most likely 

source of these amino acids being release from protein breakdown occurring during the 

fermentation (Dev Choudhury & Bajaj, 1980; Roberts & Sanderson, 1966; Sanderson & 

Grahamm, 1973; Tomlins & Mashingaidze, 1997).  This withering process clearly influences 

the abundance and composition of free amino acids released and is affected by duration, 

temperature and moisture content (Roberts & Sanderson, 1966). 
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Figure 6.3: Plots of mean normalised relative peak areas for the combined harvests during 

the pre- de-greening fermentation process for tyrosine and tryptophan from the HILIC +ve 

analysis; and a possible lipid, hydroxyjasmonic acid, jasmonic acid and hydroxyjasmonoyl 

isoleucine from the RP –ve analysis.  Peak areas were normalised to internal standard peak 

areas.  Error bars show the standard deviation.  The 11 time points on the X-axis are defined 

in table 6.1. 

 

The highly significant ion of neutral mass 226.1204 observed in three analytical streams 

matched that for hydroxyjasmonic acid (HO-JA) in the METLIN database (0.8 ppm error).  
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Two highly correlated (and significant) co-eluting SID fragment ions attributable to 

consecutive water losses in positive mode provided supporting evidence for this 

identification, as these are likely neutral losses from a HO-JA structure with two free 

hydroxyl groups.  HO-JA, together with other jasmonate metabolites, have previously been 

reported to accumulate in both tomato and arabidopsis leaf tissue as part of a response to 

wounding (Glauser et al., 2010; Miersch, Neumerkel, Dippe, Stenzel, & Wasternack, 2008).  

A search of our data revealed metabolite peaks exhibiting similar trends to HO-JA which 

could be assigned to jasmonic acid (JA) and hydroxyjasmonoyl isoleucine (HO-JA-Ile) 

respectively on the basis of accurate mass matches and relative retention order (Glauser et al., 

2010), with JA levels peaking slightly before both HO-JA and HO-JA-Ile.  In the case of JA, 

identification was subsequently confirmed with an authentic standard.  Given the tea leaves 

are hand-picked and then hand-tossed several times during the wilting phase, the detection 

and observed trend of compounds likely to have been induced as part of a wound response 

mechanism is not unexpected, although this is the first time this has been reported in tea 

fermentation studies.  It is likely there are other jasmonate metabolites formed at lower levels 

by this mechanism, as observed in other plants, but monitoring these might require more 

targeted methodology. 

Two candidate metabolites related to lipid degradation were also observed to significantly 

change during the fermentation process.  Phosphocholine was tentatively identified by 

accurate mass matches to METLIN and HMDB and the observation of highly correlated co-

eluting significant SID fragment ions matching the MS2 spectrum in the METLIN database.  

It was observed to increase in abundance during fermentation and this could be accounted for 

by the release of the phosphocholine head group during lipid degradation.  The other 

metabolite was assigned as a putative lipid (m/z 314.2466) as it was an excellent match for 
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dioxo-C18 lipids in the databases, eluted later off the RP column (as can be expected for 

lipids) and followed the trend of declining levels due to potential lipid degradation (Fig. 6.3). 

As a final note, the levels of phenolic monomers such as epigallocatechin and 

epigallocatechin gallate extracted from the RP –ve stream, did not change significantly 

during the fermentation process in this study.  This suggests that the fermentation process 

used in this study was very mild, as in other studies the levels of these phenolic monomers 

have been found to decrease markedly during tea fermentation (Harbowy, Balentine, Davies, 

& Cai, 1997; Wang & Ho, 2009),  A recent report (Kim et al., 2011b) showed a constant 

decline in phenolic monomer concentrations across the 0% to 80% fermentation range 

monitored, however only minor changes occurred in phenolic levels between the 0 and 20% 

fermented leaves.  Oolong tea from this estate has been monitored in our earlier studies 

(Fraser et al., 2012b; Fraser et al., 2013c) using non-targeted analysis and multivariate 

analysis and has been observed by PCA to cluster with both non-fermented green teas and 

lightly fermented oolong teas, consistent with the relatively ‘mild’ fermentation of the 

manufacturing process at the Zealong Estate. 

 

 

6.5. Conclusion 

We have presented here the first comprehensive non-targeted analysis of the oolong tea 

fermentation/manufacturing process.  This study has revealed several novel metabolite 

changes occurring during the tea manufacturing process and has identified particular stages of 

tea manufacturing where these occur.  We have shown that the de-greening step is 

responsible for the most significant biochemical changes during the manufacturing process, 

causing a significant decrease in the levels of nucleotides/nucleosides which had previously 
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been assumed to be due to enzymatic rather than thermal processes.  This de-greening step 

also caused a decrease in the levels of the health beneficial flavonoids, and increased levels of 

primeverosides, all of which could have implications for the flavour/taste of the final product.  

Investigations into a sub-set of the data revealed the more subtle changes that occur during 

the fermentation process, such as an increase in jasmonic acid metabolites not previously 

reported during tea manufacture.  We have also confirmed previous reported biochemical 

changes, such as the increase of free amino acids during fermentation, without the need to 

perform separate targeted analyses. 

 

The methodology presented demonstrated that a non-targeted LC-MS approach to collecting 

as much non-biased information on as many metabolites as possible in a single sample, 

combined with modern statistical techniques, can rapidly and comprehensively monitor 

compositional changes during a fermentation and manufacturing process.  We have also 

shown that monitoring a range of metabolites covering both a wide polarity range and 

abundance can contribute to a broader understanding of biochemical changes.  The approach 

is useful for generating a list of candidate markers to be further investigated and identified, 

and may reveal processes occurring that have not been previously observed, such as the 

release of jasmonic acid metabolites during fermentation, and/or provide validation and 

monitoring of already known processes.  The ‘conventional’ analytical approach is to start 

with a list of known target metabolites (and standards) to measure, rather than detection of 

mass features followed by identification.  The challenge of this non-targeted approach is then 

to identify the significantly differing unknown components (Dunn et al., 2013), which can be 

more difficult where the components differing are products formed from complex thermal 

reactions and are unlikely to be recorded in databases of naturally-occurring compounds. 
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Finally, a cautious approach to the use of appropriate statistical tools for the large non-

targeted data matrices should be adhered to, to limit false positives in the first instance.  For 

example, while the Bonferroni correction is a conservative measure of significance driven by 

the large number of analytes measured, it is generally recognised as a starting point 

(Broadhurst & Kell, 2006).  By utilising more than one statistical tool to generate leads, and 

performing visualisation of the significant raw data, the analyst can safeguard the quality of 

the data.  If the data analysis fails to reveal significant features, then re-analysis with less 

stringent statistical parameters may take longer to examine but could still yield genuine 

results. 

 

The results of this study suggest there are two directions in which this research could be 

developed to provide useful tools for the tea manufacturing industry.  Monitoring the 

processes of tea fermentation/manufacturing by rapid targeted LC-MS methodology could 

ensure feature molecules that provide important quality attributes are maintained at optimum 

levels.  Non-targeted LC-MS methodology may be useful for the detection and identification 

of other/improved indicators for assisting tea manufacturers to produce a more 

consistent/reproducible final product, and to provide indications of sample contamination or 

manufacturing faults, minimising valuable brand damage by detecting problems before the 

product reaches the consumer. 
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6.7. Supplementary information 

 

Figure 6.1s: Principal component analysis score plots (first two components) of normalised 

peak areas from a) HILIC +ve spring harvest, b) HILIC +ve summer harvest, c) HILIC +ve 

autumn harvest, d) HILIC –ve spring harvest, e) HILIC –ve summer harvest, f) HILIC –ve 

autumn harvest showing differentiation between pre (●) and post (○) de-greening samples. 
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Figure 6.2s: Boxplot of measured peak areas extracted with a 5 ppm window using Xcalibur, 

for selected flavonoids in pre and post de-greening samples detected by RP +ve analysis. 

 

Key:  The first 3 numbers of the name refers to the [M+H]+ m/z; the capital letters Q, M and 

K refer to quercetin, myricetin and kaempferol respectively; the lower case letters ‘h’ and ‘r’ 

refer to the attached sugars hexose and rhamnose respectively, and the possible order of 

attachment, e.g. 773_Qhrh = [M+H] of m/z 773 with a tentative identification of quercetin-

hexose-rhamnose-hexose based on co-eluting source induced fragment ions. 

  

3000000

2000000

1000000

2400000

1600000

800000

900000

600000

300000

800000

400000

0

1500000

1000000

500000

500000

250000

0

6. 
A ut

um
n_

po
stD

G

5. 
A ut

um
n_

pr
eD

G

4.
 S

um
mer

_p
os

tD
G

3.
 S

umm
er

_p
reD

G

2.  
Sp

r in
g_

po
stD

G

1.
 S

pri
ng

_p
reD

G

600000

400000

200000

6. 
A ut

um
n_

po
stD

G

5. 
A ut

um
n_

pr
eD

G

4.
 S

um
mer

_p
os

tD
G

3.
 S

um
m
er

_p
reD

G

2. 
Sp

rin
g_

po
stD

G

1.
 S

pri
ng

_p
reD

G

30000

20000

10000

6. 
A ut

um
n_

po
stD

G

5. 
A ut

um
n_

pr
eD

G

4.
 S

um
mer

_p
os

tD
G

3.
 S

um
m
er

_p
reD

G

2. 
Sp

rin
g_

po
stD

G

1.
 S

pri
ng

_p
reD

G

15000

10000

5000

773_Q hrh

Code

481_Mh 757_Khrh

611_Q hr 465_Q h 595_Khr

449_Kh 303_Q 287_K



196 
 

 

Figure 6.3s: Heatmap of levels of key differentiating components for pre and post de-

greening from the RP +ve analysis. 
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Figure 6.4s: Heatmap of levels of key differentiating components for pre and post de-

greening from the RP –ve analysis. 
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Figure 6.5s: Heatmap of levels of key differentiating components for pre and post de-

greening from the HILIC +ve analysis. 
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Figure 6.6s: Heatmap of levels of key differentiating components for pre and post de-

greening from the HILIC –ve analysis. 
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Figure 6.7s:  PLS-DA score plots (first two components) of normalised peak areas from a) 

HILIC +ve spring harvest, b) HILIC +ve summer harvest, c) HILIC +ve autumn harvest, d) 

HILIC –ve spring harvest, e) HILIC –ve summer harvest, f) HILIC –ve autumn harvest 

showing differentiation between fermentation groups 1 (harvest + wilting, ●), 2 (early 

fermentation, ○), 3 (mid fermentation, ▼) and 4 (late fermentation, □). 
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Figure 6.8s:  PLS-DA score plots (first two components) of normalised peak areas from a) 

RP +ve spring harvest, b) RP +ve summer harvest, c) RP +ve autumn harvest, d) RP –ve 

spring harvest, e) RP –ve summer harvest, f) RP –ve autumn harvest showing differentiation 

between fermentation groups 1 (harvest + wilting, ●), 2 (early fermentation, ○), 3 (mid 

fermentation, ▼) and 4 (late fermentation, □). 
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Measured 
mass 

Measured 
isotope ratio 
(M+1) % 

Calculated 
isotope ratio 
(M+1) % 

Calculated 
neutral mass 

ppm 
error 

Neutral 
molecular 
formula 

416.1536 17 17 416.1546 2.5 C11H21N12O4P 

  19 416.1543 1.8 C16H24N4O9 

  17 416.1530 1.5 C15H28O13 

  20 416.1530 1.5 C13H16N14O3 

      
350.0616 12 13 350.0627 3.3 C10H15N4O8P 

  13 350.0614 0.6 C7H7N14O2P 

      
334.0875 12 15 334.0886 3.4 C10H10N10O4 

  13 334.0873 0.6 C9H14N6O8 

 

Supplementary Table 6.1s:  Suggested molecular formulae for key unknown ions 

distinguishing the pre- and post- de-greening stages.



 
 

 

Sample # Phenylalanine Leucine Isoleucine Tryptophan Proline Theanine Valine Tyrosine Alanine Threonine 

1 0.145 0.109 0.045 0.067 0.322 32.134 0.018 0.024 0.100 0.092 

2 0.132 0.098 0.061 0.066 0.301 31.573 0.018 0.031 0.087 0.094 

3 0.166 0.095 0.052 0.072 0.304 24.913 0.017 0.050 0.084 0.086 

4 0.185 0.112 0.055 0.104 0.348 27.490 0.014 0.076 0.090 0.109 

5 0.258 0.136 0.065 0.140 0.351 27.361 0.014 0.115 0.080 0.106 

6 0.329 0.144 0.090 0.177 0.371 29.600 0.011 0.153 0.092 0.110 

7 0.402 0.172 0.120 0.246 0.499 23.211 0.014 0.201 0.094 0.118 

8 0.623 0.201 0.191 0.400 0.578 25.908 0.015 0.255 0.100 0.131 

9 0.660 0.208 0.182 0.405 0.560 29.280 0.009 0.267 0.106 0.127 

10 0.710 0.207 0.187 0.431 0.535 30.857 0.013 0.264 0.103 0.130 

11 0.828 0.217 0.194 0.414 0.601 25.758 0.014 0.257 0.104 0.126 

Sample # Homoserine Glutamic acid Glutamine Asparagine Serine Aspartic acid Histidine Lysine Arginine  

1 0.041 1.531 2.010 0.111 0.093 0.248 0.015 0.005 1.005  

2 0.046 1.633 1.953 0.114 0.072 0.226 0.019 0.007 2.000  

3 0.045 1.376 1.232 0.109 0.094 0.183 0.009 0.006 0.521  

4 0.047 1.307 1.658 0.136 0.097 0.247 0.014 0.007 1.306  

5 0.050 1.407 1.031 0.136 0.099 0.280 0.014 0.007 0.566  

6 0.048 1.391 1.631 0.146 0.106 0.317 0.017 0.008 0.626  203 



 
 

7 0.051 1.073 1.464 0.151 0.115 0.264 0.023 0.012 0.784  

8 0.045 1.020 1.444 0.155 0.202 0.291 0.027 0.018 0.401  

9 0.049 1.074 1.730 0.188 0.207 0.286 0.032 0.017 1.074  

10 0.053 1.100 1.577 0.203 0.192 0.352 0.035 0.019 1.320  

11 0.049 0.886 1.471 0.186 0.217 0.286 0.027 0.019 0.439  

 

Supplementary Table 6.2s:  Changes in amino acid levels during the pre- de-greening stages of manufacturing, calculated relative to d2-

tyrosine internal standard.  Units are arbitrary. 
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Chapter 7 
 

7. Conclusions and future work 

 

7.1. Conclusions 

The overall aim of this PhD project was to develop non-targeted mass spectrometry based 

methods to monitor a wide range of chemical components, and then apply these methods to 

sample sets of tea to examine the effects on composition of factors such as fermentation level, 

manufacturing processes, and the source plant genetics and growth conditions reflected in 

‘country of origin’. 

Non-targeted analytical techniques are ideally positioned to be used in many areas of food 

science, and have recently begun to be utilised as a tool for monitoring the processing, safety 

and quality of both raw materials and final products.  Conventional analytical chemistry 

involves the separation and detection of known ‘target’ compounds (and usually quantities of 

them to hand), whereas non-targeted analysis requires the development of protocols to 

resolve a complex mixture of both known and unknown components.  Mass spectrometry is 

an excellent analytical tool for non-targeted analysis because of its capability to detect a 

diverse range of different metabolite classes (e.g. amino acids, polyphenolics, nucleosides) 

over a wide concentration range.  High resolution mass spectrometry (HRMS) can provide 

detection of a large number of components by utilising the resolving power of the mass 

spectrometer to separate metabolites of the same nominal mass.  When coupled with 

chromatographic techniques such as UHPLC, the combined resolving power of the modern 
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LC-MS instrumentation can rapidly separate highly complex biochemical mixtures and thus 

provide a vast amount of data.  Advances in the reliability of both the instrument hardware 

and software mean these analyses can be performed relatively rapidly on substantially sized 

sample sets.  To examine the vast amount of component information acquired on hundreds 

(or even thousands) of metabolites measured over the experimental sample set, statistical 

techniques such as multivariate analysis (e.g. PCA) have become critical tools for data 

evaluation and mining to detect feature ions which differ significantly between treatment 

groups.  However, the features detected in non-targeted analyses are a priori unknown 

compounds, and identification of the biologically significant components remains a major 

bottleneck.  The on-going curation of biologically relevant MS databases is critical in aiding 

with this issue.  This thesis demonstrates the benefits of collecting non-targeted MS data, 

applying appropriate data analysis tools to determine key differentiating compounds, which 

then can lead to re-processing/interrogation of the data with further ‘target metabolite lists’ to 

broaden the number of potential target metabolites for future targeted analytical studies. 

 

In the present PhD project, non-targeted analysis methods capable of covering a broad range 

of metabolite classes have been developed and then applied to tea samples.  LC-HRMS was 

chosen as the main analytical technique, based on two key factors, a) the wide array of 

primary and secondary metabolites that could potentially be resolved and detected over 

several orders of magnitude, and b) the recent acquisition of advanced LC-HRMS 

instrumentation into the laboratory.  Chapter 1 of this thesis summarises an extensive 

literature review into MS based analytical techniques used in tea research, with a particular 

focus on advances within the last 10 years.  The review covered the chromatography and 

detection mechanisms used in both targeted and non-targeted studies, and discussed the 

advantages and disadvantages of the techniques used in these studies.  A general theme of the 
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review was that improvements in analytical technologies, e.g. the extra resolving power 

gained by UHPLC columns, could potentially both increase sample throughput and 

significantly increase the number of metabolites detected in non-targeted studies.  Often non-

targeted studies were limited to measuring samples from a single analytical stream, e.g. 

reversed phase LC with +ve ESI ionisation, however, by capturing the potential speed 

benefits of UHPLC, the analyst could afford to run the samples in different ionisation modes 

(and/or with alternative chromatography) to detect more components and thus collect a more 

comprehensive overview of the biochemical composition of tea.  The final conclusion was, as 

instrumentation continued to improve it was important that more sophisticated analytical 

methodologies were also developed, to extract the maximum amount of information possible 

with the new technology and generate higher quality data, invaluable for the complex area of 

tea primary and secondary metabolite research. 

 

Tea is rich in polyphenolics, an important class of biologically active compounds purported 

to have many benefits for human health.  To assess their significance in foods, an improved 

method was developed for their detection and classification.  The first experimental study 

was a targeted MS2 approach using LC coupled to an ion-trap mass spectrometer for the 

analysis and classification of proanthocyanidins (PAs) in crude plant-derived extracts 

(Chapter 2).  Crude extracts of green, oolong and black tea were analysed and compared to a 

well-characterised grape seed extract.  The resulting method could separate, detect and 

provide qualitative information (full scan MS2 spectra) to enable chromatographic and mass 

spectral confirmation of PAs in crude tea extracts by selectively isolating and fragmenting the 

known PA parent ions.  Full scan MS2 spectral data collected could then be interpreted by 

comparing MS spectra of peaks eluting at the same time as known PAs in the well-defined 

sample.  The selectivity of an MS/MS approach enhanced the sensitive detection of 
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metabolites in a complex matrix and enabled the classification of PAs based on their MS2 

spectra and retention time.  While this method was devised to target a particular set of 

metabolites, it was shown to also be useful for detecting and distinguishing phenolics of the 

same nominal mass but of structurally different classes.  Using the developed methodology it 

was possible to report for the first time, the detection of PA tetramers in black tea, and PA 

trimers and tetramers in oolong tea. 

Chapters 3 and 4 describe the development and application of two complementary LC-MS 

non-targeted methods, which both utilise HRMS and detection with +ve and –ve ESI 

ionisation modes. 

Chapter 3 describes the development of a HILIC chromatography based LC-HRMS method 

for polar metabolites in plant extracts, comparing the chromatographic performance of 

commercially available HILIC columns based on both silica and polymeric resins (further 

data on the performance of these columns is provided in the Appendix).  The method was 

then applied to a collection of 88 tea samples of three tea types from around the world.  PCA 

of the data successfully classified the samples into the three fermentation categories and 

provided evidence of polar metabolites which differed between the three tea types.  The 

accurate mass and high resolution attributes of the MS data were utilised by extracting 

relative quantification data on 18 amino acids (post-data acquisition), revealing significant 

differences in amino acid concentrations between tea types and countries. 

Chapter 4 investigated the application of RP UHPLC-HRMS to the same set of 88 tea 

samples, with the aim of employing the combination of the increased resolving power of 

UHPLC columns and non-targeted HRMS to determine tea type and provenance (further 

details on the effects of column length on the number of components detected provided in the 

Appendix).  The application of RP chromatography (C18) in this Chapter results in the 
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separation and detection of a range of semi non-polar compounds (phenolic acids, flavanols, 

flavonoid glycosides etc.), which can provide complementary data to the polar compounds 

observed in Chapter 3 using HILIC chromatography.  PCA of the semi non-polar metabolite 

RP data clearly resolved fermented teas from non-fermented teas (as observed with polar 

metabolites from HILIC chromatography in Chapter 3).  PLS-DA was able to clearly 

distinguish ‘country of origin’ within different green teas and to a lesser extent within black 

teas, and also provided a list of indicative marker ions for the ‘country of origin’.  Many of 

the significant components detected in this study were (and remain) unknown, emphasising 

that while un-biased non-targeted analytical techniques can provide additional power over 

targeted analytical approaches for detecting differences in metabolite profiles of samples 

from different tea populations, further work (often substantial) is required to identify the 

components of interest.  However, this study demonstrated the potential of non-targeted 

analysis to generate new ‘leads’ in a well-studied sample matrix such as tea, which upon 

further investigation, could result in the discovery of previously unobserved biochemical 

processes unlikely to be noticed with conventional targeted analytical chemistry approaches. 

Chapter 5 reports a study on the biochemical composition of a locally grown oolong tea 

during the manufacturing/fermentation process.  A rapid non-targeted method utilising 

ambient ionisation with a DART ionisation source and MS detection was applied to a set of 

18 tea leaf samples collected during manufacturing from two consecutive seasons.  The tea 

leaves were analysed whole by placing a section of the leaf into the DART ion source and 

immediately collecting full scan MS spectral data on either a linear ion trap or Orbitrap 

instrument.  The analysis revealed that caffeine (+ve ionisation spectra) and a number of 

surface lipids (–ve ionisation spectra) dominated the respective mass spectra throughout the 

manufacturing process.  However, correlation analyses of the spectral data revealed two 

volatile compounds tentatively identified as indole and geranic acid, along with ammonium 
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and caffeine clusters/adducts of geranic acid, increased in concentration during the 

fermentation stages of the process and decreased during the ensuing drying stages.  This 

study highlighted the potential of DART-MS for rapidly monitoring the progress of complex 

manufacturing processes such as tea fermentation and was the first report of volatile 

acid/base clusters detected from the surface of tea leaves. 

Finally, the LC-MS methods developed in Chapters 3 and 4 were applied to the 

aforementioned oolong tea manufacturing samples collected from three consecutive seasons, 

to further demonstrate the applicability of non-targeted LC-HRMS as a powerful tool to 

provide insight into the biochemical processes occurring during manufacturing (Chapter 6).  

PCA revealed the de-greening stage (heating to 300 ºC for 6 minutes) of the manufacturing 

process was responsible for major changes in the biochemical profile, with a range of 

components such as flavonoids and nucleosides significantly decreasing in abundance, while 

several known primeverosides increased in abundance.  During the fermentation phase of 

manufacturing (i.e. prior to the de-greening step) the changes were less marked with levels of 

free amino acids observed to increase (as previously reported).  However a novel finding was 

that levels of jasmonic acid and two jasmonic acid derivatives also increased during the 

fermentation, possibly as a response to the wounding of the leaf from physical manipulation 

during the harvesting and wilting stages.  The results of this study indicate that a non-targeted 

LC-MS approach to monitoring tea fermentation/manufacturing can reveal changes in 

concentrations of a wide range of feature molecules, both known and unknown, that could 

provide further information into important quality attributes or processes that occur during tea 

manufacturing. 
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7.2. Future Work 

A benefit of non-targeted analysis is that it is not constrained to monitoring a particular 

compound or class of compounds, thus it can both validate previous targeted findings and 

highlight biochemical changes that may have been missed.  The generation of a list of highly 

significant differentiating biochemical markers using MS based non-targeted analysis 

techniques has been repeatedly exemplified within this PhD thesis (Chapters 3, 4, 6).  

Identification of these key compounds is critical for understanding the biochemical (and/or 

external) processes that may be occurring, and thus aid in providing validity of the observed 

changes.  Validation of these novel components may provide new insight into key features of 

tea plant chemistry/biochemistry, leading to an enhanced understanding and improved marker 

compounds for tea product attributes such as quality, manufacturing process control and 

product verification.  However, it is important to note that these chemical/biochemical 

findings should be verified alongside the tea ‘master/tasters’ evaluation of the products 

quality attributes.  A major challenge (and opportunity) is the identification of these unknown 

compounds, as without identification it is impossible to understand the experimental data and 

formulate hypotheses.  Identifications are generally confirmed by LC-MS chromatographic 

co-elution, accurate mass match, and MS fragmentation matches with an authentic standard 

(purchased or synthesised).  If the component is particularly novel and there are no 

commercially available standards and it is not feasible to chemically synthesise them, then 

fractionation and purification is required to obtain sufficient pure compound to generate 1- 

and 2D NMR data for full structural characterisation.  Once identified, repeated validation 

experiments of the target compounds using more targeted analytical techniques are needed to 

confirm their significance.  As well as aiding in validation of the observed trends, the 

acquisition of standards can facilitate development of improved more targeted analytical 

methodology, with the aim of increasing sample throughput and thus considerably decreasing 
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data analysis time.  Depending on the analyte’s properties and abundance, there could be 

potential to use real-time analytical techniques to rapidly monitor these key components, such 

as DART-MS (Chapter 5), to aid in process control, for example, correlating with and then 

replacing the ‘tea master’ in deciding the correct de-greening point in tea production. 

 

 

The studies reported here suggest several areas for the future advancement of tea research: 

 The PA analysis (Chapter 2) could be improved by the use of an instrument capable 

of resolving molecules based on charge state and then fragmenting and collecting MS2 

spectra, such as a Q-ToF with an in-vacuum ion-mobility cell.  This could solve the 

conundrum, for example, of chromatographically co-eluting doubly-charged M+2 

isotope ions overlapping with singly charged ions of the same m/z and 

‘contaminating’ the observed MS2 spectra (e.g. PC:PC [M-H]- = m/z 577 c.f. PC4 [M-

2H]2- = m/z 576 (see Fig. 7.1).  An alternative solution would be to utilise HRMS to 

resolve these two ions, although this would require an instrument capable of several 

hundred thousand resolution such as a Fourier transform ion cyclotron resonance MS 

or the latest generation Orbitrap instrument (Thermo Fusion) (see Fig. 7.2). 
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Figure 7.1:  Predicted MS1 spectra for the singly charged [M-H]- PC:PC dimer (top) 

and the doubly charged [M-2H]2- PC4 tetramer (bottom), with the grey highlighted 

region demonstrating the overlap of M and M+2 ions on the m/z 577.15 channel. 
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Figure 7.2:  Predicted MS1 spectra for the singly charged [M-H]- PC:PC dimer (a, c) 

and the doubly charged M+2 isotope ion of a [M-2H]2- PC4 tetramer (b, d), 

demonstrating the overlap of M and M+2 ions at 100,000 resolution (a, b) and 

baseline separation at 300,000 resolution (c, d). 
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 The identification of unknown compounds in Chapters 3, 4, and 6 could be advanced 

by utilising the quadrupole-Orbitrap technology now available (Q-Exactive) to collect 

further targeted MS/MS accurate mass fragmentation data.  MSn could also be 

performed on the ion-trap instruments to correlate with the accurate mass MS2 data.  

If required, isolation of these key compounds could be performed by MS-directed 

semi-preparative chromatography for NMR identification. 

 The studies reported here in Chapters 3, 4, and 6 suggest a range of marker 

metabolites for characterising the origin and state of processing of teas.  These could 

be validated with repeated targeted studies with improved targeted analytical 

methodology to facilitate the validation. 

 The formation of volatile components during the tea fermentation process (as 

observed by DART-MS) could be further examined by repeating the study but 

specifically targeting volatiles formed during this manufacturing process with head-

space extraction and GC-MS to re-confirm the geranic acid formation, and potentially 

identify other volatile components that may be being formed. 

 A correlation study could be performed on the daily batch production of oolong tea to 

measure the levels of volatiles detected by the DART (real-time analyses) and 

compare with the ‘tea masters’ decision point to de-green the samples and halt 

fermentation.  This could potentially result in another tool to aid the tea master in 

producing a consistent product over the production period. 

 The studies reported here in Chapters 3, 4, and 6 could be repeated with a different 

analytical technique such as NMR or CE-MS to validate and/or potentially find other 

diagnostic marker compounds that were not detected by the LC-MS techniques, 

and/or identify some of the unknowns. 
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Finally, this PhD study has highlighted the potential efficacy of non-targeted analyses using 

LC-MS, UHPLC-MS and direct ionisation MS, when combined with multivariate statistics, 

to not only differentiate fermented from non-fermented teas, but provide potential indicators 

of provenance of tea samples or manufacturing stage for further examination.  While many of 

the molecules observed to differ between different sample classes had been previously 

reported, the approach was also able provide evidence of previously unobserved metabolite 

conversions during the tea manufacturing process, and also generate a list of unknown 

components as targets to be followed up on.  These components were not on any list of 

metabolites for targeted analysis and would not have been observed with conventional 

targeted MS techniques.  The methodologies reported within this thesis have considerable 

potential for a wide range of applications not limited to tea, or food, or plants, as with 

appropriate sample preparation they can be applied to monitor metabolite changes taking 

place in virtually any complex biological or chemical system.  There are also many 

opportunities to combine comprehensive rapid analysis technologies such as DART-MS, with 

computational methods for non-targeted analysis, to perform rapid screening of foodstuffs for 

unexpected contaminations.  While most contaminant analyses are performed using targeted 

analyses, the methodologies reported here demonstrate that the collection of non-targeted full 

scan MS data enables both the potential detection of new ‘unknown components and/or 

contaminants’, as well as the opportunity to apply conventional post-processing data 

techniques for the detection of known target compounds. 
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Chapter 8 
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Chapter 9 
 

9. Appendices 

9.1. Appendix for Chapter 3:  HILIC column and solvent 

selection 

During the development of the HILIC chromatography method reported in Chapter 3, two 

different HILIC columns were trialled.  These were: 

 Merck ZIC-pHILIC, 100 mm × 2.1 mm, polymeric based phase of 5 µm particle size 

 Grace HILIC column, 50 mm × 2.1 mm, silica based phase of 1.5 µm particle size 

The performance of these columns were compared by chromatographing green and black tea 

hot water extracts, using gradient elution with a commonly utilised mobile phase combination 

of acetonitrile/0.1% formic acid (solvent A) and aqueous 16 mM ammonium formate (solvent 

B).  The main factors considered were chromatographic retention, resolution and peak shape 

of a range of amino acids, the total number of components reliably detected in tea extracts, 

along with recorded system back-pressures.  The Grace column contained a UHPLC sized 

silica based stationary phase while the Merck column stationary phase was based on 

polymeric beads (of standard HPLC dimensions) and as such could tolerate a wider mobile 

phase pH range.  A comparison of these Grace and Merck columns is shown in Figure 9.1 

below.  Extracted ion chromatograms (EIC) of selected amino acids detected in green tea hot 

water extracts demonstrate the chromatographic advantages of the polymeric Merck column 

over the silica based Grace column.  The Merck column demonstrated superior resolution of 
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leucine and isoleucine and two unknown compounds (Fig. 9.1, A2), along with a further 

unknown compound (15.86 min) in the theanine/arginine EIC (Fig. 9.1, A4). 

 

Figure 9.1:  Positive ion EICs of selected amino acids detected in green tea hot water 

extracts chromatographed on A) Merck ZIC-pHILIC column or B) Grace Vision HILIC 

column.  EICs (50 ppm window) are 1) 205.097 m/z, 2) 132.102 m/z, 3) 166.086 m/z and 4) 

175.112 m/z. 
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The Grace column failed to resolve leucine and isoleucine (Fig. 9.1, B2) or the unknown 

compound in the theanine/arginine EIC (Fig. 9.1, B4).  Both columns were capable of 

retaining and chromatographing tryptophan and phenylalanine adequately. 

 

The chromatographic performance of the Merck ZIC-pHILIC column was then subjected to a 

comprehensive assessment, using both methanol and acetonitrile with and without 0.1% 

formic acid added as the organic mobile phase and the three aqueous mobile phase modifiers 

(and combinations of these) listed in Table 9.1. 

Organic mobile phase Aqueous mobile phase 

Methanol Water + 1% formic acid 

Methanol + 0.1% formic acid  Water + 1% ammonia  

Acetonitrile Water + 16 mM ammonium formate 

Acetonitrile + 0.1% formic acid  

 

Table 9.1:  Mobile phase compositions trialled during column comparison and mobile phase 

selection 

Acetonitrile was selected as the organic mobile phase solvent as the system back pressures 

observed were considerably more stable than with using methanol, which fluctuated over a 

much wider range and was also slower to equilibrate.  This is a commonly observed 

phenomenon when comparing methanol and acetonitrile and as there was also no obvious 

chromatographic performance advantage observed with methanol, it was not used in any 

further experiments.  The replicate injection retention times were more stable with the 

buffered acetonitrile phase (0.1% formic acid) compared to pure acetonitrile, and as the 
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ammonium formate salt is not soluble in 100% acetonitrile, a weak concentration of formic 

acid (0.1%) was used to ensure the pH of the acetonitrile, and thus retention times, were 

consistent. 
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Figure 9.2:  Positive ion EICs of selected amino acids detected in hot water extracts of green 

tea chromatographed on a Merck ZIC-pHILIC column with an organic mobile phase of 

acetonitrile (0.1% formic acid) and an aqueous mobile phase of A) 1% formic acid; B) 1% 

ammonia; C) 1% formic acid + 16 mM ammonium formate (1:1); D) 1% ammonia + 16 mM 

ammonium formate (1:1); or E) 16 mM ammonium formate.  EICs (50 ppm window) are 1) 

205.097 m/z (tryptophan), 2) 132.102 m/z (leucine/isoleucine), 3) 166.086 m/z 

(phenylalanine) and 4) 175.112 m/z (theanine/arginine). 

 

For ease of describing the effects of aqueous mobile phase modifier composition on 

chromatography, Figure 9.2 displays the same selected EICs as shown in Figure 9.1.  The use 

of 1% formic acid resulted in co-elution of most of the metabolites detected, including the 

monitored amino acids (Fig. 9.2, A).  The chromatographic resolution was considerably 

improved by using the 1% ammonia solution, however there were only two peaks 

chromatographically resolved on the leucine/isoleucine mass channel (Fig. 9.2, B2) and the 

unknown (16.24 min) on the theanine/arginine channel is not properly resolved from theanine 

(16.06 min) (Fig. 9.2, B4).  Likewise for the mixed solvent systems (Fig. 9.2, C and D), the 

leucine/isoleucine channel has only two peaks compared to the four peaks in the ammonium 

formate solvent alone (Fig. 9.2, E).  The mixed 1% formic acid + 16mM ammonium formate 

also revealed two extra unknown peaks (14.62 min, ca 16.2 min), one eluting close to the 

theanine peak (14.32 min), however the arginine peak shape (ca. 18 min) was poor (Fig. 9.2, 

C4).  The theanine/arginine channel in the mixed 1% ammonia + 16mM ammonium formate 

solvent system only displayed two peaks (theanine at 15.24 min, arginine at 18.52 min), with 

the likely extra two unknown peaks either not retained, not eluted or co-eluting with the 

theanine peak (Fig 9.2, D4).  Tryptophan and phenylalanine chromatographed satisfactorily 

on all solvent systems except the 1% formic acid.  Overall, the best performing aqueous 
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mobile phase mixture was the 16 mM ammonium formate solution in combination with 

acetonitrile/0.1% formic acid as the organic mobile phase (Fig. 9.2, E). 

 

9.2. Appendix for Chapter 4:  Selection of C18 UHPLC column 

length 

In the development of the reversed phase method, a comparison of two different column 

lengths was performed.  As mentioned in Chapter 1, the advantage of the smaller particle 

sizes used in UHPLC columns (sub 2 µm) is the increased resolving power due to the larger 

surface area available for analyte-stationary phase interactions to occur.  This increased 

chromatographic resolution can be utilised in two ways; by keeping column length the same 

as the more conventional 3 or 5 µm particle size columns used (which will likely result in 

considerably more components being chromatographically resolved in a slightly shorter run 

time to the conventional particle size columns); or reducing column length and decreasing 

runtime (thus increasing sample throughput through the instrument), without sacrificing the 

chromatographic resolutions achieved with the conventional particle size columns. 

A comparison of the resolving power of two Agilent SB-C18 columns run with the same 

solvent system, flow rate and the linear gradients (calculated relative to column length) was 

performed.  Injections of 2 µl aliquots of tea extracts were detected on the MS using both –ve 

and +ve ESI, as described in Chapter 4 and 6.  The two columns were described as: 

 HR method: Agilent C18 150 × 2.1 mm, 1.8 μm (21 minutes total run time) 

 Fast method: Agilent C18 50 × 2.1 mm, 1.8 μm (7.3 minutes total run time) 

Table 9.2 clearly demonstrates as expected that the longer column yielded a 1.5-2 fold 

increase in the number of components resolved and detected in –ve and +ve ESI respectively, 
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due to the superior chromatographic resolving power (increased number of theoretical plates) 

of the longer column. 

 

 HR C18 (150 × 2.1 mm, 1.8 µm) Fast C18 (50 × 2.1 mm, 1.8 µm) 

+ve ESI 450 250 

–ve ESI 300 210 

 

Table 9.2:  Approximate number of components resolved for each column and detected by 

positive (+ve) or negative (–ve) ESI mode. 

 

The extra chromatographic resolving power of the 150 mm column compared to the 50 mm 

column is further exemplified in Figure 9.3 below using EICs of 355.1 m/z. 
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Figure 9.3:  Positive ion EICs showing the increased chromatographic resolving power of the 

longer 150 mm column (A) compared to the shorter 50 mm column (B) for 355.1 m/z (± 0.1 

m/z window). 

 

The highlighted regions of Figure 9.3 clearly demonstrate a greater number of peaks resolved 

by the 150 mm column (Fig. 9.3A) compared to the 50 mm column (Fig. 9.3B) in the 

equivalent portion of the chromatogram.  There is also evidence of broad, early eluting, 

partially retained peaks (ca 1.6 – 1.9 min) on the shorter column (Fig. 9.3, B). 

The implication of detecting a greater number of components in the extracts is demonstrated 

in Figure 9.4 below.  The multivariate resolution of the three tea type groups is increased in 
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the PCA score plot with the larger number of components detected (a) compared to the PCA 

score plot of the faster method which resolved and detected fewer components (b). 

 

 

Figure 9.4:  PCA score plots for green (G), oolong (O), and black (B) tea extracts 

chromatographed on either a) 150 × 2.1 mm column or b) 50 × 2.1 mm column. 
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9.3. Appendix for Chapter 6:  Quality control measurements 

Excellent reproducibility of both the chromatography and m/z data are critical factors 

affecting the outcome of the peak detection/data-mining process, and consequently the 

overall quality of the non-targeted data acquired.  With optimised conditions, the 150 mm RP 

UHPLC column generally yielded peak widths of 4 seconds, while the average retention time 

reproducibility of the internal standard, dichlorofluorescein, was 0.21% (relative standard 

deviation, RSD) across the three batches of 54 injections. 

The average RSD on retention time for the d2-tyrosine internal standard (HILIC +ve ESI 

mode) and sucrose (HILIC –ve ESI mode) of the two HILIC analytical streams was 0.25% 

(calculated from all three batches of 54 injections). 

Likewise, mass stability is important if the high resolution capabilities of modern 

instrumentation are to be fully utilised in non-targeted analyses.  The maximum ppm error 

observed for the detected m/z of the internal standards (and sucrose) from the mean was <3.1 

ppm across all four LC-MS streams for all three batches.  Peak definition is another important 

factor for both peak detection and generating accurate peak areas.  To maximise both the 

number of scans across the peak and the mass resolution of the Orbitrap instrument, the mass 

spectrometer was programmed to operate at the 25,000 resolution setting which resulted in 

four scans/second and good chromatographic peak definition with approximately >16 data 

points per peak for the RP streams and >30 data points per peak for the HILIC streams. 

 


