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Abstract

The world’s population is increasing rapidly and higher calorific diets are
becoming more common; as a consequence the demand for grain is predicted
to increase by more than 50% by 2050 without a significant increase in the
available agricultural land. Maximising the productivity of the existing
agricultural land is key to maintaining food security and agrochemicals continue
to be a key enabler for the efficiency gains required. However, agrochemicals
can be susceptible to significant losses and thus often require further chemical
to be applied to compensate. Sources of such losses include spray drift, poor
spray retention/capture by the target and poor penetration through the plant
cuticle. The effectiveness of a crop protection agent depends not only on the
intrinsic activity of the active ingredient (Al) but also on the physicochemical
properties of the formulation. These properties can be modified by using
formulation components, known as adjuvants, which can be used to help
mitigate such losses. Adjuvants exert their effects by, for example, controlling
droplet size and distribution through their effect on surface tension which can
also improve penetration into leaves through the cuticle wax which coats the
epidermis of leaves and acts as a protective barrier. However, characterising

how they alter the movement of the Als can be challenging.

Optical techniques have shown promise in a multitude of scientifically related
areas, such as in vivo tissue imaging, but none have yet been applied to aiding
the agrochemical industry. By probing the interactions between leaf surface and
agrochemical agent, with light, one is able to obtain a large amount of

diagnostic information, non-invasively. Whereas techniques like Raman



spectroscopy are limited by long acquisition times, coherent Raman techniques
such as coherent anti-Stokes Raman scattering (CARS) and stimulated Raman
scattering (SRS) are coherently driven and provide an enhanced signal, and

also allow for video-rate imaging.

In this thesis, | have applied this cutting-edge laser imaging technique as a
novel analytical technique that allows the in situ analysis of agrochemicals in
living plant tissues at a cellular level. In Chapters 4 through 7, multiple factors
essential for a functional and efficient agrochemical were considered and
experimented. In Chapter 4, a typical industry study highlights the need for
innovative and rapid technologies in the agrochemical industry. The resulting
chapters (5, 6, and 7) outline several ways in which Coherent Raman Scattering
(CRS) techniques can improve the current capabilities of agrochemical testing.
By utilising a model system, paraffin wax, a cheap and rapid protocol can
provide accurate diffusion information and repeatable results. Chapters 6 and 7
use both this protocol to gain comparative data on several adjuvants and active

ingredients in paraffin wax and in vivo, in a variety of plants.

The ability to visualise agrochemical products on a leaf surface to reveal
interactions between the materials of the product and with the leaf surface will
enable a step change in the agrochemical design process, through
determination of the spatial distribution of the materials and their roles within the
applied products. It is hoped that the technology developed in this thesis could
play a big role in the development of future agrochemical products that are

tailored to maximise efficacy and minimise environmental impact.
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chemical structure and tentatively assigned peaks of interest, which

appear in paraffin wax’s silent region.

Figure 7.15: Mean Raman spectra for adjuvant Nansa EVM, with
chemical structure and tentatively assigned peak of interest, which

appears in paraffin wax’s silent region.

Figure 7.16: Mean Raman spectra for adjuvant Pluronic PE10400, with
chemical structure and no tentatively assigned peaks of interest, as no

recognised unique vibrations appear in paraffin wax’s silent region.
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Figure 7.17: Mean Raman spectra for adjuvant Silwet L77, with chemical
structure and no tentatively assigned peaks of interest, as no recognised

unique vibrations appear in paraffin wax’s silent region.

Figure 7.18: Mean Raman spectra for adjuvant Soprophor BSU, with
chemical structure and tentatively assigned peak of interest, which

appears in paraffin wax’s silent region.

Figure 7.19: Mean Raman spectra for adjuvant Tween 20, with chemical
structure and tentatively assigned peak of interest, which appears in

paraffin wax’s silent region.

Figure 7.20: Hyperspectral data for a droplet of AZ in water imaged by
SRS at its signal at the spontaneous Raman peak at 2220cm,
corresponding with the C=N vibration. (A) Shows the off-resonance

image with (B) showing intense resonation from the peak.

Figure 7.21: (A) SRS x-y images of the penetration depth into three wax
samples as a function of time. The spectrum indicates the signal from
C=N recorded every 60 seconds for a total of 720 seconds, from the
initial contact. The colour spectra labelled 1-3 show various repeats. The
untreated wax is shown on the far left (labelled wax) and the off
resonance is to its immediate right (labelled OR). Scale bar, 2um. (B)
Shows the diffusion of AZ into wax, over 720 seconds, imaged with
Coherent Raman scattering images of paraffin wax’s CH2 (CARS, green)
and AZ's chemically specific C=EN (SRS, magenta). Field of view

129.3um?>.
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Figure 7.22: Diffusion depth profile for AZ, as a function of time, into

paraffin wax.

Figure 7.23: The area under the curve divided by the square root of time
provides us with diffusion coefficients over time, for Tween 20 into

paraffin wax

Figure 7.24: Hyperspectral data for a droplet of FDL in water imaged by
SRS at its signal at the spontaneous Raman peak at 2221cm,
corresponding with the C=N vibration. (A) Shows the off-resonance

image with (B) showing intense resonation from the peak.

Figure 7.25: SRS x-y images of the penetration depth of FDL into three
wax samples as a function of time. The spectrum indicates the signal
from C=N recorded every 60 seconds for a total of 720 seconds, from
the initial contact. The three colour spectra show repeats. The untreated
wax is shown on the far left (labelled wax) and the off resonance is to its

immediate right (labelled OR). Scale bar, 2um.

Figure 7.26: Diffusion depth profile for FDL, as a function of time, into

paraffin wax.

Figure 7.27: The area under the curve divided by the square root of time
provides us with diffusion coefficients over time, for Tween 20 into

paraffin wax

Figure 7.28: Hyperspectral data for a droplet of Finsolv TN in water
imaged by SRS at its signal at the spontaneous Raman peak between

1702-1735cm" showing the peak at 1723cm™, corresponding with the
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C=0 vibration. (A) Shows the off-resonance image with (B) showing

intense resonation from the intense peak.

Figure 7.29: Finsolv TN uptake into paraffin wax, shown as a pseudo-
coloured time series, with magenta representing Finsolv TN and green
representing the paraffin wax. Images were acquired every minute for 30
minutes, with 6 of these time-points compiled here between initial contact

at t=0 seconds, and 720 seconds. Scale bar = 10 microns

Figure 7.30: Diffusion depth profile for Finsolv TN, as a function of time,

into paraffin wax.

Figure 7.31: The area under the curve divided by the square root of time
provides us with diffusion coefficients over time, for Finsolv TN into

paraffin wax.

Figure 7.32: Hyperspectral data for a droplet of Tween 20 in water
imaged by SRS at its signal at the spontaneous Raman peak at 1737cm-
1. corresponding with the C=0 vibration. (A) Shows the off-resonance

image with (B) showing intense resonation from the peak.

Figure 7.33: Tween 20 uptake into paraffin wax, shown as a pseudo-
coloured time series, with magenta representing Tween 20 and green
representing the paraffin wax. Images were acquired every minute for 30
minutes, with 6 of these time-points compiled here between initial contact

at t=0 seconds, and 720 seconds. Scale bar = 10 microns

Figure 7.34: Diffusion depth profile for Tween 20, as a function of time,

into paraffin wax.
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» Figure 7.35: The area under the curve divided by the square root of time
provides us with diffusion coefficients over time, for Tween 20 into

paraffin wax

» Figure 7.36: Diffusion coefficients for Finsolv TN and Tween 20, from
7.31 and 7.35 respectively, plotted on the same axis to reveal Finsolv

TN'’s increased diffusivity over 720 seconds.

» Figure 7.37: SRS x-y images of the penetration depth of AZ into three
paraffin wax samples as a function of time. The spectrum indicates the
signal from C=N recorded every 60 seconds for a total of 720 seconds,
from the initial contact. The three colour spectra show AZ, AZ with
Finsolv TN and AZ with Tween 20 respectively. The untreated wax is
shown on the far left (labelled wax) and the off resonance is to its

immediate right (labelled OR).

» Figure 7.38: Six different time-points, showing the uptake of AZ into wax,
with and without the addition of adjuvants Tween 20 (green) and Finsolv
TN (blue). AZ unaided is shown in red. Time points 0-720 showing Al

with and without adjuvant.

» Figure 7.39: Diffusion coefficients of (A) AZ with Tween 20 and (B) AZ

with Finsolv TN.

» Figure 7.40: SRS x-y images of the penetration depth of FDL into three
wax samples as a function of time. The spectrum indicates the signal
from C=N recorded every 60 seconds for a total of 720 seconds, from
the initial contact. The three colour spectra show FDL, FDL with Tween

20 and FDL with Finsolv TN respectively. The untreated wax is shown on
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the far left (labelled wax) and the off resonance is to its immediate right

(labelled OR). Scale bar, 2um.

Figure 7.41: Six different time-points, showing the uptake of FDL into
wax, with and without the addition of adjuvants Tween 20 (green) and
Finsolv TN (blue). AZ unaided is shown in red. Time points 0-720

showing Al with and without adjuvant.

Figure 7.42: Diffusion coefficients of (A) FDL with Tween 20 and (B) FDL

with Finsolv TN

Figure 8.1: CRS image of wax surface on a cabbage leaf. 2 photon-
fluorescence (2PF) and SRS, as well as the Brightfield image, can be
simultaneously gathered, and merged. Pump beam, set to 838.6nm had
average power of 80mW, with Stokes beam, also averaging 80mW, is

fixed at 1032nm. Scale bar = 10um

Figure 8.2: SRS x-y images of the penetration depth of FDL into cabbage
leaf section samples as a function of time. The spectrum indicates the
signal from C=N recorded every 60 seconds for a total of 720 seconds,
from the initial contact. The two colour spectra show FDL and FDL with
Finsolv TN respectively. The untreated leaf is shown on the far left
(labelled Cabbage Leaf) and the off resonance is to its immediate right

(labelled OR).

Figure 8.3: Diffusion depth profile for FDL, as a function of time, into a

cabbage leaf section

Figure 8.4: Diffusion coefficients calculated from Figure 8.3 for FDL with
and without Finsolv TN, into a cabbage leaf section. The data set
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coloured green shows FDL alone, whereas FDL with Finsolv TN is

shown in red.

Figure 8.5: CRS image of wax surface on an ivy leaf. 2 photon-
fluorescence (2PF) and SRS, as well as the Brightfield image, can be
simultaneously gathered, and merged. Pump beam, set to 838.6nm had
average power of 80mW, with Stokes beam, also averaging 80mW, is

fixed at 1032nm. Scale bar = 10um

Figure 8.6: SRS x-y images of the penetration depth of FDL into ivy leaf
section samples as a function of time. The spectrum indicates the signal
from C=N recorded every 60 seconds for a total of 720 seconds, from
the initial contact. The two colour spectra show FDL and FDL with
Finsolv TN respectively. The untreated leaf is shown on the far left
(labelled Ivy Leaf) and the off resonance is to its immediate right (labelled

OR).

Figure 8.7: Diffusion depth profile for FDL, as a function of time, into a ivy
leaf section, with the green line representing FDL unaided, and the red

showing the uptake improvement, with aid from adjuvant Finsolv TN.

Figure 8.8: Diffusion coefficients calculated from Figure 8.3 for FDL with
and without Finsolv TN, into a cabbage leaf section. The data set
coloured green shows FDL alone, whereas FDL with Finsolv TN is

shown in red.

Figure 9.1: Three stages showing the uptake of agrochemical agent

Dicamba-dsin corn cells.
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Chapter 1: Introduction

With world population increasing towards 10 billion, it is becoming evident that
current food production cannot keep up with demand. UN demographers are
now projecting a population of up to 12.3 billion people at the end of the
century.* With more mouths, all demanding a higher calorie diet, the push to
promote non-petroleum energy sources and limits on available farmland,
improving agricultural productivity is essential. The problems are further

exacerbated by land erosion and climate change.

A step change in agricultural productivity has occurred previously during the
green revolution when higher-yielding seed varieties, mechanisation and then
chemical inputs significantly increased productivity between 1940-70.> While
productivity has continued to increase since the 1970s another step change is

required to feed the growing population.

Agrochemicals, such as herbicides, fungicides and insecticides, are a key factor
in improving crop yields and without them around 40% of the world's food would
not exist.® The widespread use of newer and more effective products since the
middle of the last century has increased food security and improved standards

of living around the world.
1.1 Thesis Aims

The purpose of this research is to aid the agrochemical industry and the future

of food security.

The aim of this thesis is to utilise laser imaging techniques such as Coherent
Anti-Stokes Raman Scattering (CARS) and Stimulated Raman Scattering (SRS)
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as novel analytical techniques that will give the agrochemical industry the tools

for in situ analysis of agrochemicals in living plant tissues at a cellular level.

Furthermore, the project aims to eliminate the need for standard molecular
labels, which are usually heavier than the agrochemical molecule itself. Such
large labels can perturb the movement of agrochemicals and skew any data. An
aim of this thesis therefore is to reveal interactions between the materials of the

product and with the leaf surface in real time and label-free.

Thus the final aim will be to assess the differences of multiple agrochemical

agents, allowing a deeper look into their efficacy.

These processes will be the stepping stones to future of next generation

agrochemistry, and ensure to aid the fight against global hunger.

1.2 Organisation of Thesis

This thesis is organised into eight chapters. Following this introduction, Chapter
2 presents the previous research in this area, along with relevant theory,,
utilising the current state of the art techniques such as Liquid Chromatography
Mass Spectrometry (LCMS), Gas Chromatography Mass Spectrometry
(GCMS), autoradiography and Scanning Electron Microscopy (SEM), before
talking about the relatively new techniques in CARS and SRS to aid the
problems at hand. Chapter 2 outlines the background theories of the methods
used with Chapter 3, which then explains the experimental setup,
instrumentation and methods used throughout the thesis. Chapter 4 will then
start the results chapters, explaining the current state of research, utilising
LCMS to perform typical experiments on the uptake of agrochemicals into

plants. Chapter 5 will then compare to this, exploring the work on plant cuticle
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wax diffusion, and the model system of paraffin wax we have utilised for
identical samples. Chapter 6 will take a larger step, presenting detailed findings
into work on in situ measurements, on full leaf experiments. Finally, Chapter 7
will zoom in and show the preliminary results on active ingredient uptake into
individual plant cells, as well as summarising and discussing the outcomes and

future of this area.

1.3 Food Security

The definition of food security, which can be traced back to the 1943
Conference of Food and Agriculture, was stated as the availability of “secure,
adequate and suitable supply of food for everyone”. This concept subsequently
evolved to an international level, with donor countries giving their agricultural

surpluses to overseas countries in need.’

Stages of food insecurity range from food secure situations to full-scale famine.
Food insecurity exists when people do not have adequate physical, social or
economic access to food, a problem that faces around 870 million people
worldwide, according to Syngenta’s Good Growth Plan.®2 With population
increasing by around 200,000 per day, we could see an estimated 12.3 billion
people by the end of the century. With that population increase in mind, we
could be reaching the terrible milestone that is 1 billion suffering from hunger.
Even more shocking is the staggering figure of 7 million hectares of farmland
are being lost every year. In order to feed this growing population, the world will

have to grow more food in the next 50 years, than it has in the past 10,000.8

From these statistics, it is obvious that some things need to change in our
methods of food production. Possibly most importantly, making crops and land

more efficient. The ability to do this would surely be the key factor in aiding the
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rejuvenation of eco-systems and revitalising rural communities, increasing the

amount of arable land.

Agrochemicals are always under scrutiny, but without them losses of yield could
reach 75% in foods such as potatoes.®'® As well as struggling to feed the
population, the food vs. fuel debate is still an ongoing balance, and another
reason why we may be unsuccessful in feeding the entire growing population.
Eager to promote non-petroleum energy sources to reduce dependence on oll
imports and slow global warming due to fossil fuel emissions, the United States,
Brazil, and the European Union are promoting biofuels made from food
crops.®! Ethanol production (mainly in the United States and Brazil) tripled up
to almost 16 billion gallons between 2001 and 2007. Biofuel production has also
been promoted by government initiatives such as subsidies and tax incentives.
An analyst of global resources at the Earth Policy Institute, wrote “We are
witnessing the beginning of one of the great tragedies of history. The United
States, in a misguided effort to reduce its oil insecurity by converting grain into
fuel for cars, is generating global food insecurity on a scale never seen

before.”1?

1.4 Agrochemicals and Interactions

1.4.1 Agrochemicals

Chemicals, such as a fertiliser, hormone, fungicide, insecticide, or soil
treatment, are collectively known as agrochemicals, which improve the
production of crops by controlling fungi and insect infestations in fields.
Agrochemicals are under constant scrutiny for the damage they can do to
nature if they are misused.'®'* Without agrochemicals, we would reportedly lose

40% of global crop vyields annually.’™ The valuable contribution of

28



agrochemicals has made their use common practice in agriculture. From the

end of the 20" century to the present, the total global grain output increased by

200 million tonnes. Even now, China annually has reported loses of around

10% of their grain because of a variety of pests, whereas that percentage rises

to 15%, or 37.5 million tonnes a year, in India from pests and other factors.'®

The use of agrochemicals has significantly increased to combat these loses,

with a reported 2.5 million pounds of pesticides being used worldwide per

year."

Despite the relatively recent
breakthrough of agrochemistry,
the use of pesticides dates
back to the Roman era, where it
was noted that burning sulphur
on land would Kkill pests, and
using salts, ash or bitters could
help control weed growth. One
Roman naturalist even

supported the use of arsenic as

an early insecticide.'® This idea

was built upon in the 1600s
where a mixture of arsenic and
honey was used to control ant
populations on farmland, and
then again in 1867 where

arsenic was used to fight
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growing numbers of the potato
beetle in the USA.®} Modern
chemical crop protection is a
relatively new idea, with many
of the breakthroughs in

development occurring after the

middle of the 20" century. The

major breakthrough coming
after World War Il, when the
discovery and production of
synthetic herbicides,
insecticides and fungicides
allowed significant contribution
to the development of
agriculture. This period is
marked by the discovery of
Aldrin,

dichlorodiphenyltrichloroethane
(DDT) in 1939, Dieldrin, B-
Benzene Hexachloride (BHC),
2,4-Dichlorophenoxyacetic acid
(2,4-D), Chlordane and
Endrin.'®2° A historical account
of agrochemical invention is

compiled in Table 1.Year




1867 Paris Green (form of copper arsenite)
used to control Colorado potato beetle

1885 Introduction of a copper mixture to control
mildew

1892 Potassium dinitro-2-cresylate was
produced in Germany

1939 DDT discovered by Paul Muller;
organophosphote insecticides and
phenoxyacetic herbicides were
discovered

1950s Captan and glyodin (fungicides) and
malathion (insecticide) were discovered

1961-1971 ‘Agent Orange’ introduced

1972 DDT banned

2001 The Stockholm Convention was held, in

which an international treaty was signed
for the elimination or restriction of

persistent organic pollutant

Table 1: Historical account of pesticide use. Adapted from Mahmood et al.®

Although there are many minor classifications, which won’t be covered in this

study, agrochemicals can typically be classed as herbicides, insecticides and

fungicides. Out of these, herbicides are the largest class of pesticides,
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comprising around 50% of the world usage. These products aid the control or
destruction of weeds and unwanted plants, and due to their ease of use, nearly

all agricultural land in the United States is treated with herbicides.

Insecticides are the second largest category. Having being discovered during
the 1950s, they found widespread use in agriculture due to their high toxicity to
a wide variety of insects. However, this quality which made the so desirable,
also led to several of them being banned due to their harmful effects on
humans. Synthetic replacements for these compounds, like Pyrethoids, are an
example of a more modern insecticide. These compounds are less toxic, and
are based on natural chemicals, which can be found in plants like

chrysanthemums.

Our final category consists of the fungicides, which commercially consist of,
amongst other chemistry classes, halogenated compounds like carbamates,
organophosphates and dithiocarbamates. These products are primarily used to

protect crops and seeds from various fungi.

It is known that the penetration of an agrochemical into a leaf is related to its
physicochemical properties, with the uptake rate being directly correlated with
an Active Ingredient’s (Al's) molecular size and lipophilicity 2, which can prove
a challenge for an agrochemical. The use of adjuvants can aid the diffusivity of
agrochemicals, having being used to increase foliar uptake, and limit the
amount of losses from spray drift and poor penetration.?? Adjuvants can
increase the diffusivity of an agrochemical by impacting factors such as droplet
size, distribution and adhesion.?® However, quantifying the effects of an
adjuvant on the Al has been a challenge that current analytical methods fail to

meet all the demands, a problem we address in the upcoming chapters.
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1.4.2 Agrochemical Industry

Agrochemical companies produce a range of different goods for growers to use.
These companies produce pesticides, as well as commodity chemicals,
fertilisers and preservatives. As will be discussed in Chapter 2, one of the
current challenges of the industry is to analyse agrochemicals in an attempt to
monitor how they interact with the plant, soil and pest utilising the current state
of the art techniques such as LCMS and GCMS. However, these techniques
give no spatial resolution, which is a key requirement for any instruments that

can further this field.

1.4.3 Plant Uptake

Agrochemicals can enter a plant in numerous ways, however by absorption into
the leaf is the most common practice,and is where | shall focus the efforts of
this thesis. One of the most common forms of pesticide application, especially in
conventional agriculture, is the use of sprays. Due to the ease of application
and cost/time effectiveness, it is widely used to reduce risk of crop loss, through
pest damage or plant pathogens. The sprays convert a formulation into size-
controlled droplets, maximising the contact with the plant.?* The drop size is a
crucial balance; large droplets are less susceptible to spray drift, whereas small
droplets maximise contact with the target organism.?® However, in places of
high wind, the small droplets will most likely be less effective and contaminate

other areas.

Better analytical tools are required, and are crucial to ensure, in order to
engineer the next generation of agrochemical formulations with enhanced

uptake and reduced environmental impact. The current methods, which are
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covered in Chapter 2, have some limitations. Overcoming these could have a

positive impact on agrochemical performance.

1.5 Plant Biology

To analyse how agrochemicals interact with plants, we need to understand the
cellular material a chemical needs to pass through. Plants can be broken down
into two kingdoms, seed-bearing and non-seed-bearing, Angiosperms and
Gymnosperms respectively,?$2° which are both susceptible to current pesticide
treatments. However, Gymnosperms, which do not have flowers or fruit, are not
considered to be relevant in this study, due to their infrequent use in human

consumption.

1.5.1 Plant Anatomy

Before looking at plant anatomy in detail, it should be made clear this is only a
study of Angiosperms, which make up 90% of all plant species, including the
entirety of fruit and vegetables, as these are the main consumable plants grown
in industry.3® These differ from Gymnosperms, which consist of the coniferous
plant groups like evergreens (pine and fir) and also deciduous trees like Ginkgo
Biloba. Their seeds are not enclosed in organic “flesh” as with angiosperms -
rather they are relatively naked, attached to the cone without an endosperm
exterior around the seed, with the term Gymnosperm coming from the Greek

meaning "naked seed".

Angiosperms, on the other hand, produce seeds that are covered.?® They are
flowering plants, this includes flowering trees but the category is much wider
including regular flowers. Angiosperm seeds are not naked, but surrounded in
organic material that protects them, providing nutrients when the environment is

right for them to implant into the soil. For example, when it rains and when it is
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warm enough to begin growth. Angiosperms also reproduce faster than
gymnosperms due to their smaller reproductive parts, therefore can fertilise

much faster, which is true of both the male and female genetic material.

While the early study of angiosperms attracted the attention of both chemists
and botanists alike, it was not until the introduction of synthetic dyes in the latter
part of the 19th century that any considerable amount of attention was directed
towards pigment chemistry.?’ Plant pigments, and their autofluorescence
properties pose a major concern for optical analytical techniques, with image
saturation a challenge to overcome, and will be a major aim of this thesis.
Colour is imparted to a plant, from many of its different molecules. For example,
the mixture of chlorophyll molecules found in spinach allows absorption of
several wavelengths of visible light, with distinct absorbance peaks in the blue
range (400-500 nm) and in the yellow-red range (600-700 nm), with the
combination of visible light that is not absorbed appearing green to the human
eye. Chlorophyll contains a porphyrin ring in its structure, with a magnesium ion
in the centre.® The porphyrin ring accounts for much of the molecule’s light
absorbance. Found in the thylakoid plate of a plant chloroplast, chlorophyll is a
fluorescent substance, which absorbs light of one wavelength and then emit a
new and longer wavelength of light. Chlorophyll absorbs light in the violet and
blue regions of the visible spectra. If a violet or blue light is shined through a
sample of spinach extract, the solution turns red, with the intensity of this
colouring being an indication of how much chlorophyll is in the sample.3® The
use of fluorescence techniques is one way the agrochemical industry has
analysed and monitored agrochemicals inside a plant, which will be discussed

further in Chapter 2.
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Figure 1.1: Cartoon representation of the layers towards the surface of a corn
leaf, an angiosperm that absorbs sprayed agrochemical through its cuticle.The
majority of current agrochemicals are designed to enter through the plant cuticle
via a spray, or aerosol type method.?®> The cuticle is an extracellular
hydrophobic layer that covers the aerial epidermis of all land plants, providing
protection against desiccation and external environmental stresses.?*3* Plant
cuticles compose of covalently linked macromolecular cutin scaffolds®, and
also contain a variety of organic solvent-soluble lipids (or waxes). Although the
cuticle is usually considered independently from the underlying polysaccharide
cell wall of the epidermis, the two structures are physically associated and have

some overlapping functions.

The plant cuticle presents a physical barrier to pathogens, blocking them from

entering the stomata, wounds, or vectors.3*35 However, fungal pathogens can
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breach and rupture the cuticle using a combination of enzymatic degradation
and mechanical breakup.® The latter is often accomplished by the formation of
a swollen appressorium structure (a specialised cell typically in fungi that
expands inside a leaf, rupturing it) that extends an infectious peg via turgor
pressure.®” While mechanical rupture may be sufficient for cuticle penetration,
particularly of thinner cuticles, most fungal pathogens also secrete, a class of
small, nonspecific esterases that hydrolyze the cutin polyester and release free
cutin  monomers, these are called cutinases®. During polymeric cutin
hydrolysis, the released cutin monomers can act as elicitors of plant defense
responses and are classed as “damage-associated molecular patterns”. At
micromolar concentrations, these compounds induce the production of
hydrogen peroxide and other defense responses. However, as Boller and Felix
published in 2009, the mechanism of plant perception of free cutin monomers is

still unknown.3°

As mentioned previously, agrochemicals are mostly applied through absorption
from a spray. Less likely, but more effectively, agrochemicals can also enter a
plant by direct injection to the stem, this method will not be explored in the
boundaries of this thesis. The method of diffusion through cuticle wax utilises
the movement of chemicals from the surface to the interior of the leaf. To do
this, a chemical must pass through the cuticle and continue through the upper
epidermis and palisade mesophyll. An initial issue with current pesticides and
agrochemicals are their high surface tensions, which provides poor contact with
the leaf. This, due to waxy projections and hairs, results in poor efficiency,

whichwill be explored in this chapter.
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The use of surfactants and emulsifiers may improve the leaf contact of aqueous
spray solutions, and oil-soluble pesticides are combined with a carrier with good
leaf-contact properties.??2% The compatibility of pesticide and leaf cuticle heavily
relies on the interaction between respective chemical and physical properties.
Ergo, the polarity of the cuticle and the pesticide are of considerable

importance.

Cuticle polarity increases from the leaf surface toward pectins in cell walls and
to the aqueous environment of the cell. Because of this, the outer layer of the
cuticle favours non-polar pesticides like 1,1,l-trichloro-2,2-bis(p-chlorophenyl)
ethane (DDT) or the long-chain alkyl esters of 2,4-dichloro-phenoxyacetic acid
(2,4-D)."40 The inner portion, however, allows passage more readily to polar
compounds like 2,4-D, with structure shown in Figure 1.2, and restrict the
passage of lipophyllic compounds like DDT. Thus, DDT residues in plants are
usually surface residues, which can be removed with solvents that remove the
outer cuticle.’™?* This makes compounds like DDT highly effective
agrochemicals. However, DDT began to show negative reactions that led to its

eventual withdrawal.

Cl

O Cl Cl
o\/lkOH

Cl Cl Cl

Figure 1.2: Chemical structures of 2,4-D and DDT, respectively.

In order for pesticides to work, they require a balance between absorption and
movement through the plant, known as translocation.?*4! A major priority for

any systemic pesticide is to only kill insects that are harmful to the plant. With
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this it becomes essential that a pesticide is able to be translocated and
absorbed, allowing it to be taken in by the leaves and roots and be present to
kill any pest that consumes any part of the plant. Extensive absorption with no

translocation gives ineffective vegetation control for a systemic pesticide.

1.3.2 Plant Pathogens
As well as pests contaminating/eating crops, there are many possible plant-
killers that agrochemicals are needed for, the majority of which fall into the

categories of either fungal or bacterial pathogens.*°

Fungal diseases constitute the largest number of plant pathogens and are
responsible for a range of serious plant diseases and cause most vegetable
and crop diseases.*? These diseases can damage a plant by killing or stressing
cells and can source from infected seed, soil, crop debris, nearby crops and
weeds.3¢43 The diseases are the most serious cause of crop loss and are very
infectious, as fungi can be very easily spread by wind and water splash, and
also through the movement of contaminated soil, animals, workers, machinery,
tools, seedlings and other plant material.*> They enter plants through natural
openings such as stomata and through wounds, which are caused by pruning
(either by human or animal), harvesting, hail (or other extreme weather),

insects, other diseases, and mechanical damage.

Pathogenic bacteria can also cause many serious diseases in crops.*' They do
not penetrate directly into plant tissue, like fungi, but need to enter through
wounds or natural plant openings.** Wounds can result from damage by
insects, other pathogens, and tools during operations such as pruning and

picking.

39



Bacteria become an issue and multiply when factors are conducive for them to
become active and reproduce. Factors such as humidity extremes, crop-
overcrowding, poor air circulation, plant stress caused by over-watering, under-
watering, or irregular watering, poor soil health, and deficient or excess

nutrients all allow bacteria to ruin crop yields.*344

Bacterial organisms can survive and thrive in soil and crop debris, and in seeds
and other plant parts. Weeds can act as reservoirs for bacterial diseases.
Bacteria spread in infected seed, propagating material and crop residues,
through water splash and wind-driven rain, and on contaminated equipment and

workers' hands. Overhead irrigation favours the spread of bacterial diseases. A

visual dtaset of different crop diseases can be seiﬁ Figure 1.3, highlights
many of the diseases commonly associated with poor plant health, and several

avoidable symptoms with good agrochemistry.

Figure 1.3: Example of leaf images with various diseases (1) Apple Scab,
Venturia inaequalis (2) Apple Black Rot, Botryosphaeria obtusa (3) Apple Cedar
Rust, Gymnosporangium juniperi-virginianae (4) Apple healthy (5) Blueberry
healthy (6) Cherry healthy (7) Cherry Powdery Mildew, Podoshaera clandestine
(8) Corn Gray Leaf Spot, Cercospora zeae-maydis (9) Corn Common Rust,

Puccinia sorghi (10) Corn healthy (11) Corn Northern Leaf Blight, Exserohilum
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turcicum (12) Grape Black Rot, Guignardia bidwellii, (13) Grape Black Measles
(Esca), Phaeomoniella aleophilum, Phaeomoniella chlamydospora (14) Grape
Healthy (15) Grape Leaf Blight, Pseudocercospora vitis (16) Orange
Huanglongbing (Citrus Greening), Candidatus Liberibacter spp. (17) Peach
Bacterial Spot, Xanthomonas campestris (18) Peach healthy (19) Bell Pepper
Bacterial Spot, Xanthomonas campestris (20) Bell Pepper healthy (21) Potato

Early Blight. Adapted and reprinted from Moharty et al'
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Chapter 2: A Review of the Background Theory
and Current Literature

The literature review in this chapter was compiled into a review paper entitled Advances In
Analytical Capability To Power Agrochemical Product Design, published by Outlooks on Pest
Management in April 2018.% A copy of this, along with all other publications and presentations

are attached in Appendix B.

2.1 Introduction

To put this work into context, one has to consider the theoretical and previous
work in this field. As mentioned in Chapter 1, many techniques have been used
extensively throughout the agrochemical industry, and as a result there is a
large amount of literature available that is beyond the scope of this work. For
this thesis, the focus will be on the literature that explores the use of these
techniques for their characterisation ability. Table 2 compares the available
methods and the following text discusses the pros and cons, referring to

previous works.

Multiple techniques are already used in the agrochemical industry to monitor the
interactions of agrochemicals with crops, however, none of the current
techniques alone can meet the demands of sensitive, non-destructive, high
spatial resolution imaging in real time. Results gathered from many countries by
the Codex Committee on Pesticide Residues showed the majority of the
methods referred to pesticides amenable to gas chromatography (GC) or liquid
chromatography (LC).*6 These methods cover approximately 75% of the
compounds in the Codex system and do not satisfy the in planta
characterisation needs. Other techniques include Time-of-Flight Secondary lon

Mass Spectroscopy (ToF-SIMS), Matrix-assisted laser desorption/ionisation
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(MALDI) and autoradiography, plus emerging methods such as spontaneous

and coherent Raman scattering.

Technique Non- Spatial Chemical | Chemical Low Cost of Real | Quantitative
invasive/Non- | Resolution | Label Specificity | Detection Use -time
destructive Free Limit
(in planta)

GCMS x Low v High v Moderate | X v

LCMS x Low Vv High Vv High X v

SEM (EDX) x Very high v Low v High X v

Fluorescent v High X * High$ v Low v v

Microscopy

Imaging x Moderate | High v High v v

Mass

Spectrometry

Autoradiogra- | v/ Low v High$ v Moderate | Vv v

phy

Spontaneous | X ** High v High x Low x N/A

Raman

microscopy

Coherent v High v High v High v v

Raman

Spectroscopy

*Bar specialised cases
**Due to fluorescence of chlorophyll
§ If labelled

Table 2: Comparative table of the advantages and disadvantages of in planta

characterisation techniques used in the agrochemical industry.

2.2 Mass Spectrometry
Mass spectrometry (MS) in combination with chromatography is the most widely
used analytical technique for pesticide residue analysis. MS in combination with

chromatography separates all of the components in a sample and provides a
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compound-specific output and can provide you with quantitative high chemical
specificity, without the wuse of labels, when measuring agrochemical
uptake. However, MS provides only very limited spatio-temporal information,
and cannot be used in planta. In 2006, Alder et al reported a comparative study
on the capabilities of mass spectrometry in combination with chromatography
for the determination of a multitude of pesticides.*” GCMS with electron impact
(El) ionization and the combination of LC with tandem mass spectrometers
(LCMS/MS) using electrospray ionization (ESI) are identified as the techniques
most often applied in multi-residue methods for pesticides at present with LCMS
currently being the most common technique. However, its inability to provide
spatial resolution or the ability to monitor compounds in planta in a non-

destructive manner are major limitations.

ToF-SIMS and MALDI-MS both suffer from similar disadvantages to MS
techniques, being destructive and with very limited spatio-temporal information
achievable. ToF-SIMS has been used to analyse polymers and biological
materials since the late 1960s*, whereas MALDI was first reported in 1994.49
The predominant method used since then has been MALDI-ToF MS, which has
been applied to visualise proteins and peptides, allowing identification of
compounds directly on tissue surfaces*' and distinguishing between low
molecular weight proteins in plant matter.*' The technique proved to be a rapid,
accurate and cost effective method of microbial characterisation and
identification. With its generated characteristic mass spectral fingerprints it was
ideal for strain typing and identification. The conventional technique of MALDI-
ToF MS requires the destruction of the specimen under study. However, with
many advancements made to MALDI-ToF, the specimen may be partially

preserved for further studies. In cases with small mass differences, say different
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nucleotides, the technique may not be able to determine the mass accurately.
MALDI-ToF is also mostly limited to two dimensions, which is a major limitation

for in planta imaging.

2.3 Autoradiography

Autoradiography is widely used by the agrochemical industry to visualise the in
planta distributions of radioisotopically-labelled substances. The technique
utilises radioactive nuclei, such as tritium, radioactive phosphorus and carbon,
to map the movement of molecules. This allows the systemic distribution of
labelled organic molecules such as carbohydrates and proteins to be visualised
in planta. For example, it has been used to monitor the spreading of the
bacterium Bacillus thuringiensis within cotton plants, systemically map the
translocation and translaminar bioavailability of neonicotinoid insecticides in
cabbages® and visualise the uptake and distribution of insecticides, through

radish roots®' and black nightshade®? shown in Figure 2.1.
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Figure 2.1: Autoradiographs of corn and black nightshade (Solanum nigrum)
plants, which were foliar and root treated. Reprinted from Grossmann et al.

2011

Although autoradiographic imaging of radiolabelled compounds can provide
non-destructive information about their systemic distribution, it lacks sufficient

spatial resolution to determine their localisation at the cellular scale.

2.4 Scanning Electron Microscopy
Scanning electron microscopy (SEM), with Energy Dispersive X-ray
microanalysis (EDX), is a well-known technique in the agrochemical industry.

Commonly coupled together, the techniques can provide simultaneously both
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topography and elemental composition of a sample with submicron spatial
resolution. This technique has been used to detect specific elements in soils
and plants and has been used to characterise the distribution pattern of active
ingredients on plant surfaces.>® Whilst being one of the most cost-effective
methods, SEM-EDX provides low chemical specificity and usually requires a
sample to be coated with gold and held under vacuum, meaning real-time in
planta measurements are impossible, as are measurements of materials
remaining on the surface. Another significant limitation is that the spatial
localisation and quantification of molecules is only possible when the molecule
has at least one distinctive element that does not occur naturally in or on the

untreated sample.

2.5 Optical Microscopy

Optical techniques are preferable as they provide non-invasive imaging with a
diffraction limited spatial resolution. However, the major challenge in optical
imaging is deriving chemically specific contrast from the molecular species of
interest. The following sections discuss the various optical techniques that can

be used to provide optical contrast of agrochemical Als.

2.5.1 Fluorescence Microscopy

Fluorescence microscopy has become ubiquitous within modern biology and
with the advent of immunolabelling and genetically encoded fluorophores it can
be used to provide the spatio-temporal distribution of biomolecules at the
cellular scale with a high degree of chemical specificity. Today, fluorescence
microscopy has become an essential tool in biology. The application of a
diverse range of fluorophores has made it possible to identify cells and sub-
microscopic cellular components with a high degree of specificity amid non-
fluorescing material. Through the use of multiple fluorescent label, different
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probes can identify several target molecules simultaneously. For example in
2004 Liu et al showed the transcuticular diffusion of three dyes and the effects

of surfactants on the diffusion of these compounds (Figure 2.2).5

Figure 2.2: Localisation of dyes in apples and peppers. Cu, cuticle; Ep,

epidermal cells. Scale bars = 20 um. Reprinted from Liu, 2004

Despite having several advantages over non-optical techniques, confocal has
several limitations such as depth-of-field and a reliance on fluorescent
species. Unless a compound exhibits intrinsic fluorescence, it must be labelled

with a fluorophore in order to provide contrast. The addition of fluorophores to
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macromolecules such as proteins causes very little perturbation, as their
molecular weights are typically 10-100-fold greater than that of fluorophores,
which are usually of the order of a few hundred Da. However, these
fluorophores are in most cases comparable in size of agrochemical active
ingredients (Al) and hence drastically alter their transport kinetics. Moreover,
the use of these large labels can perturb biological function and may be
phytotoxic, which complicates their use for studying long-term biological

dynamics.

2.5.2 Raman Spectroscopy

Optical techniques based on vibrational spectroscopy provide in situ chemical
analysis derived from the vibrational frequencies of molecular bonds within a
sample. However, due to water absorption and the intrinsically low spatial
resolution associated with the long infrared wavelengths required to excite
molecular vibrations directly, infrared absorption techniques have limited value
for bio-imaging. However, Raman scattering, provides analysis of IR vibrational
frequencies by examining the inelastic scattering of visible (or near IR) light.
The Raman scattered light is frequency-shifted with respect to the incident light
by discrete amounts which correspond to molecular vibrational frequencies. The
spectrum of Raman scattered light excited by a single incident wavelength
consists of a series of peaks that correspond to the molecular vibrational
frequencies. This can be regarded as a chemical fingerprint of a sample and

holds a wealth of information regarding chemical composition and conformation.

Modern Raman spectroscopy techniques are rapidly becoming recognised as
valuable analytical tools for agrochemical R&D, being utilised to determine and
identify various pesticides in crops. For example, both Liu and Liu and Zhang

et al demonstrated the characteristic peaks of standard pesticide spectra could
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be identified on the surface of fruits and vegetables.5%% In addition, enhanced
systems, such as Surface-Enhanced Raman spectroscopy (SERS) are even
more sensitive and thus can be used to produce protocols for environmental
particulates analysis with the goal to monitor exposure to organic pollutants and

quickly identify health risks and environmental contaminants.®’

However, to understand further the theory behind Raman, it is important to first
look at its beginnings and early work, The Raman Effect was discovered by
C.V. Raman in 1921, to establish reason as to why the sea was blue. Seven
years later, the effect was studied and finally documented in liquids, again by
C.V. Raman and K.S. Krishnan, shortly followed by its establishment in crystals
by G. Landsberg and L. Mandelstam. Raman scattering is described as the
effect by which incident monochromatic light either gains or loses energy to the
vibrations of molecules, causing a measurable shift in frequency of the
scattered light relative to the incident light. Raman scattering is a two-photon
event, in which an incident photon with a high enough energy for a vibrational
transition, but lower than that required for an electronic transition, promotes a
molecule to a virtual state. The molecule then returns either to the original state,
emitting a photon with the same frequency as the incident photon, known as
Rayleigh scattering, or, if there is a change in the polarity of the molecule, its

energy changes and therefore its molecular vibrational state.

We can use Hooke’s Law to describe this behaviour. Under Hooke’s Law, the

vibration of these individual bonds within diatomic molecules can be described

as:
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Considering the atoms and bonds between them as springs with masses, where
K refers to the spring constant of the bond, and u is the reduced or inertial
mass, which is inversely proportional to the bond strength, wm, the molecular

vibration. py can be described as:

mym, -Eq.2
u=——
mq + mo

Where ms and m2 are the masses of the atoms, which shows that both the
atoms and bonds provide characteristic molecular vibrations. Raman active
molecules show symmetric vibrations, which cause the largest distortion to the
election cloud. Whereas polar bonds and asymmetric vibrations allow IR
absorptions, caused by a dipole change, Raman peaks appear proportional to
the polarity of the molecule. For example, the IR spectra for CO>would show a
peak from asymmetric stretching, with one oxygen atom moving away from the
carbon atom, and generating a net charge in dipole moment. However, we
would not see a peak for the symmetric stretching, as both oxygen atoms are
moving away from the carbon, cancelling the net dipole moment. Raman
scattering, on the other hand, does provide us with information about molecular
symmetry. In order to be Raman active there must be a change in the size,
shape or orientation of the electron cloud that surrounds the molecule. This

change occurs in symmetric vibrations alone, which are outlined in Figure 3.1,
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along with other typical bond vibrations in molecules, including symmetric

stretching, in-plane rocking and out-of-plane twisting and wagging.
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Figure 2.3: Six types of vibrational modes

Unfortunately, Raman scattering is an extremely weak effect and typical photon
conversion efficiencies in biological materials are of the order of 1 in 10.58 This
severely limits the application of Raman for studying living systems since long
acquisition times (100 ms to 1 s per pixel) at relatively high excitation
powers(several hundred mW) are required to image most biomolecules with
sufficient sensitivity. This lack of sensitivity is compounded by its susceptibility
to interference from autofluorescence. The Stokes-shifted Raman scattered
light is overwhelmed by fluorescent emissions, which virtually prohibits its

application in all but a few applications in living plant tissues.

When interacting with a molecule, monochromatic light is either absorbed or

scattered depending on the energy of the light. If the light has a dissimilar
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energy to the difference between the ground and excited states of the molecule
it's interacting with, it will scatter. Raman techniques are an example of this,
being an inelastic scattering process. This effect, known as the Raman effect, is
a result of a variation in the polarity of a molecule due to molecular vibrations,
transferring energy either from incident photon to molecule, or the molecule to

the photon.

Broadly, Raman techniques can be categorised as either linear or non-linear. In
spontaneous Raman scattering, the signal intensity is directly proportional to
the intensity of the incident beam, making it a linear technique. Coherent
Raman scattering techniques, however, are non-linear processes due to their
higher order dependence on the incident light intensity. This, amongst many
other factors, are responsible for Raman signal enhancement of x10° over
spontaneous Raman, allowing rapid imaging. This chapter outlines and explains

the background theory further behind the techniques used in this thesis.

2.5.4 Coherent Raman Spectroscopy

Fortunately, far stronger Raman signals can be obtained using an emerging
Raman based imaging technique known as Coherent Raman scattering
(CRS).*® CRS achieves signal enhancement by focusing the excitation energy
onto a specific Raman mode of the biomolecules of interest. A pump and
Stokes beam, with frequencies wp and ws respectively, are incident upon the
sample with the frequency difference wp — ws chosen to match the molecular
vibrational frequency of interest. Under this resonant condition, bonds are
coherently driven by the excitation fields and a strong nonlinear coherent
Raman signal is produced. Due to the nonlinear dependence of the signal on
excitation intensity, further enhancement can be achieved by excitation with

ultra-short light pulses, which deliver extremely high peak intensities with
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modest average powers that are comparable with those routinely used in
confocal microscopy. Optimal conditions for CRS require pulses of a few
picoseconds in duration that have sufficient intensity to excite CRS without

having bandwidths that extend beyond the line width of typical Raman bands.

When applied in microscopy format, CRS benefits from the nonlinear nature of
the process which confines the signal to a sub-micron focus that can be
scanned in space, allowing three-dimensional mapping of biomolecules with
sub-micron resolution. CRS microscopy has particular advantages for bio-
imaging: chemically specific contrast is derived from the vibrational signature of
endogenous biomolecules within the sample, negating the need for extraneous
labels/stains; low energy near-IR excitation wavelengths can be employed
which reduce photodamage and increase depth penetration into scattering
tissues; since the CRS process does not leave sample molecules in an excited
state it does not suffer from photobleaching and can be used for long term time

series studies.

Coherent Raman scattering microscopy may be achieved by detecting either
coherent anti-Stokes Raman scattering (CARS) or stimulated Raman scattering

(SRS).
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2.5.4.1 Coherent anti-Stokes Raman scattering (CARS)

CARS is the first coherent Raman technique to be discussed. A nonlinear
process that typically produces signal intensities more than 108 of that of
spontaneous Raman.®® This technique was first demonstrated by Maker and
Terhune (1965), when they showed the anti-Stokes signal resonantly enhances
when the beat frequency, w, — Ws (Where w, is the pump photon frequency,
and ws is the Stoke photon frequency), matches a Raman active vibration.%”
CARS is a Four-Wave Mixing (FWM) process, which has three electromagnetic
fields: a pump field, the Stokes field and a Probe field. All of these interact on a
sample to produce a fourth, the anti-Stokes field. The CARS principles are
described in Figure 3.2, showing a pump photon excited an electron to a virtual
state and a Stoke photon is stimulated emitted from this state, simultaneously
with a probe photon (of frequency wyr) is absorbed to another virtual state. This

whole interaction therefore emits a photon of frequency

Was = Wp-Ws+Wpr -Eq3

and is the resulting signal we are interested in. The pump and probe fields are

provided by the same laser source, for the experiments described in this thesis.

When comparing the process to spontaneous Raman spectroscopy, one can
note the similarities between the two, but for CARS, the Stokes process
originates from the applied laser field, rather than being spontaneous. The
several order magnitude enhancement for CARS comes from the actively driven
nuclear vibrations, provided by two incident electric fields. In spontaneous
Raman, the incident field induces a dipole moment that oscillates with identical
frequency to that of the electric field. However, when two electric fields interact

with a molecule, they actively oscillate the molecule at the beat frequency of the
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two fields, providing time-varied force, and in turn oscillates the nuclear mode.
For CARS signal to occur, both pump and Stokes beams must be overlapping

in time, in order to get coherent interferences.

CARS has a non-linear background, which is the main disadvantage of this
microscopy. However, CARS provides many advantages, since CARS induces
signal from vibrational signal there is no photobleaching effect possible, there is
no need for pinholes, and finally, since we record the Anti-Stoke signal, the light
is blue-shifted which prevents single-photon fluorescence pollution. These
benefits have made CARS become an increasingly used microscopy tool over
the last decade, with the improvement of illumination collimation with the use of

infrared picosecond lasers.
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Figure 2.4: Energy diagrams for the CARS process: (a) Schematic of the pump
and probe beam interacting together: the envelop of the interferences beating at
the frequency 1/Q, (b) Schematic of the phase matching conditions for the
momentum, k; is used for pump and probe as it is usually the same beam used
for both, (c) i. ii. and iii. are Jablonski diagrams contributing to the CARS signal:
(i) Resonant CARS, (ii) and (iii) non-resonant CARS due to electronic

contribution and other molecule respectively.

In Figure 2.4, we show the CARS signal generation energy diagram, with c) i),
ii) and iii) showing the resonant, non-resonant and two-photon contributions
respectively. This thesis works specifically with plant materials, which contain a
large amount of chlorophyll, which limit current analytical methods due to a

large contribution from two-photon, and thus saturating images.

However, this can be limited. The CARS signal generated consists of three
different frequencies (non-resonant, resonant and combined) which can either
destructively or constructively interfere depending on the relative phase
between the paths, which is dictated by the phase differences between both the

Stokes frequencies and the probe frequencies. By using epi-CARS over forward
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CARS, we can use this to destructively interfere with the non-resonant

background, allowing a strong resonance signal.

2.5.4.2 Stimulated Raman Scattering (SRS)

SRS can be simply described as a two-photon process, with a series of

schematics that can summarise it shown below, in Figure 2.5.
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Figure 2.5: Schematic of the SRS process. (a) Energy level diagram for the
SRS process. (b) The difference in wavelengths of the input laser beams match
that of a Raman vibration, the output is a loss in the pump beam and a gain in
the Stokes beam. (c) The Stokes beam is modulated, a small l