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Abstract

The aims of this project were to investigate the surface chemistry and
morphology of processed tea leaves the techniques of atomic force
microscopy (AFM), scanning electron microscopy (SEM) and time of flight
secondary ion mass spectrometry (ToF-SIMS). Data from the spectra
obtained by ToF-SIMS was also analysed using principal component
analysis (PCA). Further experimentation was performed on tea leaves by
the addition of diluted samples of aromas, methyl salicylate, trans-2-
hexenal and linalool and examining these leaves using depth profiling to
discover how far into the leaf the aroma had penetrated and if there was
any connection between the chemistry and size of the aromas and how far

they penetrated.

A general characterisation of the tea leaves was performed in Chapter 3
where layers of waxes of a comparable size were observed on both green
and black tea leaves with AFM, as were micro-crystals on black tea and
areas showing two distinct types of interaction between the cantilever tip
and the surface of a green tea leaf indicating different surface properties.
SEM images revealed a visual difference between green and black tea
leaves, where the black tea leaves had more debris on the surface and

greater changes in topography due to the different processing methods.



The presence of lipids and epicuticular waxes were observed on the

surface of the tea leaves using the ToF-SIMS.

In Chapter 4 the effects of infusion in hot water on the morphology and
surface chemistry of the tea leaves are examined. SEM revealed structural
damage to the leaves from 30 seconds of infusion and this increased with
infusion time, resulting in the formation of holes in the cutin on the adaxial
surface of the tea leaf. By examining positive and negative ToF-SIMS
spectra and using PCA, a change in surface chemistry could be detected
from 15 seconds of infusion. The intensity of C3HsO," peaks in the spectra
increased as infusion time increased, indicating that the waxy cuticle of the
leaf surface had been removed revealing the underlying epidermal cell
layer. Peaks associated with octadecenoic and octadecanoic acids were
shown to have a reproducible effect on the positioning of the different
infusion times within the PCA plots. Though chemical changes can be
detected at 15 seconds, the first 30 seconds of infusion were found to be
responsible for the majority of the chemical changes on the surface. Taken
together these data indicate that the melting of the cutin layer, primarily
within the first 30 seconds of infusion may be related to the release of

flavour, aroma and constituents such as polyphenols.

The penetration into the leaf of aroma molecules was examined in Chapter
5. Diluted solutions of methyl salicylate, linalool and trans-2-hexenal were
added to tea leaves and then examined using depth profiling with ToF-

SIMS. For the first time a leaf was depth profiled using a Cg. The



presence of trans-2-hexenal was detected in the palisade mesophyll layer
of the leaf as was methyl salicylate, but to a smaller intensity. Methyl
salicylate showed partitioning in diffusion across the cuticle with a large
intensity in the cuticle and also in the interface between the epidermis and
palisade mesophyll layers. Linalool was present on the surface of the leaf
and showed partitioning in the cuticle of the tea leaves. As trans-2-hexenal
was the smallest and least lipophilic of the three aromas examined it is
theorized that the smaller the size of the aroma molecule plays a key role

in the penetration of the dehydrated leaves.
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Chapter 1.

Introduction

1.1 Introduction

To characterise and examine the surface properties of tea leaves, several
techniques will be used. Atomic force microscopy (AFM) will be used to
map the topography of the surface and also to examine if there are any
differences in the surface properties due to force interactions between the

cantilever tip and the tea leaf surface.

Time of flight secondary ion mass spectrometry (ToF-SIMS) will be used to
examine the chemical composition of the tea leaves and to also examine
changes in the leaves during infusion with boiling water. When specific
aromas are added to the surface of the tea leaves depth profiling will be
performed to determine when the aroma is in the leaves by removing
layers of the surface and scanning to identify aroma molecules and

constituents within the leaf.

Principle component analysis (PCA) will be used to analyse ToF-SIMS
data for the infusion of tea leaves to examine if different infusion times

affect the surface chemistry of the tea leaves.



1.2. General introduction to tea

1.2.1 General introduction to tea

The leaves of the plant Camellia sinensis are a crop of major economic
importance. When processed and infused with boiling water tea is
produced. Tea is the second most commonly drunk liquid after water
(Graham. 1992; McKay et al. 2002). It is clear that the production of tea
has had a major impact on society, whether as the formation of elaborate
rituals for tea drinking ceremonies in the East or the spark that started the

American Revolution with the Boston tea party.

Originally all tea came from China. The Chinese plants were Camellia
sinensis var. sinensis. Original attempts to transplant these plants in India
failed. During the Chinese opium wars the production of tea was greatly
destabilised, fortunately a variant breed Camellia sinensis var. assamica
was discovered in the hills of Assam in India by Major Robert Bruce, it took
years for official identification to be performed, even when a second
sample was sent in by Lieutenant Charlton. It was only after the death of
Bruce, when his brother requested identification that it was confirmed to be
tea. The discovery of this variant led to the foundation of tea plantations all
over the Asian and African highlands. The main product of these

plantations is black tea.



Both varieties of the plant grow best in warm, humid climates and in its
wild state can grow up to a metre a year. The plant prefers a weakly acidic
and well drained soil, with diffuse light (Zhang et al. 2008). The evergreen
shrub can grow up to 17 metres in height but is usually pruned to between

1 and 2 metres to make harvesting easier.

The growth conditions of the plants, such as type of soil, climate and
altitude of growth, have an effect on the characteristics and flavour of the

tea.

Harvesting is still a very manual job and happens every 7 to 14 days; the
top two leaves and the bud are typically plucked. At sea level the bush will
replace the plucked leaves at a much quicker rate than if the bush is at a
higher altitude (Tea council. 2003). It is possible for mechanical plucking
but this is seen as giving a product that is less uniform and of a lower

quality (Zhang et al. 2008).

1.2.2 Economic importance of tea

Considering the industry that has surrounded the growing and processing
of tea as a commodity it is important to consider the economic importance
of this crop. Figure 1.1 shows the top twenty countries producing tea in
2009, where the amount of tea produced per country is shown. China and

India are still the highest producers of tea but some of the third world

3



developing countries are included in this list showing the importance of the

growth and export of this crop for these poorer regions.

Figure 1.2 shows the 2008 import figures for the top twenty tea importing
areas. Previously the United Kingdom was the largest importer of tea, until
2004, the Russian Federation and the United Arab Emirates now spend
more money on importing tea than the UK. Both import and export figures
were not available for 2009. With regards to the export of tea, figure 1.3

shows the top 20 nations of tea exporters for 2008.

The Russian Federation, United Arab Emirates, United Kingdom, United
States of America, France, the Netherlands and Poland all export a larger
value of tea than they import. It can be assumed that these countries are
resellers. Given the location of these countries and the wealth of them it
would be likely that these are selling specific brands and blends which

account for the large volumes imported and exported.
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Figure 1.1 — Top 20 tea producing nations world wide (estimated metric tonnage). (Source Food and Agriculture

Organization of the United Nations).



Top 20 tea importing nations (2008)
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Figure 1.2 — Top 20 tea importing nations world wide (based on cost of tea imported). (Source Food and Agriculture

Organization of the United Nations).
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Figure 1.3 — Top 20 tea exporting nations world wide (based on value of tea exported) (Source Food and Agriculture

Organization of the United Nations).



Specific trade figures for the United Kingdom show that tea is a large
business. Figure 1.4 a shows the manufacturer sales for 4 years in the UK
in tea products (under 3kg). In 2007 the tea export trade made
£674,282,000. Though this is a decrease in the £710,648,000 export figure
from the previous year it is still a large sales figure. Given the variable price
of tea and the state of the global economy, fluctuations are bound to be
seen in any commodity. The variability of the price is seen in figure 1.4b

which shows the price per tonne of tea exports.



UK Manufacturer Sales (£000's)

720000
700000
680000

660000
640000
B UK Manufacturer Sales
620000 - (£000's)
600000 -
580000 -
560000 -

2004 2005 2006 2007

£000's sales

Year

Figure 1.4a — Sales of tea from UK manufacturers (£000’s) for 2004 to
2007 (Source Office of National Statistics PRA 15860 Processing of Tea
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Black tea has the largest share of the tea market in terms of sales,
guantities consumed and production so most tea factories will produce this

variant (Approximately 70.09% of the market share).

The apocryphal story of the origin of the tea drink as we know it today is
that leaves from the tea plant, Camellia sinensis va r. sinensis fell in the
boiled drinking water of Emperor Shen Nung in 2737BC, the second
emperor of China. After drinking the infusion the Emperor is said to have
found the drink delicious and refreshing and is listed as having
accidentally discovering the stimulating and beneficial properties of a tea

infusion (Chopra et al. 2000).

1.2.3 General production of tea
Camellia sinensis, also commonly known as the tea plant, tea bush and
tea tree, is the plant whose leaves are harvested for the production of the

majority of tea products sold around the world.

The evergreen shrub is usually trimmed to keep the height below six feet
to allow the easy harvesting of the buds and top two leaves of the plant. It
is able to grow in tropical and subtropical climates, but some varieties are

able to grow in much harsher conditions. The ranges in which the plant
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can grow extend from the outer Carpathians and Russia in the Northern
hemisphere to the Indian subcontinent, Japan, China and Africa in the

Southern hemisphere.

The younger leaves are preferentially harvested for the production of tea.
This is because different leaf ages can have an effect on the quality of the
tea produced due to differences in the chemical composition of the leaf.
Given the rate of growth for the plant, harvesting can occur every week to

two weeks to ensure only new growth is plucked.

The production of tea begins with the picking of the leaves. The picking
season depends upon the country in which the tea is being produced. For
example African teas will be picked all year round, whereas the Asian
countries have a specific season of May through to August. Only the bud
of the plant and the top two leaves are picked. Some plantations also

include the flower to be added to the blend as an aroma supplement.

After picking the leaves are processed to produce the tea. The amount of
processing varies on which type of tea is to be produced (Wilson et al.

1991; Wilson et al. 2003; Zhang et al. 2008).
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1.2.3.1 Black tea

Black tea is the most processed form of tea and goes through a number of
production stages. The term black tea derives from its colour, which is
characteristic of the fermentation process that the leaf goes through. This

type of fermentation is not the same as in the brewing industry of alcohol.

The leaves are first withered. This is to reduce the moisture content of the
tea leaf. The withering process is where the leaves are laid out on a wire
mesh and hot air is passed through the mesh and leaves. The mesh
ensures that all leaves are dried in a uniform fashion. The final withered

leaves are pliable and limp and this process can take up to 17 hours.

After withering the leaves are then rolled in a machine. The reason for this
process is to break the structure of the leaves and to release the oxidative
enzymes within the leaf to start the next processing step of oxidation. In
oxidation the leaves are left in troughs or laid out on tables to allow the
oxidative enzymes within the leaf to come into contact with the
atmosphere. The oxidation process produces the colour, flavour and
aroma of the final tea product. During this process the leaves will change
from a green colour to a light brown and finally a dark brown colour. This
process is time dependent as the tea can be spoilt if it is left to oxidise for
too long. Usual oxidation times are from half an hour to 2 hours at a
specified temperature of approximately 26 °C. This step is constantly

monitored to ensure the temperature is constant and the tea is not spoilt.
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The oxidation step is where catechins are condensed and oxidatively
polymerised by the catalisation of polyphenol oxidase and peroxidise. The
final products of this oxidative step include theaflavins and thearubigens

which affect the colour and the taste of the tea (Zhang et al. 2008).

To stop the oxidation process the tea is dried. This is done by passing the
oxidising leaves through hot air driers again to degrade the oxidative
enzymes. At the end of the final drying stage the moisture content of the
tea leaves is reduced to 3% of the original moisture content. The leaves
can then be graded according to size and quality (Chen 1984; Wilson et al.

1991; Wilson et al. 2003; Zhang et al. 2008).

1.2.3.2 Green tea

Green tea is produced in a different way to black tea to ensure the
oxidation step doesn’t occur. By denaturing the oxidative enzymes and

also keeping the leaf whole this processing step is completely omitted.

The leaves are usually first sun dried on trays for a few hours. After this
they are usually roasted. The roasting process involves either steaming of
the leaves or pan frying to inactivate the oxidative enzymes. Techniques
involved in this step include the use of microwaves, far infrared, rotary
heated drums, steaming machines and less technological solutions such

as wood burning pans. The leaves are then rolled. To reduce the stress
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and damage to the leaf these can be manually rolled as opposed to the

black tea manufacturing where a machine roller is generally used.

Following on from the rolling the leaves are dried again to reduce moisture
content and can then either be rolled for a final time to give the leaf it
distinctive shape and then sorted into it grade or just sorted into its grade
without the final rolling stage. The final moisture content should be below
6% of its original content (Chen 1984; Wilson et al. 1991; Zhang et al.

2008).

The tea is generally divided into two groups depending on the method of
fixation. China mainly produces pan-fried green tea and Japan mainly
produces steamed green tea. The pan-fried tea is usually for export whilst
the steamed tea is for consumption within Japan rather than export (Zhang

et al. 2008).

1.2.3.3 Other teas

Many other types of tea are also commercially available. With the
exception of herbal and fruit teas these all are made from the leaves of the
Camellia sinesis plant. The only difference between these types of tea is
how they are produced. Figure 1.5 shows how these different teas are
produced. With fruit and herbal teas, the ingredients are made of
combinations of dried parts of plants and fruits. These are caffeine free
and are sweetened with the sugars naturally found in fruits.
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Oolong tea is a traditional Chinese tea which is partially oxidised. There is
a range of 10% to 70% oxidation in production of Oolong. This variation is
not in the plant but in the production of the finished tea product and it is
not stated if the original leaves are from sources usually used for the

production of green or black tea (Lee 2006).

White tea is made from young leaves and new growth buds of Camellia
sinensis, but from the cultivars (a cultivated plant given a specific name
because of it desirable characteristics) Da Bai, Xiao Bai, Narcissus and
Chaicha. It is a speciality of the Chinese province of Fujian (Chow et al.

1990).
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1.2.4 Chemical constituents of tea

The constituents of tea depend on the production process used. It is
generally seen that the darker the tea variety the less the efficacy of the
antibacterial and antioxidising activities. All leaves contain vitamins,
minerals, alkaloids (such as caffeine) and polyphenols (flavonoids and
catechins) (Kaplan et al. 1974; Ikegaya et al. 1987; Balentine et al. 1997;
Zhu et al. 1997; Wang et al. 2000; Friedman et al., 2005; Friedman 2007;
Chin et al. 2008; Freeman et al. 2008; Arab et al. 2010; Castro et al. 2010;

Chen et al. 2010; Hodgson et al. 2010).

The flavonoids have a variety of medicinal properties. These include anti-
allergic, anti-inflammatory, antibacterial, antiviral and antioxidant effects.
There is also the ability to decrease vein permeability and to increase the
strength of the veins (Weber et al. 2003; Friedman 2007; Jariwalla et al.
2007; Garcia-Lafuente et al. 2009; Yoshino et al. 2010; Cushnie et al.

2011; Ferrario et al. 2011; Shen et al. 2011; Tzellos et al. 2011).

Tea is also a good source of vitamin C and it has been found that 2 cups
of tea a day provide the equivalent of 3 glasses of orange juice (du Toit et

al. 2001).
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Catechins (tea tannins) have antiseptic and antioxidant properties. They
are also claimed to have a detoxifying effect by forming complexes with
other molecules. A quarter of fresh dried green tea leaves are composed
of catechins. Catechins are plant metabolites which are present in
numerous plant species, the largest source in the human diet comes from
tea. Catechins can also be found in wine, fruits, vegetables and chocolate.
The most common tea catechin is epigallocatechin gallate (EGCG) (Figure
1.6a) which is gallic acid ester of a catechin (Figure 1.6b). Other catechins
found in tea include epicatechin (EG) (Figure 1.6c) and Epigallocatechin
(EGC). Though the fermentation of black tea reduces the amount of
catechins present in finished product these three catechins are still
present. White tea has a higher concentration of catechins much like

green tea (Zhu et al. 1997).
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1.2.5 Medicinal benefits of tea

Tea has been used as a home remedy for a long time and has some

proven medical benefits.

There are two known benefits from all tea types. The antiseptic properties
of flavonoids and tannins have meant that tea has been used as a way of
fighting infections. As mentioned earlier tannins also have anti
inflammatory properties and flavonoids bind with complex molecules
meaning they can help detoxify a system. A compress of tea is used to
stem bleeding, a poultice of green tea is used to combat itching and

inflammation of insect bites (Van-Wyk et al. 2002).

Tea has also been used to treat inflammatory bowel disease and
infectious dysentery because of these same properties (Jurjus et al. 2004).
Whilst green tea has been seen to have more medicinal properties than
black tea, and the uses of it are being investigated. For example, green
teas are seen as immune boosters with their antioxidant and detoxifying

properties, as well as the mineral and vitamin content.
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Laboratories have been studying the effects of an extract of green tea on
skin tumour formation using animal models. If taken orally or applied to the
skin the extract has been shown to inhibit skin tumour formation when it is
formed by ultra-violet B radiation (UVB) or by chemical carcinogens. The
extracts contain polyphenols (catechins), and the predominant polyphenol
to have an effect is epigallocatechin-3-gallate (EGCG). This was applied to
mouse skin and prevented UVB-induced oxidative stress and suppression
of the immune system. The trials with mouse skin models have extensively
illustrated benefits of green tea extracts (Katiyar et al. 1997). Only a few
studies have been performed on human skin cells. Currently
pharmaceutical and cosmetic companies have been using green tea

extracts to supplement skin care products (Katiyar et al. 1997).

Surprisingly, green tea is very rich in fluoride and a study has been
performed using natural toothpaste containing zinc ascorbate and green
tea bioflavonoid. The aim of this study of natural toothpaste was to
determine the effect on bacterial plaque accumulation. The results showed
a significant decrease in total plague biomass when compared with control
toothpaste (Wolinsky et al. 2000). Other studies are ongoing into the

effects of tea drinking on health of teeth. If these studies produce
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substantiated results the hope is that tea could play a larger role in public

health.

The role of tea in cancer prevention is of major current interest. Catechins
have shown an ability to inhibit the proliferation of tumour cells and can
also promote the destruction of leukaemia cells. Both green and black teas
have also been shown to suppress DNA reproduction (Olaku et al. 2011;

Yang et al. 2011).

1.2.6 Potential health risks of tea ingestion

As with most compounds ingested by humans, there is the potential for
health risks with a large intake of tea. Fortunately the caffeine content of
tea is less than coffee. It is estimated that a cup of tea that has been
brewed for one minute will contain half the caffeine than a cup of coffee
(Bunker 1979). Green tea has the least caffeine in it. Caffeine can cause
insomnia, nervousness and in some cases migraines in people who drink
large amounts of it or are sensitive to it. White tea has a high amount of
caffeine in it compared to other teas due to the process of production.
Also, because tea can have an antioxidant effect, it can cause a reduction
in the ability to use iron from the diet and can be a problem for people who

suffer from anaemia (Samman et al. 2001).
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1.3 Introduction to leaves

The basic functions of a leaf is to increase the surface area of the plant to
allow photosynthesis, to provide a place where gas exchange can occur
(CO; into the leaf and O, out) and to be a site of transpiration where the
evaporation of water from the leaf helps with the uptake of water from the

roots into the plant.

A general structure of a leaf is shown in figure 1.7.

The cuticle is a waxy waterproofing layer on the upper side of the leaf (the
adaxial side). The cuticular layer varies in thickness with plant species.
This layer helps the plant to reduce water loss. Though the bottom side
(the abaxial side) of the leaf also has a waxy cuticular layer the adaxial

layer tends to be thicker for the cuticle than it does for the lower epidermis.

The cuticle is the main barrier to foliar penetration of compounds. The
cuticle can be considered as a lipid membrane composed of a cutin
polymer, which has waxes embedded into it or surrounding it. It has a high
capacity for the adsorption of lipophilic compounds (Riederer et al. 1984;
Reiderer et al. 1985). The membrane has been seen to be heterogenous
in structure and chemical composition. The cuticle is composed of a layer
of epicuticular waxes on top of a cutin membrane or embedded within it,

cuticular waxes.

For compounds to penetrate the cuticle there must be sorption into the

lipids in the cuticle, diffusion of the compound over the cuticular membrane
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and then desorption of the compound into the cells in the epidermal layer

(Kirkwood 1999; Schoenherr et al. 1999).

The second layer is the upper epidermis. This is a protective layer which
contains no chloroplasts within it. The upper epidermis secretes the non-
cellular wax layer of the cuticle. An interesting adaptation within the upper
epidermis is that the cell wall on the adxial side of the epidermal cell is

thicker than the abaxial side.

The palisade mesophyll is a layer of tightly packed parenchyma cells
which contain chloroplasts. The chloroplasts are needed for
photosynthesis. The structure within this layer is more organised than the
spongy mesophyll layer below it. This is to give the leaf a rigid structure.
The spongy mesophyll layer is also composed of parenchyma cells but

also has air spaces between these.

The lower epidermis on the abaxial side of the leaf contains stomatal
guard cells and an aperture for gas and water exchange known as the
stoma. The stomatal guard cells surround the stoma in pairs and are used
to control the rate of gas exchange and transpiration. These are usually

the only cells in the epidermal layer that contain chloroplasts.

The xylem and phloem are also known as the bundle sheath cells and are
used as a transport mechanism within the leaf. The xylem is responsible

for the transport of minerals and water within the plant, whereas the

24



phloem transports organic compounds and dissolved sugars (Toole et al.

1999).
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1.4 TeaAroma

1.4.1 Importance of Aroma

When tea is processed from its fresh leaf form to the tea leaves that are
used for infusion, a proportion of the aroma is lost (Ravichandran et al.
1998). During the processing of the tea the lost aroma is captured by
condensation of the aroma during heating stages, mixed with water and
re-sprayed back onto the dry leaves. As a method of replacing lost aroma

it is still very inefficient.

Aroma is one of the major stimuli that contribute to the perception of
flavour, along with taste, texture and general “mouth feel”. The stimulation
occurs when the food or liquid encounter the mucous membranes of the
mouth (stimulating taste) or nose (stimulating odour). It can also occur
when the compounds from the ingested material interact with the lining of
the mouth (“mouth feel”) and when the chewing process is affected by the

material ingested (texture) (Ruth et al. 2002).

The combination of these stimuli affects how we perceive the taste of a
foodstuff and this is generally known as the flavour of the foodstuff. Of all
of these stimuli, aroma is generally considered to have the largest effect

on the flavour perceived.

Quantifying flavour can be quite difficult experimentally. There are
problems in the comparison of data collected from live subjects when

compared to quantitative and qualitative data obtained by a machine. A
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sample could have all the favourable ingredients for what could be
perceived as a good flavour but an instrument cannot quantitatively or

qualitatively express results for mouth feel.

For the aroma to be perceived, it must enter the airways, either by direct
inhalation (the first sniff of a beverage) or release through the mouth
(when a foodstuff is chewed and volatile aroma molecules are released),
and contact the olfactory receptors (Buettner et al. 2000; Beuttner et al

2000).

1.4.2 Tea Aromas

The study of tea aromas has focussed on the aromas present either in the

raw leaf before processing or the finished processed tea product.

The formation of black tea aroma was found to occur during the time taken
to process green tea leaves to the finished black tea product. The
oxidative flavanols were thought to form volatile aroma products. The final
drying stage was thought to be responsible for further oxidation

(Sanderson et al. 1973).

By incubation of glycoside fractions of methanol extract of two varieties of
fresh tea leaves with different enzymes the formation of aromas and
aroma precursors were observed. (Z)-3-Hexenol, methyl salicylate,

geraniol, 2-phenylethanol, benzyl alcohol, linalool and linalool oxides were
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all identified following the enzymatic treatment by gas chromatography. A
calculation of comparison of the aroma products showed that the different
samples had different amounts of aroma in the samples which
corresponded with previous experiments on the growing conditions of
Camellia sinensis. The conditions in which the plant is cultivated will lead
to a difference in the aroma constituents found in the plant (Takeo 1981,

Takeo 1981; Morita et al. 1994).

The effects of tea processing were examined in relation to the aroma
content. Fresh leaves were collected from 3 cultivars of tea and subjected
to the usual processing of green and black tea leaves. Solvent extraction
was used to collect volatile flavour compounds (VFC) and samples were
examined using gas chromatography. The VFCs were sorted into two
groups, VFC group 1 consisted of 1-penten-3-ol, n-hexanal, n-hexanol,
cis-3-hexenal, trans-2-hexenal, cis-3-hexenol, trans-2-hexenol and
pentanol. Group 2 VFCs consisted of linalool and its oxides, methyl
salicylate, phenylacetaldehyde, geraniol, benzyl alcohol, 2-phenylethanol,

benzaldehyde, a- and B-ionone.

Withering of the leaf increased the amount of group 1 constituents
present. There was some increase for group 2 but to a lower extent, with
the exception of linalool. When fermentation occurred there was a
reduction in the presence of group 1 alcohols and an increase in
aldehydes. With the exception of methyl salicylate and a- and B-ionone,

group 2 compound increased as well. The firing stage showed losses in
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the amount of both group 1 and 2 compounds. Injury to the leaf before

processing increased the group 1 content (Ravichandran 1998).

A comparison of oolong tea and black tea using a combination of gas
chromatography and gas chromatography/FTIR spectrometry/mass
spectrometry showed that black tea included linalool, 4 linalool oxides,

geraniol and methyl salicylate (Kawakami et al. 1995).

The isolation of volatile components of black tea by simultaneous
distillation extraction and hydro distillation and subsequent analysis by gas
chromatography showed 50 different volatile compounds. These included
geraniol, methyl salicylate, linalool and its oxides. Simultaneous distillation
extraction was found to be a more effective technique for the examination

of the volatile compounds (Rawat et al. 2007).

As well as examining the aroma found on the leaves, precursors for the
aromas were also examined. Methyl salicylate glycosides, (z)-3-hexenyl-
B-D-glucopyranoside and Cis and trans-linalool 3,7 oxides were identified
following enzymatic hydrolysis and gas chromatography of oolong tea

leaves (Moon et al. 1996).

A method of recovery of aroma components, pervaporation, was studied to
see If there was an increase in the recovery of the components from tea
aroma condensate that is generated in the production of tea.
Pervaporation is a membrane based technique where components are

separated by permeation through a membrane and then evaporation.
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Differences in the type of membrane used allow the permeation of different
desirable compounds through it. A model system was examined with a
real tea leaf system and pervaporation performed on 8 compounds to
examine if the technique would separate the aromas. These included
methyl salicylate, linalool and trans-2-hexenal. The results showed that in
model systems and a real tea system the pervaporation was able to
separate the aromas with good yields but as it is a very selective process it
could result in a change of the actual tea aroma. In the experiments only 8
volatiles were examined. Previous identification has show over 140

separate aroma components for black tea alone (Kanani et al. 2003).

These studies have identified tea aroma components, precursors and
ways of separating the aromas during processing but ways of improving
the reapplication of aromas onto the finished tea product have not been

investigated.

1.5 Scanning probe microscopy

1.5.1 Introduction

The atomic force microscope (AFM) is a member of the scanning probe

microscope family. The scanning tunnelling microscope (STM) was



developed in 1982 and was able to obtain images of a silicon sample with
atomic resolution (Binnig et al. 1982). The main drawback of this system is
that the sample being imaged had to be conducting. The AFM was
developed to obtain high resolution images of surfaces that are not
conductive, for example biological samples. It was developed by Binnig,

Quate and Geber (Binnig et al. 1986).

1.5.2 Principle of AFM

The microscope is made up of a flexible cantilever with a sharp probe (a
tip) mounted at its free end which can scan the surface of an object. To
monitor cantilever deflection typically a laser is reflected from the
cantilever on to a position sensitive photo detector. When the cantilever
moves up or down, in response to surface forces or the topography of the
sample, the laser beam deflection path changes, and this is sensed by the
photo detector (Binnig et al. 1986). A piezo ceramic crystal in the scanner
allows movement of the scanner or probe in 3 directions, x, y and z with

sub-angstrom resolution. Figure 1.8 show a schematic set up of an AFM.

There are a variety of data aquisition modes which can be used in AFM.

The two main modes are contact and non-contact mode. Non-contact



mode can be subdivided into two modes of operation, true non-contact
mode and intermittent-contact or Tapping Mode ™ (TM-AFM) (Zhong et al.
1993). A recent mode of operation which has been developed for use with
the AFM to address some of the shortcomings of Tapping Mode ™ is
HarmoniX ™, which uses a novel torsional harmonic cantilever (THC)

(Sahin et al. 2007; Sahin et al. 2008).

To use the AFM in contact mode, a constant interaction force is
maintained between the sample being scanned and the tip on the
cantilever. When the surface is scanned the motion of the probe can be
monitored and recorded and a three dimensional image can be built up.
When the tip of the probe comes into contact with a surface feature a
feedback controller ensures that the vertical z position of the probe is
adjusted so that a constant force is applied. Though this mode offers a
high sensitivity for height of features of a sample, its success is dependent
on the robustness of the sample surface and the accuracy of the force

control used.
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Figure 1.8 — AFM Schematic of a tip scanning system showing the main

components of a typical system.

The basis of true non contact AFM imaging is to obtain topographical
images from the measurement of long range attractive forces as opposed
to short-range repulsive interactions as is typical for contact mode. The
cantilever is vibrated at its resonant frequency (or close to it). This is done
using either a piezoelectric ceramic contained within the AFM head
(acoustic oscillation) or through an externally applied oscillating magnetic
field (for a magnetized lever) in so called Mac-Mode™ (Han et al. 1996).

The probe is allowed to intermittently contact the surface during oscillation
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of the cantilever whilst raster scanning across the sample surface. The
contact with the surface alters both the phase and the amplitude of the
vibrating cantilever. Similar to contact mode the feedback controller can
adjust the height of the cantilever so the amplitude (or phase) of vibration
is kept at pre-set set-point value. The feedback controller allows the TM-
AFM to map the topography of the sample surface and to produce a phase
image, taken simultaneously of the same area being scanned. The phase
image is a measure of the energy dissipated when the sample surface and
cantilever tip interact with each other (Magnov et al. 1997). This change in
the interaction between the probe tip and sample can provide local
information about chemical or physical properties of the sample, such as
adhesion and elasticity and hence in the composition of the sample (Chen
et al. 1998). There have been difficulties in relating the phase images to
different material properties, so different modes of operation have been

utilised to examine these individual properties (Chen et al. 2000).

All modes of AFM have different probes which are utilised in the operation
of the machinery. Figure 1.9 shows the difference in the contact mode,
non contact mode and harmoniX cantilevers which are used. From the
images it can be seen that the cantilevers have different appearances.
Contact mode cantilevers are typically triangular shaped and have a
relatively low spring constant. When compared with a non contact mode
cantilever, this cantilever is typically shaped as a beam with the tip at the

end and is much stiffer to ensure a high enough oscillation resonant
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frequency. Finally the harmoniX cantilever is also beam shaped but with
the tip offset at one end of the beam. The offsetting of the probe is

important in gathering data from other harmonics, hence the name of the

technique.

Figure 1.9 — Differences in cantilever design for
the different modes of operation. (From left to right. Typical Contact mode
Cantilever, Typical Non-contact mode cantilever and harmoniX cantilever.)

Source www.acoustics.org, www.mobot.org and Veeco.
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1.5.3 Use of AFM on leaves and tea

The AFM has been used to examine plant material in a variety of
experiments. One of the earliest published uses of the AFM on plant
material was to examine the stoma on a tree, Lagerstroemia subcostata
and the abaxial side of a water lily leaf. Images obtained were able to

reach 12nm detail (Butt et al. 1990).

The parenchyma of a variety of fruit species were examined in 1996.
Homogenised samples were able to be imaged for about an hour, after
this the sample dried out and images were unable to be obtained (Kirby et
al. 1996). In this study samples were frozen for later experimentation. The
freezing lead to alteration of the structure seen with the AFM when frozen
compared with freshly prepared samples. Large pores appeared and

polysaccharides started to associate due to the freeze thawing process.

Ageing in leaves were examined when leaves from Vaccinium
macrocarpon, the American cranberry were studied. Younger leaves
showed a large variation in topography and a larger amount of high
plateaus when compared with the older leaves. The topography of the

older leaves was observed to be less rough (Mechaber et al. 1996).

The regeneration and formation of the cuticle was observed using AFM. A
live plant with and area on the leaf stripped of the waxy cuticle was

continuously imaged. After 5 minutes the first patches of regenerated wax

37



were observed. 90 minutes after wax removal and 15% of the surface was
covered in a regenerated wax layer. A complete layer of wax was
observed at 10 hours and after 20 hours there was a multilayered wax film

present (Koch et al. 2004).

The diagnostic power of the AFM was displayed with a study examining
the properties of the Prunus laurcerasus leaves. The phase image from
the AFM showed two different areas on the leaf. These two areas had
different material properties and confirmed evidence seen by SEM

micrographs of the same leaves (Perkins et al. 2005).

More recently there have been studies into constituents of tea rather than
the leaf or the plant itself. A polysaccharide from Oolong tea was imaged
to show a globular structure. Green tea polysaccharides were examined
before and after the addition of an enzyme to show a morphological

change due to the enzyme (Chen et al. 2009; Yi et al. 2001).

1.6 Time of flight secondary ion mass spectroscopy

1.6.1 Introduction to time of flight secondary ion mass spectroscopy

(TOF-SIMS)

Time of flight secondary ion mass spectrometry (ToF-SIMS) measures the

ionised particles that are released when a surface is bombarded with an
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energetic primary particle. Sources used to date to generate the primary
particle include caesium, gallium, gold, bismuth or carbon 60 (VanStipdonk
et al. 1996; Kotter et al. 1998). The secondary particles are emitted from
the surface after bombardment from the primary particle and can take the
form of electrons, neutral atom or molecular species, cluster and atomic
ions. Approximately 99 % of species emitted will be neutral and so cannot
be analysed using standard ToF-SIMS. Only species with a positive or
negative charge are analysed within the ToF-SIMS. To be able to detect
the neutral species emitted another technique can be employed, for
example MALDI ToF, where the neutral species are charged and thus able
to be analysed (Karas et al. 1985). The secondary ions are detected and
analysed by a mass spectrometer and give rise to a mass spectrum
reflecting the chemical constituents of a given material’s surface. In ToF-
SIMS, assuming the primary ion dose density (PIDD) is kept below an
established limit (< 1 x 10 ** jons/cm?), only the top surface layers, 1 — 2

nm are analysed. (Vickerman et al. 1997).
1.6.2 Theory of TOF-SIMS

ToF-SIMS uses a high energy beam of primary ions to bombard the
surface of a material with the energy from these particles being transferred
to the atoms in the solid. The energy is transferred through a cascade of
collisions whereby some of these collisions will result in the release or
emission of neutral or charged atoms, electrons and molecules from the

surface. Although ToF-SIMS only obtains data from the upper 1-2
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nanometres of a surface, the primary ions can penetrate 10s of
nanometres into the surface that is being analysed. The further away from
the impact point on the surface, the lesser the energy transferred and the
greater the likelihood of molecular fragments being released as opposed
to atoms. The release of these molecular fragments can give greater

understanding of the chemistry of the surface.

When analysing a materials surface a techniqgue known as static SIMS is
used where the primary ion dose is kept below the PIDD limit. As
previously mentioned this has been established experimentally as < 1 x 10
13 jons/cm?. This means that the region being analysed should not be
struck by the primary ion no more than once during analysis. A reflectron
is used in the instrumentation to ensure that all emitted ions of the same
mass arrive at the detector at the same time, thus providing consistency of
the mass resolution of the spectra. When analysed, ions can have a
spread of energies which will lead to poor mass resolution for a secondary
emitted ion. lons with different energies will penetrate the reflectron to
different depths, ie. The higher the energy of the ion, the deeper the

penetration before being turned around towards the detector. This

compensates for this difference in energy spread (Vickerman et al. 1997).

The ToF analyser can then separate out the secondary ions that have

been produced by mass/charge (m/z). The mass, m, is dependent on the
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time taken for the ion to travel the length of the flight tube, L, after they

have accelerated to a common energy by the use of a reflectron, E.

E = mv?/2 = mL?%/2zt Equation 1

The time it takes for these ions to strike the detector (also described as the

time of flight) is shown in equation 2.

t=L(m/2zE) /2 Equation 2
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1.6.3 Chemical mapping using ToF-SIMS

During the raster scan of the beam over the sample, as well as generating
a spectra for the surface being analysed, ToF-SIMS can also generate a
compositional map. For each point in the raster over the surface a spectra
is generated and these individual spectra are combined to make the final
spectra for the sample analysed. The functionality of the machine is such
that when the total spectra is analysed and peaks assigned, these peaks
can then be examined visually in a chemical map to examine where they
originated from on the surface. The resolution of the chemical map is

dependent on the primary ion used. For example if Bi* is used the
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resolution is around 100 nm on suitable samples. The thickness of the
sample, topography of roughness can affect the sample that is being
mapped. Contamination of the sample also should be considered. If there
IS contamination it can alter the result so the contaminant appears more

readily than ions that you wish to examine (Jones et al. 2006).

1.6.4 Depth Profiling using ToF-SIMS

As well as being able to scan the surface the ToF-SIMS instrument can
produce a depth profile of the surface being examined. The sample is
analysed in a dual beam mode where a scan of the area is taken, then the
area is etched using a different energetic particle. Another scan is then

taken of the area than has been etched and the process is repeated.

Different sources have been used for the etching process. The ideal
source is one which has a high current but a lower energy source than the

analysis beam.

Figure 1.12a and b show diagrammatically what is occurring in depth

profiling.
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1.6.5 Use of ToF-SIMS on leaves

ToF-SIMS has been used in a variety of studies of plants and plant
material. The technique was used to detect the presence of pesticides in
fungus, the pesticide was seen on the surface but proved to be too volatile
for long studies (CIliff 2001). A more successful study was able to trace the
movement of surfactants, herbicides and mixtures of the compounds
showed that there were differences in the penetration and diffusion of the
compounds across the leaves of Prunus laurocerasus (Perkins et al. 2007;

Perkins et al. 2008).

Differences in the distribution of carbohydrate, lignin and metal ions were
investigated in aspen spruce wood tissue sections. There were differences
in the location of these ions and lignins between the two species but
carbohydrates were distributed evenly across all of the morphological
regions (Tokareva et al. 2007). Examination of the distribution of sodium in
rice plant roots was undertaken using cryo ToF-SIMS. Differences were
seen in the distribution of sodium in two different cultivars, one salt
sensitive and one salt resistant). The salt sensitive rice had a high salt
content than the salt resistant plant with content being highest at the root

tip in both plants (Ferdose et al. 2011).

Cryo ToF-SIMS was used to trace nutrient distribution in plant tissue with

SEM. Phaseolus vulgaris stem samples were prepared with sodium,
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potassium and rubidium tracers. As well as scanning for the tracers water
calcium and magnesium were observed in the chemical mapping in xylem

tissue (Metzner et al. 2008).

The movement of water between cells was examined by labelling water
with deuterium in soybean plants. After 2 % minutes the labelled water
was observed in the xylem vessels, the water was then detected in the
phloem, cambium and cortex tissue from 30 to 60 minutes after
absorption. Differences in the ion counts were observed in the cambium
and phloem at different stages of transpiration. When transpiration was
high the ion count was higher for the phloem, during the night, when
transpiration is lower the ion count was higher in the cambium (lijima et al.

2011).

The composition of the cuticle of Kalanchoe daigremontiana was
examined and differences between the composition of the cuticle on the
adaxial side and the abaxial side of leaves were observed. Glutinol and
friedelin were present on the abaxial side. Three unidentified compound
were found on the adaxial surface. All of the mapping showed a

homogenous distribution (Jetter et al. 2010).
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1.7 Principal component analysis

1.7.1 Introduction to principal component analysis (PCA)

Principle component analysis (PCA) is a mathematical procedure used to
analyse large sets of data. PCA was invented in 1901 by Karl Pearson and
is regularly used for making predictive models and investigating trends

within data sets.

A data set of variables that could be related, are transformed into a smaller
number of unrelated variables which are called principle components. The
first principle component accounts for the largest percentage of variability
within all of the original data set, with each successive principle

component decreasing in percentage of variability.

The advantages of using this procedure are that the results are statistically
valid, all information and data is used, any potential bias for samples is
removed and the technique is both efficient and fast with the use of

computers.

1.7.2 Theory of PCA

Principal component analysis can be used for the analysis of large
amounts of data, for example ToF-SIMS spectra of samples which have

been treated in different ways. The production of the principal components
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is where factors from the original data inputted are used to create new
variables. These principal components are selected in order to explain the
variance in the original data set. The components produced remove any
information that is deemed redundant and also filters the noise regularly

seen in experimental data.

1.7.3 Use of PCA

ToF-SIMS and PCA has been used to analyse data from a variety of
sources. Work has mainly been on the identification of films, structures
and chemicals. Biological samples have been examined using these

techniques together including cell work, and tissue samples.

Some studies have examined plant and fruit materials using both ToF-
SIMS data and PCA. The effects of the addition of a fungicide and
pesticide, and examination of the effects of washing were compared with
untreated samples of olives and olive oil. Samples that had been treated
and then washed were similar chemically to the untreated samples than
the unwashed samples that had been treated. The chemical composition
of the washed samples were different as there were changes apparent
when compared to the untreated samples showing the washing step was

not one hundred percent effective (Silvia et al. 2006).

49



Cellulose and holocelluose fractions of pine and extracted wood were
analyzed using ToF-SIMS and PCA. Previously there had been 6
charateristic ions for identification in softwoods. This was increased to 44
with this study. The content of lignin was higher in wood samples than
holocellulose which in turn was higher than cellulose. This differentiation in
lignin content was exploited in the analysis. The experimental technique
shows how these two methods used in conjunction with each other can
increase knowledge of the chemical make up of woods and plants

(Goacher et al. 2011).

PCA has been used to analyse experiments performed on tea. The use of
visable and near infrared spectroscopy was used to examine different
varieties of tea. The data collected was then examined using PCA and a
library of 200 samples of 8 different varieties was collated. 40 unknown
samples were then examined using Vis/NIRS and this data was entered
with the library. The 40 samples were identified with a 100% recognition

rate (He et al. 2007).

Differentiation of tea drinks was observed using liquid chromatography.
Catechin and alkaloid identification and determination were used to
analyse black, green and instant tea drinks. PCA was used with Class

Analogy to split the data into two different clusters. One cluster identified

50



green tea infusions whilst the second cluster comprised of black and red

tea, instant teas and soft drinks (Fernandez et al. 2003).

The differences in fermentation and processing of tea types were
examined using Nuclear Magnetic Resonance and the spectra of 176
types of tea were examined. Using PCA to analyse the spectra collected
identified differences in the peaks for theanine and catechin content and
allowed classification into different groups for green, black, yellow, white,
hoji and oolong teas. The set of green tea data was further split into

groups of Chinese and Japanese green teas (Fujiwara et al. 2006).

The quality of green tea using samples from a 2006 tea contest in the
Kansai area of Japan were examined using a combination of Ultra-
performance Liquid Chromatography and Time of Flight Mass
Spectrometry. The metabolites of the samples were examined and the
spectra examined. High and low ranking tea samples were separated by

PCA dependent on the catechin content (Pongsuwan et al. 2008).
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1.8 Aims

This project aimed to examine the surface chemistry and morphology of
processed tea leaves using primarily TM-AFM, SEM and ToF-SIMS. The
investigation of the cuticle of the tea leaves was to provide an
understanding of any changes that could occur on the surface of the leaf

during the processing from fresh leaf to the finished product.

The effects of hot water infusion on the morphology and chemistry of the
leaf were examined at different time points to establish if there were any
changes on the surface of the leaf during this process when compared to

leaves which had not been infused.

Research was aimed to understand the effects of adding diluted aromas to
the surface of the processed tea leaves and performing ToF-SIMS depth
profiling to examine how far the aromas penetrated through the leaf and if
the size and chemistry of the aroma had any effect on the penetration

through the cuticle.
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Chapter 2.

Experimental Methods

2.1 Introduction

Some of the procedures used in the experiments were the same for the
different experiments. The most commonly used methodologies are listed

below rather than in the experimental chapters.

2.2 Selection of leaves

Tea leaf samples were provided by Unilever. The tea was from a Kenyan
plantation, with a medium size leaf grade (approximately 1mm in size).
Small grades of tea are used in tea bags whereas the larger the medium
and larger grading of tea leaves tend to be used in loose leaf tea. Leaves
were examined using a light microscope to identify the adaxial, top, side of

the leaf.

If stoma were present on the leaf surface this was the abaxial side of the

leaf and the leaf was turned over.

The presence of veins also meant the leaf was rejected.

All leaves selected were free from veins, of a reasonable consistent

topography and facing adaxially.

62



2.3 Piranha etching of glassware

All glassware to be used in experiments, beakers and slides, were soaked
overnight in a 10% Decon solution to clean them. They were then washed

thoroughly in distilled water and left to dry.

Piranha solution was prepared whilst the glassware was drying. Piranha
solution was made at a ratio of 3:1 of concentrated sulphuric acid (H2SO,)
and hydrogen peroxide (H202). The hydrogen peroxide was always added
to the sulphuric acid. The piranha solution was left to cool down slightly
for 15 minutes, but was still warm when used to clean. The glassware was
placed in the solution for 30 minutes, then rinsed clean with 500 ml of

deionised water and dried using nitrogen.

2.4 Infusion of tea leaves

Samples of tea leaves were infused for different times after they had been
selected using the leaf selection method (Section 2.2). Glassware was first
cleaned using a 10% Decon solution in water overnight. The glassware
was then washed thoroughly with distilled water and left to dry. The final
drying stage was performing by using a stream of nitrogen to remove any

drops of water.

This glassware was then cleaned using piranha solution (Section 2.3).
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After cleaning, 700ml of deionised water was heated on a hotplate to
100°C. 7 individual leaves were placed into a cleaned beaker. When the
water was boiling 100ml was transferred into the beaker and a stop clock
started. The water was agitated by hand to simulate the brewing process.
After the allotted brewing time was completed the liquid containing the
leaves was filtered using filter paper and the leaves were placed between

two cleaned glass slides and placed in a labeled Petri dish.
The leaves were infused for 15, 30, 60, 150 or 300 seconds.

The leaves were transferred to a rotary oil pump vacuum oven for drying
overnight (4pm-9am) at 40 °C, as suggested by Unilever. After drying the
leaves were re-examined under a light microscope to ensure the adaxial

side was facing upwards for analysis and further experiments.
2.5 Preparation of aroma for experimentation

All aromas were diluted, 1 yl of aroma in a 1000 pl of deionised water.
Methyl salicylate, trans-2-hexenal and linalool were purchased as pure
samples from Sigma Aldrich UK, Gillingham, Dorset. These samples were
then kept at 4'C. The pure aromas were poorly soluble in water so all
aroma samples were vortex mixed to help ensure thorough mixing prior to
experimentation. The chemical structures of these aromas are shown in

figure 5.1 in chapter 5.
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2.6 Preparation of samples and use of the Scanning Electron

Microscope

Following leaf selection samples were placed on carbon discs which were
stuck to aluminium stubs and were coated with a gold layer for 4 minutes
using a Balzers SCD 030 gold sputter coater (Balzers Union Ltd.,
Leichtenstein, Germany) in argon at a vacuum of 0.15 mbar. The samples
were then examined under the JEOL 6060LV variable pressure SEM (Jeol

(UK) Ltd, Herts., UK).

2.7 Preparation of samples and use of the Atomic Force Microscope

2.7.1 Adhering leaves to slides and cover slips

Araldite epoxy resin was mixed as per the manufacturer’s instructions and
a small spot was placed on the slide using the tip of a syringe needle. This
layer was then spread thinly using the needle to cover an area larger than
the leaf to be experimented on. The leaf was then gently placed onto the
thin layer of epoxy resin and another glass slide was placed on top and
gentle pressure was placed on this top slide. The top slide was removed
and the leaf was checked to ensure no resin has contaminated the adaxial
surface that was to be scanned. The slide was left overnight for the resin

to set before experimentation.

If the experiment was to be performed in the liquid tapping mode then the

leaf was adhered to a glass cover slip rather than to a slide.
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2.7.2 Experimental parameters

2.7.2.1 AFM imaging in air

All AFM experiments were performed on the Dimension D3000 AFM
(Veeco, CA, USA) with a Nanoscope llla controller. A silicon tapping mode
cantilever was placed in the tip holder and the tip holder was attached to

the microscope.

The cantilever was then tuned, using the auto tune function, to find the
resonant frequency of the cantilever. Each cantilever was tuned separately
as there could be a difference in resonant frequency for cantilevers
manufactured at the same time. After engaging the surface the cantilever
was withdrawn slightly and retuned. This was to ensure proper tuning and

allow imaging.

The cantilever was then moved back to the surface and the scan was

taken.

2.7.2.1 AFM imaging in water

Following adhesion of the sample to a cover slip the sample was placed in
a glass Petri dish and covered in deionised water. Initial scans showed the
sample was unstable due to rehydration of the leaf, It was possible to
obtain images using the AFM after 2 hours as the surface had stabilised.
Following this observation the leaves were left for 2 hour to allow

rehydration of the samples. The cantilever was attached to a liquid cell
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holder for operation to protect the instrumentation. When the cantilever
had broke the surface of the water it was tuned using the auto tune
function and then moved to the surface of the sample. When the cantilever
touched the surface it was withdrawn slightly and retuned to allow proper

tuning for imaging.

The cantilever was then moved back to the surface and images were

obtained.
2.8 Preparation of samples and use of the ToF-SIMS
2.8.1 General ToF-SIMS work

The leaves were then analysed using a ToF-SIMS IV Instrument (ION-
TOF GmbH, Miinster, Germany). A primary ion beam of Biz* was
produced from a liquid metal ion source using an acceleration voltage of
25 kV and an AC target current of 1.26 pA with a bunched pulse width of
less than 0.7 ns. Both positive and negative secondary ion species were
analysed using a raster of 256 x 256 pixels. Data was collected from five
randomly chosen areas for each leaf fragment. The total primary ion
beam dose for every analysed area was kept below 10 ions cm™
throughout the analysis to ensure conditions stayed within the “static”
regime.

The instrument was then set up so that the settings for each experiment
were as similar as possible. After the emission of the LMIG had stabilized

at 1.05 pA emitter for the primary ions was driven to a faraday cup on the
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sample stage and the apertures of the emitter were centred. The current
was then checked by ensuring the emissions were in the positive mode.
The beam was set to pulsing in DC mode and the detector turned off. The
target current was accepted if it was in the range of 10-15 nA. The DC
mode was then turned off and the current checked again. At this stage it
was accepted if it was approximately 1 pA. The emitter was then
positioned over a clean fragment of silicon wafer and a scan was started.
Whilst the emitter was over the silicon wafer the height was set, this was
reset for every scan as the height of the samples was variable within the
experiments. The flood gun was calibrated to the sample by adjustment for
each individual scan. The reflector voltage was also optimized by
adjustment before a spectra was obtained by adjusting the voltage when
the emitter was over the area to be scanned so the best results were
obtain. A short spectra was obtained of the silicon wafer and as long at the
resolution for the silicon peak was over 6000 and the width of the
hydrogen peak was at 0.7 nm the instrument was calibrated and ready for

experimentation.

2.8.2 Preparation of samples

Following leaf selection all samples were adhered to a round glass cover
slip with double-sided sticky tape. The samples were placed in the

standard sample holder and placed in an airlock. The airlock was
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subjected to UHV overnight. The stage holder was then moved into the

main chamber, already at for experimentation.

2.8.3 Calibration of spectra

Once spectra had been collected they were calibrated. The calibration for
both of the spectra was performed in lonSpec (Version 4) by the
identification of 3 known peaks and then fitting the data to these peaks.
For positive spectra the peaks used were H, CH,, CHsz and Na. For
negative spectra the peaks were H, O and OH. Once calibrated the peaks

could then be identified.

2.8.4 Identification of peaks

A peak list was produced within the lonSpec (Version 4). Peaks were
identified automatically using the software. Each peak was then examined
individually and assignments checked for what was known to be on the
surface of tea leaves. Peaks were accepted only if the deviation from the

expected mass was 100 ppm or below.

2.8.5 Normalisation of data

After identification of peaks data, processing could occur. The spectra
obtained could be normalised in three ways.
The first was to normalise against a known peak. This can occur in two

ways. Normalisation by a known peak can either be by the height of the
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peak being used or by count for that peak. For example comparison of any
peak identified in the positive spectra against the hydrogen peak in the
positive spectra. With this normalisation the peak of interest would show a
normalised intensity in relation to the count of hydrogen. If the count was
higher, the intensity would be higher than 1, if the count was lower than
hydrogen, then the intensity would be below 1. Given that the samples
were variable in topography and also there was a possibility of differences
due to the biological nature of the sample this type of normalisation was
not used.

A second type of normalisation is by secondary ion intensity. The number
of shots for the total ToF-SIMS scan is used to give a ratio of what is being
detected as a secondary ion against the total amount of primary ions going
into the surface. This tends to work best on longer acquisition times and
larger areas of scanning.

Finally it is possible to normalise against the total count of the ToF-SIMS
scan or the sum of the count for selected peaks. This would allow any
biological differences to be taken into account as the normalised intensity
would be shown as a proportion to the total intensity. If topography did
have an effect on the sample, this would be taken into account with this
method of normalisation.

The maximum mass of the positive scans for tea leaves was over 260 m/z

but the identification of those peaks was very difficult. The highest mass
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positive peak identified was at 222 m/z with C15H;00,. The negative scans

showed a maximum mass of over 260 m/.

For all experiments involving the ToF-SIMS, normalisation was performed

against the total counts for each sspectrum (Wagner et al. 2004).

2.8.6 Preparation of samples for Cryo ToF-SIMS

The aromas used in the experiments were volatile and subjecting them to
UHV could remove them from the surface. To allow the retention of
aromas to the surface they were examined by attaching the sample to a
cold stage. A square of aluminium foil was placed in the cold stage sample
area and thermocouples were attached. The sample was then attached to
the cold stage using double-sided sticky tape. The cold stage was placed
into the air lock and a cold finger was moved into position to the cold
stage. Liquid nitrogen was placed in a dewar, which is attached to the
ToF-SIMS, and the temperature was monitored. When the temperature
had reached -100°C the UHYV in the airlock was engaged, the airlock was
flushed with nitrogen (Perkins et al., 2005). Whilst the vacuum was
reaching pressure a second dewar was filled with liquid nitrogen. This
dewar was attached to a cold finger in the main chamber and would
maintain the temperature of the samples when they were moved into it for

experimentation.
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The cold finger was removed and the cold stage was moved into the main
chamber and the second cold finger attached. Experiments were then able

to proceed.

2.8.7 Depth profiling using ToF-SIMS

All tea leaves were selected using the leaf selection process in section 2.2.
For each sample condition three tea leaves were chosen and from these

leaves, three sections were depth profiled. The sample conditions were:-

1. Control samples. No treatment to the leaves.

N

Methyl Salicylate. Diluted 1 pl in 2000 with dHO.
3. Trans-2-hexenal. Diluted 1 pl in 2000 with dH,O.

4. Linalool. Diluted 1 ul in 2000 with dH,0O.

All aromas were supplied by Sigma Aldrich UK, Gillingham, Dorset. The

purity was >99%

All aroma dilutions were prepared before initial experimentation as per
section 2.5. 1 pl of diluted aroma was then placed on the surface of a leaf
selected for analysis and left for 24 hours before experimentation. Depth
profiling of all samples, including control were performed using Cryo ToF-
SIMS to ensure the samples were treated in the same way and results

were comparable.
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2.9 PCA

2.9.1 PCA

All spectra were normalised to total ion count. The positive and negative
spectra were collated and this was used as the total data set. The data
from these spectra were then inputted into Matlab V7.0.4 and analysed

using the PLS toolbox V5.2.1. (The Mathworks UK, Cambridge, UK).

2.9.2 Data Pre-processing

As with normalisation of the ToF-SIMS spectra, some preprocessing of
data is needed when using PCA. The initial preprocessing step is to
decide what information to include in the data set that is going to be used.
One method is to select peaks of interest, this is for when the chemistry of
the sample is known and the PCA is being used to examine if there are
any differences between samples. Another method is to include all peaks
that have been identified. If the chemistry is not fully known and the data is
being analysed to examine if there are any differences this is useful.
Instead of limiting the data set, a full comparison can be performed. In the
experiments performed on the tea leaf fragments all identified peaks were
included in the data set.

A secondary step in preprocessing is to either mean centre the data set or
not. When the data is mean centred the mean spectrum intensity is

subtracted from the sample. This allows the PCA, when complete, to show
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variations from the mean. An examples of a loadings plot which hasn’t
been mean centred is shown if figure 4.22. When this is compared with the
loadings plot of data that has been mean centred, for example 4.24, it can
be seen that the peaks of interest which are identified by the PCA have a
score of either above or below 0. The data is easier to interpret as the
peaks which change very little and have no real effect on chemical
changes appear on the zero line. All PCA analysis was performed using
data that was mean centred.

When the data is inputted into Matlab it can create a scree test to view the
eigenvalue log, this automatically suggests how many components are to
be examined. When the PCA was performed data was exported and

analysed using Excel (Lee et al. 2010).
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Chapter 3.

Preliminary characterisation of tea leaves.

3.1 Introduction

To understand more about the tea leaves an initial characterisation study
utilizing the key equipment in this thesis was performed. Previous work
with the AFM had been focused on the study of live leaves. This work has
examined the presence of stomata on the bottom of the leaf, regeneration
of the cuticle after removal of surface wax and examination of features
such as chloroplasts and roots (Butt et al. 1990; Kirby et al. 1996; Koch et
al. 2004).

Studies of the Prunus laurocerasus leaf showed a difference in AFM
phase imaging leading to identification of two different surface wax regions
one amorphous, the other crystalline (Perkins et al 2005).

The constituents of tea have been examined with the AFM. Oolong tea
polysaccharide (OTP) was imaged using an AFM to show the OTP had a
globular structure and more recently an investigation into the effects of
green tea polysaccharides showed a morphological change in the
polysaccharide after an enzyme reaction when compared to the original

polysaccharide (Chen et al. 2009; Yi et al. 2011).
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ToF-SIMS has been used to study a variety of plant material. The
transport routes of minerals were observed using Cryo ToF-SIMS on stem
samples of Phaseolus vulgaris. Mapping of the xylem was possible using
water, calcium and magnesium. Sodium, rubidium and potassium markers
supplemented these naturally occurring species to confirm the transport
paths (Metzner 2008).

The study of Prunus laurocerasus using the ToF-SIMS identified
components of the cuticle and a further study was able to trace active
agrichemicals and their distribution through the cuticle (Perkins et al.
2005).

The detection of chlorinated pesticides was examined to see if the fungus
would adsorb onto the surface of Rhizopus arrizus. Though the
experiments were not successful, the pesticide was detected but it proved
too unstable, the power of this technigue was demonstrated in that
adsorption could be detected (Cliff et al. 2003).

Molecular fragments of cellulose have also been detected in cotton fibres
by ToF-SIMS after processing, from the original plant (Mitchell et al. 2005).
Given the diversity of applications of these techniques, the use of AFM
and ToF-SIMS were selected as tools to start identification of the

chemistry of the surface and surface properties of the tea leaves.
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3.2 Experimental

3.2.1 Examination of tea leaves using AFM.

Tea leaf samples were examined using the leaf selection model as
discussed in chapter 2 to ensure correct orientation. All tea leaf fragments
were examined using the D3000 AFM either in tapping mode in air or in

water. All settings were performed as described in chapter 2.

3.2.2 Examination of tea leaves using SEM.

The leaves were imaged using SEM, leaf samples were coated with a thin
gold layer using a Balzers SCD 030 Gold Splutter coater (Balzers Union
Ltd., Leichtenstein) in Argon at a vacuum of 0.15 mbar. The samples were
examined using a JEOL 6060LV SEM (Jeol (UK) Ltd, Herts., UK). This
was to compare visually any differences that may be present due to the

different processing of the tea leaves and for comparing with AFM images.

3.2.3 ToF-SIMS of tea leaves with Bisz" and Cgo"

The operational principal of ToF-SIMS is to bombard the surface being
examined with a primary ion and then to detect the secondary ions that are
emitted, if they are positive or negative. The introduction of cluster sources
has improved the ability to detect and identify larger molecular fragments
from organic compounds. When an atom hits the surface in ToF-SIMS
some of the energy is transferred to the surface and molecular species

can be released and detected. Unfortunately an atomic beam such as this
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is more likely to destroy the sample by penetrating deeply into the sample.
The use of molecular cluster sources allows the cluster ion to hit the
surface and release molecular species by energy transfer but to not
penetrate too deeply into the surface. There are a variety of cluster
sources available, on the instrument used the options available was

between Cg" and Bismuth.

3.2.4 Examination of tea leaves using ToF-SIMS.

Tea leaf samples were examined using the leaf selection model as
described in chapter 2. Multiple leaf fragments were used to allow for
variation due to plant and processing conditions. Each sample was
scanned in 5 randomly selected places to allow for variation on the leaf
surface. The spectra were calibrated as described in chapter 2 for peak

assignment using the ToF-SIMS software.
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3.3 Results

3.3.1 Examination of tea leaves with AFM.

3.3.1.1 Black tea leaves with AFM —tapping mode in air.

Topographical and phase images of various tea leaves were taken with
the D3000 AFM. Topographical, phase and 3D composite image of a black
tea fragment are shown in figures 3.1a, b and c respectively.

Some of the scans of black tea also showed large areas of debris on the
surface. These are shown in the height scan, corresponding phase image
and 3D composite images in figures 3.2a, b and c.

A further type of image was also obtained with black tea leaves. A layered
surface was seen and an example is shown in figure 3.3a where the

topography is shown and 3.3b, for the corresponding phase image.
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3.3.1.2 Discussion of examination of black tea leaves with AFM -
tapping mode in air.

Analysis of the sample images of black untreated tea leaves, Figures 3.1a,
3.1b and 3.1c shows that the leaf has a rough surface. Various sizes of
scan were attempted and the largest stable images that were able to be
obtained were 5 uym x 5 um. Any larger than this and the scan was
unstable as the vertical range exceeded that of the AFM piezo (approx. 1
um). As the leaves had been processed, which includes drying stages,
there is a clear potential for there to be large differences in the state of the
tea leaf samples and also the topography of the samples in addition to the
natural roughness of the leaf surface. Removal of water from the leaf
system can, for example, alter the shape of the leaf. The AFM phase
image can show if there are any interactions with the probe and the
surface (Zhong et al. 1993). The image in 3.1b corresponds with the
features seen in the topography image. This can be indicative that the
phase data results from cross-talk from the topographic data due to
changes in contact area of the probe with the leaf surface and therefore

potential surface composition homogeneity on the leaf.

The topography image of another tea leaf fragment, shown in figure 3.2a,
shows a large feature in the top right corner of the image. The height in
the top left and bottom right of the image are lower and therefore darker in
this representation than the rest of the leaf. When compared with the

topography image in figure 3.1a the leaf fragment appears to be more
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even and have fewer features. The phase image of this sample, in figure
3.2a initially shows a difference in the phase image to the surface
topography. When the area where the large feature, seen in the
topography image, in the top right of the image is examined initially there
appears to be an area that corresponds with increased interaction
between the tip and the surface. When the rest of the image is examined
though, the contrast of this area is the same as the other parts of the leaf
and so it cannot be said that this is any different from the rest of the leaf in
composition. Other features can also be checked between the two
images. There is more interaction between the tip and the surface in the
top left of the image but there is interaction on the bottom right of the
image. In the topography image these areas are of low topography. When
the 3D image is also examined, in figure 3.2c, it can be seen that the
surface has “bumps” on it which correspond to the phase image. The
presence of these bumps could be an indication of a different surface
property such as a change in the crystal structure of the epicuticular waxes
on the surface of the leaf. The measurement of these features revealed
that the largest was 180 nm x 80 nm whilst the rest were in the range of 60

nm x 50 nm.

A final example of the data produced by the AFM in air tapping mode

shows the topographical image in figure 3.3a and the corresponding
phase image in figure 3.3b. The topographical image is different from

those previously seen. It can be seen that the variation in topography is
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1.15 pym from the highest feature on the scan to the lowest. As with the
previous scans the phase image corresponds with the topographical
image indicating a compositionally homogeneous surface as there are no
changes in interactions between the tip and sample apart from the effect
that topography has on the tip. When examined, these two images show
that there appears to be a layered surface, where the layers overlap.
Given that the leaf is covered in the cuticle which is composed of cuticular
waxes and a cutin membrane and that the formation of the cuticular layer
can occur in plate like structures, then these images could be indicative of
the formation of waxy layer on the surface of the leaf. These layers ranged
in size from approximately 300 nm x 20 nm to 60 nm x 40 nm. The
overlapping of layers of wax has been seen previously in the work of Koch
et al. 2004. The images of the regeneration of the cuticle of Euphorbia
lathyris are shown here as a comparison of the layering of the wax on the

cuticle of the tea leaf and can be seen in figure 3.4.
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Figure 3.4 — The regeneration of cuticle of Euphorbia lathyris. (Scan size 3
x 3um). A — Regenerated waxes shown in red after 1h 38 min. B — Further
wax accumulation shown after 2h 11min. C — At 3h 3 minutes additional
accumulation of waxy cuticle shown in green. D — Multilayered

regenerated wax film at 20h after wax removal. (Source Koch et al., 2004).

The three different types of images shown are examples of the images
collected from various leaf samples when examined using air tapping
mode. They all showed either the wax layer of the cuticle, large differences
in topography across the 5000 nm scan range and the presence of debris

on the surface.
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3.3.1.3 Black tea leaves wit